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Conference theme  
 
Prototype and prototyping play a key role in experiential knowledge since they 
support the interconnections and collaboration among researchers and practitioners 
in many design fields. The role of prototypes in design research is characterised 
mainly by the general function of representing ideas and giving intelligible form to 
undetermined and abstract concepts pertaining to design solutions. Such a principle 
of transition from vagueness to clarity illustrates views on the role of prototypes 
which dot the diverse landscape of design research. Indeed, the evolution of design 
research in the past twenty years has led the path to a wide range of new possible 
prototypes applications.   

Originally, in the industrial context, prototypes were made to test, evaluate, and 
improve the product until the final design and production phase. When design 
became an academic discipline, the scope of its enquiry expanded, embracing new 
areas of interest (i.e., sustainable design, materials design, participatory design, 
service design, user experience design, etc.), and their methodologies and scopes. 
During this evolution, the role that prototypes play in design research started to be 
questioned.   

Indeed, nowadays, the role of the prototype encompasses several possibilities that 
link to the context and aim of the design research. When a general aim of the 
investigation is to develop a new design solution and make it real and available to 
users at the end of the process, prototypes support the transition from the idea to 
the final product. In this realm, prototypes play a crucial role, as they visualise, 
validate, experiment, and create such new solutions. Interestingly, prototypes for this 
kind of design research can be simple paper models that anticipate interactions up 
to complete working prototypes that are very close to the final product. In the digital 
field, provisional solutions are released on the market and updated afterwards. 
Prototypes, in this case, merge with the final products. New boundaries are broken 
between a final design and what is not.  

Furthermore, the products that designers call to envision are becoming more and 
more complex. They are equipped with sensors, processors, and connected devices 
that support the interaction with digital interfaces, applications, and complex 
services. Hence, prototypes are meant to support design processes that rely on the 
supplementation of new kinds of expertise – such as user experience design, 
interaction design, material design and computer science – besides those 
traditionally integrated – such as product design, mechanical and electronic 
engineering). In this regard, the prototype embodies the translation of different 
design languages into a developing concept.  Moreover, design research that 
explores and discusses possibilities might go beyond the development of concrete  
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solutions and tackle significant issues (i.e., the impact of technology on society; 
climate change, social innovation) to reach new understating and develop new 
knowledge. This kind of design research usually occurs in academia and requires 
exploratory and speculative studies. Some of this design research is about tangible 
objects or is based on material experimentations. Typically, prototypes play an 
important role in the first explorative phases, in this realm since they enable the 
transition from abstract to concrete through immediate and factual experience. 
Designers research by envisioning solutions, imagining possible futures, exploring 
new fields, and feeding the design discourse with emerging contemporary issues and 
fictional scenarios.   

Overall, the multifaceted landscape of today’s design research opens to a wide range 
of meanings that define what a prototype is and does. The discussion on prototypes’ 
identity is open.  Instead of seeking to find an ultimate definition of prototype and its 
role in today’s design research, the conference aims at eliciting a conversation 
around the current and multiform panorama of experimentations around and with 
prototypes.  

The call for paper encourages contributions with the following:  
  
• What are the new roles of prototypes in these evolutionary pathways in 

design research?  
• How do new sophisticated, integrated, and advanced prototypes support 

research in various areas of design?  
• How do different research contexts (practice, R&D, and academia) 

collaborate in design research due to the making and use of prototypes?  
• How do prototypes enable the creation of theoretical knowledge and support 

speculative research?  
• How do prototypes enable the creation of practical knowledge and support 

empirical research?  
• How do prototypes enable the exploration of new research fields?  
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Keynotes  
 

Prototypes: Footholds to the future and footsteps from the 
future?  
Pieter Jan Stappers – TU Delft, Netherlands  
Prototyping is a core activity of design, and a large part of the contribution that design 
actions can make to the quest for new knowledge. In that quest it provides tangible points 
where the abstract (theory) meets the concrete (‘real' world) on which we can base future 
steps: footholds. On the other sides prototypes may realize concrete experiences with as yet 
inexistent situations: they allow us to observe and collect data from a phenomenon that 
before the prototype was only speculation: footsteps.  
 As a part of industrial production, the term prototype has been around for about a century, 
in design research it has become prominent in the discourse for a few decades. And the 
term has functions in other disciplines too, as in psychology and philosophy.  

There are several areas worth addressing:  

• We should take care of both the noun prototype and the verb prototyping. They are 
not the same, even though in academic shorthand they are used interchangeably in 
sentences.   

• How does prototyping relate to the core competencies of doing design: what is 
‘design’ about them?   

• Engineering, psychology, and industrial practice use the term differently? Can those 
differences inspire us to better understand what we are doing ourselves?  

• How do we prototype the larger intangible outcomes of design, when design is 
addressing services, and global issues as sustainability, and the ‘artefact in the 
museum’ tells less about either the knowledge that it carries or the impact it may 
foretell.  

 
Pieter Jan Stappers is professor of Design Techniques at Delft University, Faculty of Industrial 
Design Engineering. His research and teaching focus on the connections between research and 
design, such as techniques for user participation (codesign and context mapping), and the role 
of doing design as a part of doing research (research through design). Key terms include 
perception, creativity, visualization, empathy, systems thinking, and prototyping.  
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Prototyping In Practice: for Research and Beyond   
Kathryn Marinaro – Argodesign, Creative Director  
Prototypes are useful beyond usability testing; they’re a strategic tool to drive alignment, to 
communicate value and vision, and to get digital products built correctly in a more efficient 
manner. They help teams move quickly by making instead of swirling in ideas. Through her 
work at IBM and currently as a Creative Director at the digital product design agency, 
argodesign, Kathryn Marinaro has found that the best practical uses for prototypes are for 
qualitative and strategic purposes.  
In this keynote, Kathryn will share her experience creating and utilizing prototypes to 
generate ideas with subject matter experts, to understand resonance and value with end-
users, to explore new interaction models for emerging technology, and to communicate 
visions to stakeholders who control the direction of a product. She’ll share examples of 
prototypes used throughout the process of the programs she leads and their outcomes and 
impact. Prototypes aren’t just for testing, they’re for delivering value.   
 
Kathryn Marinaro is an award-winning Creative Director who envisions the future and develops 
products and strategies for a wide variety of clients at argodesign. She is the author of 
Prototyping for Designers, published by O’Reilly, and has employed user-centered 
methodologies to create and iterate on impactful experiences in health wearables, AI interaction 
patterns, AI image recognition and training interfaces, and cloud development tools, while 
working on world-class design teams like IBM Watson Visioneering and IBM Mobile Innovation 
Lab. She has gained recognition as one of Austin’s Top 50 Female UX Designers and as part of 
the Advisory Board for the inaugural Austin Design Week. She’s been featured in articles in Fast 
Company, Time Out New York, Architect Magazine, ArtInfo, Make Magazine, and the Visual Arts 
Journal.  
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Advanced materials promoting sustainable practices  
Aldo Sollazzo – Noumena, Founder and CEO  

In this keynote address, Aldo Sollazzo, CEO of Pure.Tech, will delve into the crucial role of 
advanced materials in combating climate change and their potential to revolutionize various 
industries. The lecture will explore how Pure.Tech's innovative materials offer a novel concept 
of ecology, enabling sustainable solutions across sectors such as construction, fashion, 
packaging, and more. Sollazzo will discuss the urgent need to address climate change and 
highlight the impact of greenhouse gas emissions on our environment. He will showcase how 
advanced materials developed by Pure.Tech can effectively mitigate these challenges by 
reducing carbon footprints, improving air quality, and promoting sustainable practices. 
Notably, Sollazzo will highlight that implementation of the Pure.Tech in several projects world 
wide. These include the Spanish Pavilion 'Intelligent Forest' at Dubai Expo 2020, the world's 
first 3D printed retail store for sneakers by 'Presented by' in Dubai and Riyadh, BAFTA theater 
in London, and as well Pure.Ceiling a module false ceiling system for the interiors of 
commercial offices and retails spaces. Currently, Pure.Tech is also collaborating with several 
fashion brands across the world, actively developing various applications for the textile and 
fashion industry to promote sustainability and reduce environmental impact.  

Aldo Sollazzo is an Italian entrepreneur and innovator, expert in robotics, computer vision, and 
computational design. He is the CEO of Noumena since 2011, a data-driven company 
implementing computer vision and machine learning to study and analyze spatial dynamics. As 
part of the Noumena Group, he is also the director of Reshape, a platform focused on the 
industrial application of material-driven sustainable technologies, and of LAMÁQUINA, a large-
scale 3D printing factory, shaping new architectural solutions integrating advanced 
manufacturing and computation. At the Institute for Advanced Architecture of Catalunya in 
Barcelona, he is the Director of the Master in Robotics and Advanced Construction. In 2019 Aldo 
received, from the Italian President of the Republic, the title of Knight of the Order of the Star of 
Italy for the promotion of national prestige abroad as a recognition of his scientific and 
technological activities. Aldo has made many appearances as a guest speaker at Conferences 
and University Seminars, amongst them European Conference on Computer Vision, Barcelona 
Urban Tech, Future City Summit, The Venice Biennale and TEDx Barcelona. 
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Data Drawing and Data Tinkering 
 
Ayşe Özge Ağça, University of Southern Denmark  
Jacob Buur, University of Southern Denmark  

 

Abstract  
Data visualizations and data physicalizations have become popular methods of making big data 
accessible to non-specialists and uncovering hidden rationales. This pictorial suggests how the acts of 
data drawing and data tinkering can engage young people in understanding their own data. We asked 
graduate design students to track their water consumption and waste recycling through drawing and 
prototyping. We analysed 32 data drawings and 30 data tinkerings using Gestalt Principles and the 
Theory of Affordance. Through our analysis, we generate a set of ‘data-gestalt’ nouns and ‘data-
affordance’ adjectives, which help explain how our collaborators are able to ‘engage’ experientially with 
data; how abstract data is given intelligible form. By listening to how they talk, we realise that these 
concrete ways of engaging provide ownership of ‘data work’ and enhance awareness of (un)sustainable 
consumption behaviours. We argue that data drawing and data tinkering may have a potential to influence 
consumption habits. 
 
Consumption behaviour; Data Engagement; Hand-drawing; Prototyping; Affordance 
  
Recently, promising suggestions have been published in the interaction design community for 
engaging a broader audience relating to digital data. The Dear Data project (Lupi and Posavec 
2016) showed highly unconventional but very human visualisations of self-tracking data. Two 
graphic designers communicated hand-drawn notations via postcards between London and New 
York. They counted, for instance, how many doors they passed in a week, how many complaints 
they heard, and how often they laughed – in compelling visual diagrams.   

 

 

 

 

 

 

 

Within business anthropology, Anderson et al. (2009) have shown how people’s digital data 
may be visualised in a way where people themselves can reflect on their practices and 
explain what the data mean. Human rights advocates and activists have argued for the 
importance of data visualization techniques to influence and convince people about action 
plans (Pandey et al. 2014), and researchers have tried to prove an effect of interactive data 
products (Laschke et al. 2011). Data physicalization was proposed as a way of shifting data 
visualisation into 3D space (Dragicevic et al. 2019), with a richness of examples from 

Figure 1. Examples of a data drawing (left) and a data tinkering (right) of weekly water consumption 
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ancient times to the present-day digitally fabricated contraptions. Such physicalizations lend 
themselves to engaging ‘ordinary people’ in taking ownership and making sense of their 
own data (Buur et al. 2018, Buur et al. 2021). Based in Object Theatre, Karyda et al. (2020) 
have pushed even further in devising ‘Data Objects’ that prototype digital self-tracking data.  

This paper describes an experimental investigation to develop ‘data drawing’ and ‘data 
tinkering’ methods (Figure 1) to support people in experiencing their own data about 
consumption. We hope to challenge our collaborators to reflect on their own practices and 
ultimately provide incentives towards more sustainable habits. We encouraged 40 graduate 
design students to visualize their own water consumption and waste recycling. After 
comparing and discussing their notations, we challenged the cohort to tinker data 
physicalizations with tangible materials. In the following, we analyse the results to 
understand better what it means to ‘draw’ and to ‘tinker’ data and what experiential 
knowledge it elicits. By drawing on Gestalt Principles and the Theory of Affordance in the 
analysis, we boldly suggest that such terms as ‘data-gestalt’ and ‘data-affordance’ may help 
us prototype ‘engaging’ data. 

Methods we used  

To investigate how young people may engage with data about their own consumption, we 
challenged our two studios of each 20 designers to record their individual use of water and 
their recycling of waste for a one-week period. We are particularly interested in how young 
people engage with data, because we want to understand their opinions about behaviour 
change for further studies. GSDR 2019 (The Global Sustainable Development Report) 
shows that young people are key agents of sustainable behavioural change. As we can see 
from the `Friday for Future´ movement (2018) and the SDG´s (Sustainable Development 
Goals) `Bringing Data to Life´ stories (2022), young people are eager to look for solutions to 
current and future environmental problems.  

We asked the designers to visualize the data using hand-drawn techniques with inspiration 
from the Dear Data project (Lupi and Posavec 2016). The two studios produced a total of 
32 data drawings, which we co-analysed with the participants at the whiteboard using 
Dimensional Analysis (Kools et al. 1996) and Affinity Diagramming (Kawakita 1982).  

As dimensions, we provokingly asked, for instance, “Who uses most water? Which drawing 
has most detail? Which drawing explains most clearly? Which drawing is most abstract? 
Which drawing is most beautiful? ...” The dimensional analyses enabled the participants to 
compare each other's approaches to data drawing. While some drawings took longer to 
understand, others were easier as they built on well-known visual cues. We recorded the 
analysis sessions on video to understand how participants talked about their consumption 
data and how they related to their data drawings (Figure 2, left). Following the co-analysis, 
we got curious about how to conceptualize the clustering. Here, we took inspiration from 
Gestalt Principles (Ellis 1999, Koffka 1963). We realised that one may recognise data 
patterns not just conventionally in tables and graphs but also in tallies, circles, units, 
symbols, and concepts.  

As a second step in the session, we set up a table with prototyping material, like foam, 
string, plastic cups, pearls, marbles, and all kinds of bric-a-brac. We provided the 
participants with a standard set of consumption data from one family (Table 1) and 
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challenged them to build physical objects expressing the data in a 1-hour session. The two 
studios produced a total of 30 data tinkerings. After they each explained their data tinkering, 
we engaged the participants in co-analysis and recorded how they talked about their 
prototypes, Figure 2 (right). 
Table 1. Data set of one family’s water consumption for a week used for data tinkering. 

Activity in liters Monday Tuesday Wednesday Thursday Friday Saturday Sunday 
Shower / Dishwashing 135 100 140 125 90 55 200 
Drinking 1 4 2 1.5 1 0.7 1 
Flushing 12 24 15 12 30 35 32 

When following up on the co-analysis, we realised that the Theory of Affordance (Gibson 
1979, Norman 2013) can help. We were curious to see which ‘data-affordances’ might 
emerge: What did participants expect one might do with their data physicalizations? What 
acts might they afford? We grouped the constructs according to what materials and shapes 
mean and invite us to do, as expressed by the designers themselves in their narratives and 
body actions while presenting. 

In the following chapter, we will recap the theories of gestalt and affordances and show the 
resulting clusterings of data-gestalt and data-affordances. Then we will investigate how the 
comparisons of data drawings and data tinkerings elicited conversations among the 
participants about their own consumption, and how they might change habits. In a final 
chapter we will discuss how the concepts of data-gestalt and data-affordance may inspire 
design. 

Drawing data-gestalt 

Information visualisation is a core technique for visual representation of abstract data to aid 
cognition for participants of different disciplines (Ellis 1999, Evergreen and Metzner 2013). 
Ware suggests that data visualisation supports external cognition and humans’ visual ability 
to identify patterns, as expressed in the common saying: “I see what you mean!” (Ellis 
1999).  Koffka´s Gestalt Principles help us understand the relation between the meaning of 
data and seeing the data. The principles were established by a group of German 
psychologists. The word ‘Gestalt’ simply means patterns and Koffka discusses quantity, 
order and meaning (Koffka 1963, Norman 2013). Wertheimer talks about Prägnanz (Group 
making) as a main principle to predict the interpretation of sensation (Ellis 1999). He 
explains that the principles easily translate into a set of basic design principles such as 
proximity, similarity, connectedness, continuity, relative size, and common fate (Ellis 1999).  

 

Figure 2. The co-analysis of data drawings (left) and data tinkerings (right) 
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While these principles can be valid on their own, they are used in intricate combinations to 
create a semantic whole. 

Gestalt Theory is expressed in ‘laws’: The Law of Proximity says that things that are close 
together are perceptually grouped. They form patterns, and the individual patterns can also 
determine how they are grouped in the Law of Similarity. The Law of Connectedness tells 
how graphical grouping is substantiated by lines and proximity, shape, colour, and relative 
size. The Law of Common Fate states that objects working or moving in the same direction 
appear to belong together. The Law of Relative Size explains how two or more objects can 
have meaningful size relations from the human retina perspective (Ellis 1999, Koffka 1963, 
Ware 2012). Gestalt Theory may help us understand how the participants express and 
perceive abstract data in their drawings. Gestalt psychologists state that the semantic value 
of something is as easy to perceive as its colour. However, perception is not only based on 
sensibility. It needs to be equipped with meaning. When we define such meanings with 
principles, we begin to form certain patterns. These patterns trigger our cognitive 
visualisation process. Djajadiningrat et al. (2002) discuss how the semantic approach can 
inform interaction design. Cognition, knowledge, and past experiences influence how 
tangible objects communicate through symbols and signs. In this way, people may see data 
and create meaning in interaction design.  

According to Dragicevic et al. (2019) there are three main motivations for creating 
visualisations: to discover, to present and to enjoy. In the Dear Data project, we can see all 
three motivations play into the hand drawings to increase engagement with mundane, daily 
data (Lupi and Posavec 2016). When trying to make sense of such mundane experiences, 
people express experiential knowledge in narrative form (Storkerson 2009). To understand 
how the act of drawing data motivates participants to scrutinize their water consumption 
and recycling behaviours, we look for repetitive patterns in their visualizations with the help 
of Gestalt Principles.  

What participants draw as ‘data-gestalt’ 

We identify seven ‘data-gestalt’ patterns that we express in nouns on the next page (Figure 
3). Our point is that people, when challenged with drawing data, perceive a variety of 
patterns. Through the analysis, we realized that the data-gestalt patterns also tend to 
support specific actions like counting, tabulating, coding, as noted in the hand-written notes. 
The group we named ‘Concepts’ combines drawings that are more abstract or complex. In 
the beginning, it was not easy to relate these drawings to each other based on Gestalt 
principles, and we only had a few samples in this group. But they seem to represent some 
particularly creative instances. We decided to name these according to the characteristics 
they embody - what they do: sparkling, glowing, dripping.  

The colour coding of the affinity groups pre-empts a point we will make later when 
analysing the data tinkerings in the second stage. 
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Figure 3. Seven ´Data-Gestalt´ patterns emerge from the analysis of 32 hand drawn data visualizations 
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Thinkering data-affordances 

Scientists have discussed non-human agency to understand how people use material 
objects and, more broadly, the role of materiality in our daily life (Dant 2005). Dant suggests 
that objects with agencies have the capacity to do something or act like something. He 
explains the boundaries between daily things and us with practical arrangements through 
the activities of our bodies.   

Gibson (1979) introduces affordances to mean the properties or opportunities of the things 
people perceive in the environment. They provide `act-able´ features that encourage people 
to act. In his theory, all affordances are relative and special to their perceivers. Objects 
afford different actions. To turn Gibson’s (1979) theory applicable to human-computer 
interaction, Norman (2013) defines affordances as “the possible interaction between people 
and the environment”. He claims that affordances are not always perceivable; they can be 
open to interpretation and look ambiguous. As he wants to include designed cues (like 
icons), Norman (2013) suggests the term signifiers. Signifiers can be anything to warn the 
observer (not) to do something. They can be visible or invisible such as visual signs, 
sensible objects, or sounds to inform us about the object. When people interact with the 
object`s signifiers, they start to form conceptual models in their minds. Djajadiningrat et al. 
(2002) see the affordance theory “as an invitation to the user for right action”. They criticise 
Norman’s widening of Gibson’s concept of affordances and argue for a direct approach in 
which action helps to create meaning in interaction: “(…) A physical object has the richness 
of the material world: next to its visual appearance it has weight, material, texture, sound 
etc. Moreover, all these characteristics are naturally linked, (...).” 

To design tangible interaction with the abstract concept of data, there are several kinds of 
data physicalization methods. Jansen et al. (2015) see data physicalization as a 
visualisation technique, but beyond that, it enriches data communication and the effects in 
the presentation of data. With the help of Gibson’s Affordance concept, we can better 
understand how data physicalizations are able not just to communicate data but also to 
engage people with data. 

What participants tinker as ‘data-affordance’ 

We suggest 10 ‘data-affordance’ adjectives (squeez-able, rotate-able, flex-able etc.)  and posit 
that adjectives in act-able form can help us indicate the potential affordances. We also use 
colour coding for the group making like in the data-gestalt analysis. Our analysis overleaf 
shows how ‘data-affordances’ may be formulated as count-able, rotate-able, hang-able etc., 
Figure 4. 
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Figure 4. Ten `Data-Affordances´ emerge from the clustering of 30 data tinkering prototypes 
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Drawing and tinkering consumption habits 

Can we trace the effects that data drawing and data tinkering have on how participants view 
their consumption habits? We analysed the transcripts of what the designers talk about, 
when presenting and comparing their visualisations. While comparing their data drawings 
on water consumption, the participants eagerly discuss how they got their numbers:  

P1: “How did you measure?” 
P2: “I looked at the water metre” 
P3: “How can we calculate all of the showers?” 
P1: “I don’t know how much water I use when I wash my hands so I don’t think we 
can calculate…” 

Quite clearly, it is a challenge to measure accurately how much water one is consuming. 
One young designer is surprised to compare her shower figures with others’:  

P4: “I used 300 ltr per shower. The shower runs 20 minutes, and I never stopped the 
water before. This week I just kept it that way, so the data is real. And from now on, I 
mean today is Monday, I will stop the water when I’m shampooing myself. That is 
less water I guess.”  

These are first indications that data drawing raises awareness of how much you consume 
and may even lead to behaviour shifts. The discussion of waste recycling similarly shows 
reflections on what sustainable behaviour requires: 

P5: “It is also important how much space they have in their homes… If you don’t 
have space for individual trash cans…” 
P6: “…” 
P5: “…I mean plastics and bottles, yes, and paper...” 
P6: “There are actually (recycling stations) in my neighbourhood. Most of them.” 

Also here, there are indications that data drawing brings forth ideas of more sustainable 
behaviours:  

P6: “I went to a ‘zero waste wedding’ so eventually no waste is useless.” 

Even in this short experiment, the designers quite clearly take ownership of their 
consumption data through the drawing, and there are indications that understanding the 
data may lead to changes in consumption habits and suggestions for behaviour changes. 

When it comes to ‘building’ consumption expressions through data tinkering, the search for 
design solutions of how to express the data seems to go hand in hand with a scrutiny of 
what the data mean. The concept of ‘how much’ is central in how the participants select 
materials. When showing a long piece of plastics in his prototype, one designer says:  

P7: “You can’t really understand how much you used water until you measured 
it…so it basically looks like big” 

P8: “And I have the spongy thing for dishwashing and cleaning with water. They will 
be small pieces. Biggest one for the weekend.” 

P9: “…green beads they are 5 litres, white ones are 1 litre basically you can count 
the red ones are 100 litre…” 
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One designer finds a creative solution: In her prototype, each 
weekday is a cup with a number of beans representing data. As the 
cups are connected, she can flex the construct to collect all the daily 
consumption into one cup (Figure 5):  

P10: “…maybe you know how much water you consume in a 
day but in this way, you can see an overview of the week.” 

From listening to the conversations, metaphors play an important role 
in expressing data:  

P11: “the pipe was coming from the idea of a drain system.” 

P12: “Monday is the chair you need to sit, Tuesday is the 
gamble (dice) if you have to survive to the week, Friday is a 
beer cup… Saturday is a block because you are blocked…” 

P13: “Friday has cotton because I am much more productive on that day.” 

P13: “The shiny ones are for dishwashing because they were cleaned and shine…” 

Some designers take care to express sustainable values in their prototyping:  

P14: “when you flush you will crush… flowers mean you are very clean in these 
days…and I put this pig here because you use 35 litre here.” 

As for the data drawing, tinkering brings an added focus on the data not just visually but 
also in the acts that the constructs afford. 

‘Data-gestalt’ and ‘data-affordance’ as design inspiration 

What is the value of the terms we propose? Our goal is to understand better how abstract 
data may be given intelligible form – visual or physical – to make them easier to 
understand, engage with and act upon. For designers tasked with turning data intelligible, 
inspiration from theoretical perspectives is likely to provide support. We have analysed how 
the data drawings may have inspired data tinkering - how ‘data-gestalt’ informs ‘data-
affordance’. We consider the narratives and body language of the participants while 
showcasing their data tinkerings in video recordings. In many cases, we can see how the 
same designer brings inspiration from their data drawing across to the data tinkering. In 
other cases, the designers take inspiration from each other’s works. In the following, we 
have selected the five most clear examples from our analysis. 

Do ‘Tallies’ gestalt inspire ‘Count-able’ affordance? 

One designer, whose data drawing we characterised in the ‘Tallies’ group, used ear 
cleaners to represent data in his data tinkering. He uses a similar grouping pattern and 
repeats the figure-ground relationships with invisible lines of days (Figure 6). We 
recognised this as a ‘count-able’ affordance: 

“I tried to play with the materiality like the cardboards are the days I spent at home. 
(...) The cotton buds show the overall water consumption for the days.” 

Figure 5. One designer (P10) is 
flexing her prototype. 
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Brunswick (1952) expanded Gestalt theory beyond perception. He formulates a functional 
view of how organisms (not just humans) interact with the environment, how they represent 
the world, and they affect it. Storkerson (2009) explains Brunswick's term Perceptual 
Constancy: “the organism uses multiple cues vicariously to deliver the perception of a 
constant object in different locations or at different angles.”  May we perceive the ear 
cleaner buds as similar to the drawn tallies as they both offer the affordance of counting? 
Gibson (1979) also based his Affordance theory on Gestalt theory, as each thing has a way 
of showing what acts it invites. 

‘Circles’ and ‘Rotate-able’ constructs: 

In the ‘Circle’ group, one designer transfers her circle concept from the drawing into using 
different circular objects with some proximities and relativities that represent the data. This 
means she can now rotate the bottle caps and paper plates to provide different views of the 
data ‘on’ them, Figure 7. 

“The shiny ones are for showers and dishwashing; inside the small caps have the 
daily amounts with small straws. The house and the colours on the house show the 
area we use. You can spin like this [turns the plate to show more].” 

Where the graphic circle gestalt communicates a particular view of data, the rotatable 
tinkered objects allow manipulation, seeing data from several sides. 

Figure 6. A ‘Tallies’ data drawing inspires a ‘Count-able’ data tinkering 

Figure 7. A ‘Circle’ data drawing inspires a ’Rotate-able’ data tinkering 
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‘Graphs’ gestalt and ‘Trace-able’ affordance: 

The waves of the ‘Graph’ data drawing show similarities with the fluctuations in strings in 
the prototyping in Figure 8. The strings make it possible to trace the data with a finger; it is 
‘Trace-able’, and the days are shown in similar ways with sharp lines in both data drawing 
and data tinkering. 

“This is flushing [traces the blue string], this is showers [yellow string], and you can 
see how fluctualizing and drinking [grey string] is always the same.” 

‘Sparkle’ gestalt and ‘Squeez-able’ configurations 

Some links between drawings and tangibles are more subtle. The ‘data-gestalt’ patterns 
that we have termed ‘concepts’ seemed to inspire exotic tangibles. While made by different 
designers, the colour and material choices by the Law of Similarity support the links 
between the ‘Sparkle’ data drawing and the ‘Squeezable’ tinkering, Figure 9. 

“This is flush (He crushes the plastic cup that is turned upside down and surrounded 
by a ring roughly). The brown-colored ones show final amount of we use for toilet. 
And the weekend looks more brown because you know...(Laughs)” 

 
Figure 9. A ‘Sparkling’ data drawing inspired a ‘Squeez-able’ data tinkering 

 

 

Figure 8. A ‘Graph’ data drawing inspires a trace-able data tinkering 
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Did ‘Growth’ gestalt inspire a ‘Fly-able’ affordance? 

In Figure 10 the designer plays with the same shapes and patterns as in her drawing we 
called ‘Growth’. In the tree drawing, the branches grow with the amount of waste, in the 
tinkering, the balloons grow with higher data numbers. Both have the centre of gravity and 
the same direction of growing from the inside out. 

“I couldn’t do it, but when I waste more water the balloon would be bigger and bigger 
by the pipes, and this is going up like this... just imagine it.” 

 
Figure 10. The comparison of growing data drawing and of a fly-able data tinkering 

As Brunswick’s theory (1952) explains, gestalt is not a simple perception of elements but an 
intricate negotiation of many different cues between object and environment. We cannot 
with absolute certainty point out how data drawings inspired data tinkerings, but there are 
likely connections. In the five examples above, the data drawings and tinkerings belong to 
the same participants. But we also noticed how participants working side by side were 
affected by each other’s designs. They determined their materials by reaching over, 
passing or sharing materials during physicalization. Even so, we find sufficient 
resemblances to suggest that our data-gestalt and data-affordance terms may have value 
not just in recognising attributes but also in inspiring future designs of data prototypes. We 
have indicated links between data gestalt and data affordances by using to similar colour 
codes in Figure 3 and Figure 4. 

Discussion 

Creating data visualizations and data physicalizations is no easy task. What allowed us to 
develop the concepts of ‘data gestalt’ and ‘data affordance’ was in part the large diversity 
we got with asking 40 design students to try their hands on the same task and data set. In a 
subsequent year, with 20 students, we got less variety. In a field as new as this, where 
standards and exemplars are yet to be developed, variability seems to be the key to 
developing good solutions. We suggest that our concepts can help widen the design space 
when introduced upfront. 

How did the materials provide influence the data physicalization designs? We asked the 
participants to bring materials from home to share on a large table, and we also added 
boxes of tinkering materials from previous projects. On hindsight, we observed several links 
between materials and prototypes: 
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Multiple units (e.g. pearls, pipe cleaners, bottle caps, matches) inspire data 
physicalizations that are count-able and pick-able 

Round objects (e.g. paper plates, disposable cups) encourage rotate-able designs 

Flexible materials (foam, rubber, plastics, paper) inspire flex-able designs 

Strings and threads inspire trace-able designs. 

There are most likely other ties, but this would be the topic of another study. In the future, 
data affordance as a term will help select materials that increase diversity. 

On the question of how data drawing and data tinkering inspire participants to consider their 
own habits and potentially give rise to behaviour change, our evidence is circumstantial. 
From the discussions transcribed, there are indications that the participants become aware 
of the challenges of measuring, comparing, and changing water consumption and waste 
habits. We believe that the attention to personal behaviours is caused by the drawing and 
tinkering activities, but we cannot with certainty say that an enthusiastic discussion of 
sustainable behaviours wouldn’t bring about a similar focus. We do, however, observe that 
the students, develop ownership to their designs and hence perhaps make a coupling 
between data, designs and behaviours. 

Conclusion 

We suggest that the methods of data drawing and data tinkering are powerful means of 
engaging young people with self-tracking data and that they help increase awareness of 
sustainable behaviours. 

Data drawing proves an incentive for the participants to reflect on their own behaviours. 
They trigger the participants to share experiences of consumption and recycling with their 
peers by comparing and clustering of their drawings. In our attempt to understand what 
inspires the participants’ drawing styles, we observe that data drawings can be clustered 
into different Gestalt patterns. We suggest the term ‘data-gestalt’ to name such patterns 
according to their shapes and semantics. 

Data tinkering challenges the participants to express data in unconventional ways. They 
look for methods of conveying numbers, sizes, and volumes, and they explore metaphors to 
add meaning. Being designers, they willingly explore different materials, textures, and 
aesthetics – this may be less dominant with non-designers. Most excitingly, our analysis of 
the data tinkerings shows a range of affordances that we venture to call ‘data-affordances’ 
and express in a Gibsonian style of ‘act-able’ adjectives. Tangible expressions of 
affordances seem to have great potential for engaging people in exploring data. 

Very promising are the observations that many of the participants, through data drawing 
and prototyping, become aware of their consumption habits and of possibilities for 
behaviour changes. We observe that the raised awareness of the participants is a 
consequence of prototyping the data and not simply of being stimulated by the social 
experience of an enthusiastic design student group focusing on a topic as a whole.  

There are similarities between how participants draw data and how they make a prototype 
of data. Some participants show similar colours, shapes, or symbols between their visual 
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and physical expressions. The fact that we are able to trace lines of inspiration between 
certain kinds of data drawings and certain kinds of data tinkerings make us optimistic in 
suggesting that our terms data-gestalt and data-affordance may serve as inspiration for 
designers to engage more visually and physically with data, thus making abstract data 
easier to grasp, engage with and act upon. 
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Abstract  
 
Prototyping is a complex process of navigating a chaotic design space. Especially when there are few 
criteria for success, it is often difficult for a designer to know what direction to follow. We argue that 
prototyping can be considered as a process of sensemaking driven by finding the right expression of a 
design goal. To illustrate this, we present the case study of the aural-visualiser 1000, a functional refined 
prototype that resulted from an open-ended design project. Using its process as an example, we abstract 
important expressions that informed the design and prototyping of the aural-visualiser 1000, pointing to 
when the conception of the project changed and how that affected our making sense of the design space. 
We reflect on this design process to articulate productive pivots and tensions that led to the finished 
artefact. 
 
Prototyping; expression; sensemaking; presence; listening 
 
Introduction 
 
We navigate design spaces by prototyping: prototyping gives us insight into what works and what 
doesn’t work for the decisions that we make during a design process. These decisions constitute 
the design process, and understanding how and why these decisions work the way they do is one 
way to better understand how design works. This comes relatively easily when a problem is 
straightforward. In a well-specified design space, where a context is well-understood, and a design 
problem has a set of given constraints in play, it is relatively straightforward to see what makes a 
design successful—what works well to satisfy those constraints for that context is clear.  

In practice, though, the process of design is usually murkier. Design is a process of inquiry 
that often has no set criteria for success, and as such no well-defined heuristics or decision-
making structure to give designers an obvious route to follow. These qualities have been 
highlighted as ways that design can engage productively with so-called wicked problems, 
problems so broad that they defy simplification, and involve any number of factors that 
together prevent them from becoming tractable and well-articulated (Rittel and Webber 1974; 
Buchanan 1992). In these situations, design spaces and directions are not so clear, and the 
relation between the problem and prototype can sometimes become occluded. On a less 
grandiose scale, many popular genres of contemporary constructive design research such as 
critical (Dunne 2006; Dunne and Raby 2001), speculative (Auger 2013; Dunne and Raby 
2014), and discursive design (Tharp and Tharp 2019) often lack overt design problems as 
such. In practice, designers operate comfortably in spaces like these. Indeed, the process of 
designing a kettle or app looks quite a lot like designing critical or speculative design projects 
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(Boer and Jenkins 2021). Materially, the processes of prototyping and interpreting prototypes 
are similar no matter the topic—they’re joined by design. 

One reason for this similarity is in the thinking about the problem. Kolko has described 
design ideation and decision-making as a form of sensemaking, where a designer uses a 
combination of their personal experience and design materials to make sense of a design 
space by producing ideas and prototypes that help articulate it (Kolko 2010b). We argue that 
this direction is based on a designer’s sense of what a design artefact should be to satisfy 
the goals of the project. While this may seem obvious—after all, Nelson and Stolterman have 
described design as moving away from that-which-is and producing that-which-ought-to-be 
(2012)—we believe that there is value in taking this idea seriously and using a design case to 
reflect on how it works in practice, developing ways to articulate the knowledge of a design 
space that prototyping produces. Building on Hallnäs and Redström’s idea of the 
expressional (Hallnäs and Redström 2002a; 2002b) and Nelson and Stolterman’s idea of 
desiderata (Nelson and Stolterman 2012) we describe how an open-ended prototyping 
process is driven by what best expresses (or fails to express) a designer’s intention for a 
given context and situation.  

This paper presents motivations, decisions, and reflections made during designing a 
particular artefact as an example of the kind of sensemaking described above. We walk 
through the design process of the aural-visualiser 1000, a portable listening system that 
listens to audio in the world and transforms it for later reflection. First, we describe our 
theoretical background. Then we walk through our case in stages: developing a design 
space, describing goals of the design process, and discussing how those goals were 
manifested through prototyping. Finally, we close with reflections on how expression and 
working with tensions helped us make sense of our design practice. 

 
Figure 1: The completed aural-visualiser 1000 
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Background 

How designers navigate a design space has been described as a kind of sensemaking 
where the design problem and its definition changes over time as designers engage with it 
(Eklund, Aguiar, and Amacker 2022; Kolko 2010a; 2010b). This sensemaking builds upon a 
combination of designers’ experiences, goals, research, and any number of other factors. As 
a practice, though, “sensemaking” is active and subjective, “a process that is personal and 
contingent on experience, that substantiates learning, that takes place continually and 
forever, and is fundamentally based on each participant’s perspective or point of view” (Kolko 
2010b). Here Kolko describes sensemaking as a kind of perpetual reframing that helps a 
designer gain knowledge about a design problem to understand it more concretely. Russel et 
al have described sensemaking as “the process of searching for representation and 
encoding data in that representation to answer task-specific questions” (Russell et al. 1993), 
and later as “the process of creating a representation of a collection of information that allows 
the analyst to perceive structure, form and content within a given collection” (Russell et al. 
2009). To Kolko, this is a form of modelling a problem, a way to interpret information that can 
become input to a design process where design ideation can occur and be evaluated (Kolko 
2010b). In prototyping, these design syntheses are constructed so the designer can establish 
whether a manifestation “works” to support the design idea. 

Expressions in interaction design 

When Hallnäs and Redström wrote that “functions reside in the expressions of things” they 
meant to turn the Bauhaus idea of “form following function” on its head. Rather than the form 
of an object being derived from its functionality, they assert that in interaction design, one 
can propose new functionality by searching for expressions of them (Hallnäs and Redström 
2002b). Expressions offer a perspective on what a design is saying, what is being projected, 
and possibly what a design could mean in a particular context or setting. Landin describes 
expressions of interaction as “expressions of how people might relate to the interaction with 
the design, in certain contexts” (Landin 2009). As a way to understand possible use, 
expressions are reminiscent of affordances (Gibson 1977; Norman 2013). However, these 
are not the use-qualities of already-existing objects, as affordances are. Rather, they refer to 
how the qualities of a design can be expressed. What to express, naturally, is highly situated 
and contingent in design. As an “ultimate particular,” a prototype is based on a context and 
setting that is not generalizable (Nelson and Stolterman 2012). While this may pose a 
problem to producing broad design theory, the selection of these expressions and the 
decisions that are made to achieve them as aesthetic goals in a particular case can act as 
examples of how design works more broadly. 

Expressions as a target of sensemaking via desire 

It is in this mode that Lim et al’s idea of filtering and manifestation (Lim, Stolterman, and 
Tenenberg 2008) can help to make sense of sensemaking as the key activity of design. 
Prototypes serve to manifest aspects of a design space for evaluation, operating as a filter 
for the designer to evaluate their success, reflecting on their activities there (ibid). But how 
does a designer identify what works? The criteria for evaluating a prototype—what a 
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designer learns through this process of sensemaking with a prototype—links back to Nelson 
and Stolterman’s idea of desiderata: the designer reflects on whether the prototype is 
successful in conveying their vision, here through its expression. Especially with open-ended 
briefs, the prototype is a way to project intention into the world, to probe the possibilities of a 
design space and see what emerges and whether it fits a particular vision. Kannabiran and 
Bødker have called prototypes objects of desire, “invoking familiarity with past practices while 
simultaneously piquing our curiosity about possibilities for shared technology mediates 
futures” (Kannabiran and Bødker 2020).  

To illustrate how these bits fit together as part of a design prototyping process, we describe a 
project that took a very open-ended brief and made a prototype reflecting significant design 
intention. We use it to illustrate how the sensemaking described above occurs in practice. 

Case Study: Constructing the aural-visualiser 1000 

Our case study comes from a four-month design sprint based on a class project in interaction 
design at the IT University of Copenhagen. Groups of four masters’ level interaction design 
students together responded to the broad topic of “Energy Futures”. The goal of the course 
was for students to develop a design brief that resonated with them, create prototypes to that 
brief, and refine the prototypes into something reflecting their stances as designers. Given 
just 14-weeks, time was short, and quickly developing constraints was necessary to define a 
context that worked for the project. This case study is ordered approximately chronologically. 
However, as with most design processes, this project did not develop in a linear way. It 
followed any number of paths to dead ends and had to navigate less-than-clear goals and 
ambiguities to develop a meaningful prototype. 

Engaging with the design space and developing a brief 

The project began by engaging with energy broadly, narrowing into the topic to find a 
compelling design space that we could refine to an interesting design brief. Inspired by 
Pierce and Paulos (Pierce and Paulos 2012; 2010), we focused on the idea that energy 
could be harvested and materialized. Initially, we worked in a dystopian future, or science 
fiction context, imagining humans needing to produce energy through their everyday life with 
their bodies, or harvested from materials like hair, spit, and sound. The future gave us 
flexibility to imagine something that might not be so plausible in the present and opened new 
possibilities for designing novel interactions (Auger 2013; Candy 2010).  
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Figure 2: Science fiction influences. Nausicaa: Valley of the Wind (1984); Raised by Wolves (2020); a generic VR 
headset (that we understood to draw energy from its wearer); Pierce and Paulos’ Energy Mementos (2010); Akira 
(1988); The Matrix (1999). 

The moodboard above (Figure 2) made it clear that our interests lay in exploring how energy 
could be absorbed, mediated and expressed, and not in solving a specific problem or 
designing a conventional product, at least at the time. We chose not to have a specific user 
or target group in mind, developing instead in a more abstract, interaction-driven way 
(Maeng, Lim, and Lee 2012). After a short while, we decided to work with sound as a form of 
“energy,” finding it more relatable and tangible. We became inspired by sound waves and 
their various representations (Figure 3). Choosing sound led us to a range of material 
inspiration to draw from, from microphones and gramophones to speakers and public 
address systems.  

 
Figure 3: A moodboard of how sound might be gathered and represented. From left, Pierce and Paulos’ Energy 
memento (2010); an oscilloscope screen; a retro field recorder; a 1960s tape player; the scream tanks from Monster’s 
Inc. (2002), the evolution of microphone hardware.  
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Thinking with sound led us to imagine a system that captures and represents the presence of 
sound as an elusive and momentary thing, while at the same time making it more durable. 
This led to a design brief: 

When perceiving sounds most of us rely solely on our hearing. To broaden this experience, 
we seek to materialise sounds with visual representations. As with all forms of energy, sound 
has an elusive nature. To work with and explore this elusiveness, the artefact should produce 
mementos of the representations, allowing a user to save, compare and contemplate on 
them. 

This design brief became a storyboard (Figure 4): 

 
Figure 4: Storyboard of design brief. (1) In the world, sounds are happening: a train, a bird and a violinist. (2) A figure 
hears them, but unable to see the sounds themselves, they question how they might look. (3) The figure orients 
themselves towards a device holding a stereotypical microphone, and (4, 5) brings the device to the sounds to capture 
them. (6) The device produces small prints of the sound. (7) Elsewhere, the figure studies the prints, now hanging in a 
grid each above a notation. (8) Their eyes are gleaming, having looked at sounds and their differences 

Expressing listening through interaction and form  

 

 
Figure 5: Early form sketches for energy capturing devices, including sound. 
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What should a thing that captures sound look like? Our early concepts were inspired by all 
sorts of materials, inputs, and systems, from distillation metaphors, to microphones, to 
organic forms and plant life (Figure 5). For sound, we began with the idea of a gramophone 
to capture local audio, producing a cardboard model that represented this first concept. 

 

Figure 6: The first prototypes delved mainly into manifesting physical using waste cardboard, glue and tape. 

The first prototype (Figure 6, a) explored cultural references to sound and a basic interaction 
that required a user to make loud noises into the funnel. These would light the LED’s one by 
one, after which the button would activate a piezo buzzer, “returning the sound”. We found 
the gramophone to be too mundane, and the interaction as one requiring too much effort. We 
were also limited in this concept to record only sounds that took place nearby. Still, the 
prototype confirmed a potential to us in working with sound to develop novel interactions.  

The second prototype (Figure 6, b) demonstrates the use of form as a focal point for 
exploring functionality. A dummy-display let us weigh the pros and cons of including a screen 
in the design object and resulted in our decision to focus on printing alone as the sole output. 
To reduce size we opted for printing alone. A key moment was realizing that the funnel of the 
first prototype could be detached from the body, changing the metaphor for this sound 
harvester from simply hearing what was nearby to more intentional listening. Listening 
became a way to frame the interaction, becoming a key measure of the expression we 
sought. The early flashlight form allowed for more targeted, direct engagement with the 
world. Though originally a whim, the ear expressed listening in a fundamental, playful way.  

These first prototypes were essential to better understand our design space—by manifesting 
ideas in the real world, we could determine what did not work, informing and defining our 
vision. We learned that it wasn’t about visualizing sound in particularly compelling or 
complicated ways, it was about framing attention to the surrounding environment. 
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Figure 7: Designing for sensory presence beyond the visual. 

Defining the form took place in parallel with obtaining new inspiration from outside the 
project. Focusing on one human sense began to resonate in new ways as we drew on the 
work of Finnish architect Juhanii Pallasmaa. His book The Eyes of the Skin (Pallasmaa 
2012) describes how contemporary design practices such as architecture enforce a 
“hegemony of the eye” meaning that the world is to be seen rather than lived in. Designing to 
accommodate other senses like hearing, touch and so on creates a more complete way of 
being in the world, offering richer experiences and a more meaningful sense of presence in 
it. Notably here, this idea of “presence” reverses some of the original design framing: rather 
than thinking of “presence” as the presence of energy, it reflects a person being present in 
the world. Pallasmaa goes on to note that "vision separates us from the world whereas the 
other senses unite us with it” (28, ibid). This helped us to reframe the problem as listening to 
become more present in the world and confirmed our decision to abandon real-time 
representation of sounds on screens. A new design space emerged (Figure 7). 

 
Figure 8: Refining form in cardboard. 

 



   

38 
 

Taking listening seriously led to some changes in the design concept. A more compact form 
(Figure 8, c) supported the idea of portability—so one could bring the device with you to 
listen in new places—but was too small to house the necessary hardware. We introduced a 
dial allowing for a way to set the length of a recording. Nesting the ear in a casing, removing 
it from initial view, was to build tension between first impressions and later interaction, 
making choosing to listen feel more intentional. The ear became more like a human’s. While 
this was still a cardboard prototype, a mini-jack cable was added to increase the prototype’s 
resolution and enhance our team’s discussions.  

The final form prototype (Figure 8, d) underscored the design variables we had uncovered 
through the prior manifestations. This higher fidelity enabled us to determine the interface 
layout: dimensions for faceplate holes and buttons, evaluate proportions and plan for buying 
materials. We added the handle to express portability, sensible for a device meant explore 
sounds in different environments. Compared to prototype before it (Figure 8, c), its bigger 
casing had plenty of space for the hardware being developed concurrently, so we reduced 
the size again. To indicate the earcup can be detached from the case we designed a housing 
that could also be a place to wrap the mini-jack cable. This form took its cues from scientific 
instruments, as they mean to reveal the truth of the world. At the same time, the earcup is 
intentionally playful, making the interaction slightly ironic and drawing attention to the 
interaction itself—ideally supporting a user to become more present through its use. 

Developing a Materialization of Experience 

As described in the brief, the project was about capturing energy’s elusiveness. In the 
storyboard (Figure 4), it became clear early on that the energy in question was sound: 
gathered by the device, it was materialized for reflection. One of the earliest things that was 
clear about this project was that the sound gathered by the device should be made physical, 
producing a material token that stored what the device heard. This reflects certain formal 
qualities from the body of the device, documenting what it records as a kind of scientific 
instrument. Inspired by the lines in an oscilloscope’s display (Figure 3), we tested creating 
our own sound representations. Experiments here included using a laser, mirror, and a 
speaker to generate shapes reflected across a moving membrane (Figure 9, right), and 
printing coordinates for a sound-atlas instead of the sound representations (Figure 9, left).  
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Figure 9: Early sketches and tests for sound representation. 

These tests produced shapes we liked, but we couldn’t make this visualization portable. To 
do that, we moved to software. Prototypes generated with the Processing sound library 
(Figure 10, a) confirmed to us a potential in visualizing sounds using waveforms as a 
metaphor. We continued with representing sound attributes radially (Figure 10, b), mimicking 
the laser experiment. However, the clutter produced from longer recordings and including 
additional parameters became difficult to decipher. Embodying too much complexity became 
counterproductive to encouraging exploration of one’s surroundings. 

 

 
Figure 10: Refining the sound memento 

As we refined the visualizations, we found ourselves returning to simpler waveform 
representations. This shift also allowed time itself to develop the form. A meander structure 
(Figure 10, d) was able to convey the temporal aspect of sound well. It could be more easily 
understood while also making better use of the thermal printer, creating denser 
representations of time. Adding the date and duration of the recordings as well as a line for 
making a note helped to codify the memento object as something that represents a specific 
moment (Figure 10, f). 
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The form that these objects took changed as part of our prototyping process. In general, the 
visualization was meant to correspond to a sound while leaving some room for interpreting it, 
instead of capturing audio and presenting it directly. As in the earlier section, the concept 
evolved to help us think about what the object meant and what it does as part of the broader 
system. Rather than be strictly documentarian, it became augmented in the process. The 
simple receipt began to embody dynamics of synaesthesia, the coupling of senses, to 
reproduce a “fuller” experience of being in the world. 

Consequently, the significance of memento also shifted: instead of storing the sounds as 
energy it now stores meaning, the experience of the presence of sound. As with the form of 
the device changing from hearing sound to listening to it, the memento—now firmly 
described as such—shifted from an expression of capturing to an expression of remembering 
something meaningful. This is evidenced in how we imagined these mementos to be kept 
and stored (Figure 11). 

 
Figure 11: Memento details and how they might be collected in a journal. 

We hoped that collecting sounds could inspire a user to explore the multitude of sounds 
surrounding us, charting their differences and similarities. The printer prints a seamless 
record of events. They can be torn by the user as desired to collect different recordings in a 
single event, or to separate discrete moments. Longer recordings (Figure 11, right) might 
result in comically long mementos to underscore the aural-visualiser’s kinship to scientific 
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equipment such as seismographs, while also rendering the temporal element of the 
mementos easier to understand. Underneath each waveform on every memento is a 
timestamp of the recording and its duration, as well as a place for a handwritten note: a 
feeling, a place, what was being listened to, and so on. 

Refining the expression 

Once the main expressions of the project were decided, we needed to further refine the 
prototype, developing more polished interactions as well as a more physically finished form. 
Ultimately, this refinement process created a more compelling final prototype, one that was 
more convincing and expressive of our design intention. 

 
Figure 12: The Dieter Rams-Designed Braun T 580 Transistor Radio (https://www.moma.org/collection/works/4084) 

Many of the visual references we were working from had a kind of nostalgic bent to them, 
imagining nicely designed objects from the past and how the form language and design 
qualities that they offer could be adapted to give our system a particular quality. Inspired by 
the mid-century designs of Dieter Rams (Figure ), among others, we sought to create a 
simple, elegant interaction that made a relatively strange concept approachable and 
understandable. This echoes the broader design goal of making the complexity of the world 
more legible and approachable. 
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Figure 13: Details from final refinement and the interface. 

To ensure a high level of finish in the final prototype, we tested tolerances of combining 3D-
printed and laser-cut materials to ensure that parts fit together well (Figure 13). Simplifying 
overall construction, we designed custom brackets and built a section-model to confirm their 
sturdiness. To reduce costs, we used alternative materials such as cutting and melting cord 
for the rubber brackets on the aural-visualiser’s base or wrapping the handle in electrical 
tape. Final form decisions were made to both bring together different parts of the system as 
well as refine the overall expression of the prototype. The handle was designed to double as 
a stand when in use. A cable hook was added on the side for the power cord and rubber 
corners at bottom. These emphasized ruggedness and portability to suggest that the system 
should be brought out into the world to find interesting things to listen to. Finally, the front 
plate was designed and refined to evoke the kind of mid-century interactions we aspired to, 
undergoing many iterations to get the look and feel correct. 

The aural visualiser 1000 

  
Figure 14: The final aural visualiser 1000. Left, printing visualization, and right, ready to be moved. 
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The aural-visualiser 1000 is a refined design prototype whose expression asks users to pay 
attention to the world in a new way. By emphasising the aural and auditory component of an 
experience rather than the visual component, it seeks to reframe that experience and 
increase a users’ sense of being present in the world. As an antidote to a recorded image 
sometimes seeing “truer” than direct experience (Padalak and Jenkins 2022), the aural-
visualiser 1000 extracts and analyses the energy and attributes inherent to sound, producing 
a manifestation of that sound for the user to save, compare and consider later. These 
representations correspond to the recording, but do not recreate it, demanding experience to 
understand them. The artefact encourages exploring sounds in everyday life, giving 
perspective on their immateriality and elusiveness. These mementos store a representation 
of meaningful events or hidden aspects of everyday life for reflection and reminiscence. 

 
Figure 15: Listening to the world, the aural-visualiser 1000 in use, detecting interesting experiences 

Discussion 

The aural visualiser case study illustrates a process of engaging with an uncertain design 
space. It provides two ways to understand how prototyping made sense of this space using 
expression as a lens. 

Pivoting as expression-finding 

One of the main things that this case study reveals is how pivoting to new expressions gave 
us both traction in and new material for the design process. Capturing energy as sound 
became hearing; making this hearing more intentional and focused led to the idea of 
listening; listening filtered through Pallasmaa became presence. Each shift motivated 
significant design decisions. After Lim et al, the cardboard prototypes used as “design 
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thinking enablers” that helped us to “organically and evolutionarily learn, discover, generate, 
and refine designs” based on the expressions that we found during the process (Lim, 
Stolterman, and Tenenberg 2008). Transforming hearing to listening led us to understand the 
design space in a new way and gave us new directions to orient ourselves towards. 
Likewise, a simple idea of a physical token to store and capture that energy became recast 
as mementos that support remembering, driving a shift in materials from lasers, to software, 
to ultimately paper. This shift in how we saw the expressions leads to how we reframe 
knowledge from the prototype. 

Taking the materials seriously in this process led to iterative refinements that tuned this 
expression as the design brief became more nuanced over time. By paying attention to the 
interactive qualities of these materials and judging how they contributed to the expression of 
the design goals, in this case how listening and remembering can build new ways to 
understand presence, the prototype responded to the shifting brief. Hallnäs and Redström 
note the significance of the expression and aesthetics of computational things (2002b). For 
us, having a strong design concept made the process of finding the next step of the process 
more tractable—certainly not simple, but operating as a guiding idea for the next step of the 
process. The change in form from a passive horn to an ear that can be directed towards 
sound, for example, directly supports active presence in the world.  

These guidelines operated as filtering dimensions (Lim, Stolterman, and Tenenberg 2008) to 
abductively find resolutions to design problems that were appropriate to the design goals 
(Kolko 2010b). Sometimes, design ideas came from flights of fancy—the literal ear cemented 
the idea of listening as well as helped distance the form from a sterile, scientific feel. Other 
times, as with the design of the memento, concrete iterations around how the design could 
be made more effective drove the process—from a tech demo with the software library, to 
self-contained radial forms, to variable-length print representations, and finally to include 
annotations that locate the memento in a single moment. 

Productive tensions as a tool for sensemaking 

This paper articulates our efforts and thinking towards creating our desired expression in the 
aural-visualiser 1000. These include exploring possible means of visualizing sounds, 
physical manifestations and interactions and continually considering the interplay of these 
various elements. This interplay has at times induced productive tensions that offered us 
other kinds of expression in the prototype than we expected at the outset.  

Our prototyping process sought to determine which characteristics best represented an 
element’s purpose (Nelson and Stolterman 2012). One example being the energy capture 
mechanism evolving from a funnel to an ear. At the same time, the sound memento, a 
receipt with a waveform on it, might seem “true” in a way that is undermined by the more 
playful materialisation of the ear that created it. The cartoony qualities of the ear are at odds 
with the authoritativeness of the aural-visualiser 1000 and the memento it creates. To us, this 
tension is evocative, and uncovering it through prototyping helped the design progress. The 
tension creates an invitation to engage with the device—it is not so ridiculous that it can be 
dismissed nor so serious and scientific that using it feels like a burden to discover something 
true about the world. 

 Fallman defines a tension in the dimension between the extremities of design practice and 
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design studies, as the first dealing with what is “real” and the second what is “true” (Fallman 
2008). The design became a way for exploring an issue of feeling disconnected by 
developing a new kind of presence. It was not bound by requirements like solution-oriented 
design briefs. Still, we found that informing our decisions and aesthetics by imagining the 
prototype as a “real” appliance (using cues like as scientific visualizations and a retro-
technical aesthetic) helped build a stronger expression of the thing, carrying what we thought 
to be “true”—that people feel disconnected from their surroundings—to show what might be 
“possible,” that listening carefully could foster a sense of presence.  

A more prosaic tension lies in the practicality of the materials chosen. As noted in the 
refinement section, expense led to certain decisions being made on a cost basis. As the goal 
was to produce a prototype, this was both expected and helpful: infinite resources meant that 
even fewer constraints would be placed on the project. In keeping with the economic 
prototyping principle (Lim, Stolterman, and Tenenberg 2008), we feel that this constraint 
helped us make a prototype that makes the possibilities and limitations of our design idea 
visible and measurable inexpensively while maintaining high fidelity.  

Conclusion: Noticing what is desirable 

This paper presented a prototyping process that navigated an open-ended design space. 
During the design process, various criteria had to be developed to move forward, leading to 
design questions like what should the design brief be? Why this and not that? What 
manifestations of a design idea are relevant? How do you know whether something works? 
To answer these questions, a set of intended expressions evolved with the design process 
that over time made sense of the process. These conceptual expressions, even as they 
changed, offered perspectives that mattered to design decision-making. They became 
guiding principles for navigating the design space. 

Ultimately, the process of design consists of putting a finger in and seeing what comes out—
whether what you have makes sense for a current conception of a project, and whether the 
prototype or the concept need to change. We identified different tensions and pivots we 
encountered as essential to this process of composing expressions: knowledge produced 
during prototyping an expression informs the composing of subsequent expressions. These 
ideas give us purchase where there were no obviously correct answers and became 
strategies that helped us attune to what makes a design idea successful. For us, keeping the 
desired expression at the center of the design process, and paying attention to how attempts 
to manifest it are supported, thwarted, or made tense offers ways of navigating complex and 
underspecified design spaces. This is how design is a process of sensemaking driven by 
articulating desired expressions through prototyping. 

Acknowledgements 

Thanks to Harvey Bewley and the IxD Lab for advice and support, Peter Nygaard 
Christensen for photograpy, and finally Thea Emilie Gehrchen, Søren Smedegaard Hansen, 
and Peter Langgard Pedersen on the project team. 

  



   

46 
 

References 

Auger, James. 2013. ‘Speculative Design: Crafting the Speculation’. Digital Creativity 24 (1): 11–
35. https://doi.org/10.1080/14626268.2013.767276. 

Boer, Laurens, and Tom Jenkins. 2021. ‘Fostering Creative Confidence with SCD in Interaction 
Design Education’. Interaction Design and Architecture(s), no. 51 (December): 270–302. 
https://doi.org/10.55612/s-5002-051-012. 

Buchanan, Richard. 1992. ‘Wicked Problems in Design Thinking’. Design Issues 8 (2): 5. 
https://doi.org/10.2307/1511637. 

Candy, Stuart. 2010. ‘The Futures of Everyday Life: Politics and the Design of Experiential 
Scenarios’. https://doi.org/10.13140/RG.2.1.1840.0248. 

Dunne, Anthony. 2006. Hertzian Tales: Electronic Products, Aesthetic Experience, and Critical 
Design. The MIT Press. 

Dunne, Anthony, and Fiona Raby. 2001. Design Noir: The Secret Life of Electronic Objects. Berlin: 
Birkhäuser. 

———. 2014. Speculative Everything: Design, Fiction, and Social Dreaming. Cambridge, 
Massachusetts ; London: MIT Press. 

Eklund, Anna, Ulises Navarro Aguiar, and Ariana Amacker. 2022. ‘Design Thinking as 
Sensemaking: Developing a Pragmatist Theory of Practice to (Re)Introduce Sensibility’. Journal 
of Product Innovation Management 39 (1): 24–43. https://doi.org/10.1111/jpim.12604. 

Fallman, Daniel. 2008. ‘The Interaction Design Research Triangle of Design Practice, Design 
Studies, and Design Exploration’. Design Issues 24 (3): 4–18. 
https://doi.org/10.1162/desi.2008.24.3.4. 

Gibson, James J. 1977. ‘The Theory of Affordances’. Hilldale, USA 1 (2): 67–82. 

Hallnäs, Lars, and Johan Redström. 2002a. ‘Abstract Information Appliances: Methodological 
Exercises in Conceptual Design of Computational Things’. In Proceedings of the 4th Conference 
on Designing Interactive Systems: Processes, Practices, Methods, and Techniques, 105–16. DIS 
’02. New York, NY, USA: ACM. https://doi.org/10.1145/778712.778730. 

———. 2002b. ‘From Use to Presence: On the Expressions and Aesthetics of Everyday 
Computational Things’. ACM Transactions on Computer-Human Interaction 9 (2): 106–24. 
https://doi.org/10.1145/513665.513668. 

Kannabiran, Gopinaath, and Susanne Bødker. 2020. ‘Prototypes as Objects of Desire’. In 
Proceedings of the 2020 ACM Designing Interactive Systems Conference, 1619–31. DIS ’20. 
New York, NY, USA: Association for Computing Machinery. 
https://doi.org/10.1145/3357236.3395487. 

Kolko, Jon. 2009. ‘Abductive Thinking and Sensemaking: The Drivers of Design Synthesis’. Design 
Issues 26 (1): 15–28. https://doi.org/10.1162/desi.2010.26.1.15. 

———. 2010a. ‘Sensemaking and Framing: A Theoretical Reflection on Perspective in Design 
Synthesis’. Proceedings of Design Research Society, January. 



   

47 
 

———. 2010b. ‘Abductive Thinking and Sensemaking: The Drivers of Design Synthesis’. Design 
Issues 26 (1): 15–28. https://doi.org/10.1162/desi.2010.26.1.15. 

Landin, Hanna. 2009. ‘Anxiety and Trust and Other Expressions of Interaction’. Chalmers 
University of Technology. https://research.chalmers.se/en/publication/92132. 

Lim, Young-Kyung, Erik Stolterman, and Josh Tenenberg. 2008. ‘The Anatomy of Prototypes: 
Prototypes as Filters, Prototypes as Manifestations of Design Ideas’. ACM Transactions on 
Computer-Human Interaction 15 (2): 1–27. https://dl.acm.org/doi/10.1145/1375761.1375762. 

Maeng, Seungwoo, Youn-kyung Lim, and KunPyo Lee. 2012. ‘Interaction-Driven Design: A New 
Approach for Interactive Product Development’. In Proceedings of the Designing Interactive 
Systems Conference, 448–57. DIS ’12. New York, NY, USA: Association for Computing 
Machinery. https://doi.org/10.1145/2317956.2318022. 

Nelson, Harold G, and Erik Stolterman. 2012. The Design Way: Intentional Change in an 
Unpredictable World. Cambridge, Massachusestts; London, England: The MIT Press. 

Norman, Don. 2013. The Design Of Everyday Things. Revised edition. New York, New York: Basic 
Books. 

Padalak, Martin A., and Tom Jenkins. 2022. ‘Being in the World with the Aural-Visualiser 1000’. In 
Nordic Human-Computer Interaction Conference, 1. NordiCHI ’22. New York, NY, USA: 
Association for Computing Machinery. https://doi.org/10.1145/3546155.3547281. 

Pallasmaa, Juhani. 2012. The Eyes of the Skin: Architecture and the Senses. 3rd edition. 
Chichester: Wiley. 

Pierce, James, and Eric Paulos. 2010. ‘Materializing Energy’. In Proceedings of the 8th ACM 
Conference on Designing Interactive Systems, 113–22. DIS ’10. New York, NY, USA: Association 
for Computing Machinery. https://doi.org/10.1145/1858171.1858193. 

———. 2012. ‘The Local Energy Indicator: Designing for Wind and Solar Energy Systems in the 
Home’. In Proceedings of the Designing Interactive Systems Conference, 631–34. DIS ’12. New 
York, NY, USA: ACM. https://doi.org/10.1145/2317956.2318050. 

Rittel, Horst W, and Melvin M Webber. 1974. ‘Wicked Problems’. Man-Made Futures 26 (1): 272–
80. 

Russell, Daniel M., Peter Pirolli, George Furnas, Stuart K. Card, and Mark Stefik. 2009. 
‘Sensemaking Workshop CHI 2009’. In CHI ’09 Extended Abstracts on Human Factors in 
Computing Systems, 4751–54. CHI EA ’09. New York, NY, USA: Association for Computing 
Machinery. https://doi.org/10.1145/1520340.1520732. 

Russell, Daniel M., Mark J. Stefik, Peter Pirolli, and Stuart K. Card. 1993. ‘The Cost Structure of 
Sensemaking’. In Proceedings of the INTERACT ’93 and CHI ’93 Conference on Human Factors 
in Computing Systems, 269–76. CHI ’93. New York, NY, USA: Association for Computing 
Machinery. https://doi.org/10.1145/169059.169209. 

Tharp, Bruce M., and Stephanie M. Tharp. 2019. Discursive Design: Critical, Speculative, and 
Alternative Things. Annotated edition. Cambridge, MA: The MIT Press. 

 
 



   

48 
 

Martin A. Padalak 
 

Martin is a creative technologist and master’s student specializing in interaction 
design at the IT University of Copenhagen, where he is a design researcher at 
the IxD Lab. He has a fascination with technology but is skeptical of untamed 
digitalization and works to develop responsible and sustainable alternatives to 
contemporary disposable technoculture. He holds a Bachelor of Architecture from 
the Danish Royal Academy’s cross-disciplinary Institute of Architecture and 
Design. Martin also has theoretical and practical experience with farming, 
carpentry, student politics, art and graphic design—all of which influence his 
current work and thinking. 

 
Tom Jenkins 

Tom Jenkins is Associate Professor of Interaction Design at IT University of 
Copenhagen’s Department of Digital Design, where he leads the master’s 
specialization in interaction design. He combines research through design with 
cultural and critical theory to produce speculative electronic artifacts, engaging 
critically with smart products and systems, and examining how design can 
produce novel relationships between and among people and devices. He holds a 
PhD from the Georgia Institute of Technology in Digital Media, a master's degree 
from New York University's Interactive Telecommunications Program, and 
bachelor’s degree from Cornell University, where he was a member of the 
Culturally Embedded Computing Group.



49 
 

 

 
Documenting End User Needs in an 
Interactive Virtual Reality Prototyping 
Environment for a VR-PD Approach in 
Architecture 

 
Lukas Adrian Jurk, Institut für Konstruktives Entwerfen, Industrie- und 
Gesundheitsbau 

 
Abstract  
 
When designing a complex building, such as a hospital, architects have to meet a variety of regulatory and 
user-centered requirements. With the introduction of participatory methods, architectural design can 
incorporate end-user requirements, ultimately facilitating end-user processes in the built environment. 
However, current means of communication, such as paper plans and rendered images, lack the proper 
form of presentation to discuss, document, and display user requirements, let alone experience the 
prototype. Often, blueprints, renderings, and animations are not suitable for non-architects to develop a 
thorough and mutual understanding of the volumes, dimensions, and clearances to assess a design’s 
ultimate usability. A full-scale physical mock-up is usually not feasible. Instead, virtual reality (VR) is 
sometimes used as a substitute to provide a more realistic impression of the subject under discussion. 
However, most VR software does not allow for interaction to evaluate the prototypical environment. In 
addition, neither VR software nor traditional methods are suitable for documenting the results of large-scale 
surveys without enormous effort. It is usually left to designers to manually document and qualitatively 
evaluate the results of participatory approaches for a final design decision. 
This paper presents a software that could enrich current participatory design methods and overcome their 
shortcomings. The software's immersive, interactive, responsive, and networked prototyping environment 
documents design decisions and makes them immediately experiential. An integrated evaluation tool 
generates a three-dimensional, human-readable representation of the collected quantitative data. 
Architects can then discuss or integrate the quantitative data with qualitative observation or end-user 
interview data in a mixed-methods approach. This new prototyping opportunity could lead to a more 
congruent understanding of communicated imagination and materialized experiential knowledge, while 
reciprocally generating networked experiential knowledge during its usage. End users could become more 
like architects themselves. 
 
Participatory Design; Data Triangulation; Architectural Planning; Human Readable Filter; Networked 
Experiential Prototyping 
 
A thorough understanding of the needs of end users in relation to their environment is key to a 
user-friendly and sustainable architectural design. This is especially true for complex environments 
such as hospitals or factories - environments that house many interdependent logistics and work 
processes of their end users. 
Traditionally, architects express and communicate architectural design decisions - or one may say 
prototypes - by reducing their three-dimensionality into horizontal and vertical sections and 
projections. These representations are called plans and sections. Typically, the basis for design 
decisions is sometimes empirical knowledge (e.g., user interviews) and more often literature-based 
knowledge (e.g., statistics on normative dimensions). Architects and end users express empirical 



   

50 
 

knowledge verbally and document it with pens when discussing a floor plan. However, no empirical 
knowledge is generated because no one interacts within the floor plan, but only expresses their 
individual thoughts two-dimensionally. Furthermore, end users are confronted with a specialist 
medium, the floor plan, which they may not be able to fully decipher due to their often-limited 
spatial comprehension (Yu et al. 2022). This can lead to misunderstandings and misplanning. The 
author of this paper has had similar experiences with participatory requirements planning in his 
own architectural projects. 
Virtual reality (VR) technology has revolutionized the way architects and designers approach the 
design process by overcoming some of these limitations. The ability to create and explore virtual 
environments allows architects to better visualize and evaluate their designs. It also provides a 
new way for stakeholders to participate in the design process. Participatory design in virtual reality 
(VR-PD) is a relatively new field that combines the benefits of VR technology with participatory 
design methods. Gu et al. found that a three-dimensional representation facilitates more profound 
perceptual events in collaborative design processes (Gu et al. 2011). However, the currently 
available tools do not allow for large-scale documentation of quantitative data generated during 
(asynchronous) collaborative sessions. Furthermore, current prototyping software is not first-
person interactive. Thus, designers cannot immediately and immersively experience the 
consequences of their decisions. In contrast, the developed software allows architects to 
document, evaluate, and ultimately triangulate quantitative and qualitative data on end-user needs. 
This enhanced VR-PD can provide architects and designers with a more comprehensive 
understanding of stakeholder needs. 
First, this paper describes the current problems in communicating ideas and comments about an 
architectural prototype, as well as the shortcomings in empirically validating design decisions 
during a prototyping phase. Second, it summarizes the potential of using VR. Third, it explains the 
requirements for successful use of VR, the structure of the developed software and how it meets 
these requirements. Finally, it describes the proposed design of an enhanced VR-PD approach 
using the developed software, its potentials, and the need for further research. 
The developed software provides a VR prototyping environment that is experiential, transformable, 
documentable and networked, similar to a beta software environment, eliminating the need for 
physical mock-ups. Taking, experiencing and evaluating design decisions becomes a simultaneous 
action. The fundamental question is: How changeable, accessible, experiential and collective can a 
prototype be? The developed VR software is similar to existing furnishing applications, but 
extended by the networked ability to document and display survey data for evaluation in a human-
readable, three-dimensional representation. It enables the mixing of quantitative and qualitative 
generated knowledge of end-user needs in complex building projects. 
 
Background 
 
Abstract, Sta�s�cal Numbers Transform into Imagined Shapes 
 
Current Methods for Integrating Experience and Needs into Architectural Planning 
 
A central step within the service phase 0 of an architect's work process is demand planning. During 
this phase, architects collect important data for future planning (DIN18205). The basis of every 
planning is the functional program (Roth et al. 2015 p.19-20). The data used consists of the 
documentation of existing processes and procedural knowledge. The intention of the requirements 
planning determines how the data is collected and interpreted and how statistical analysis 
approaches are used (Roth et al. 2015 p.36). First, architects determine space requirements based 
on statistical or experimental metrics before filling the planned spaces with equipment (e.g., 
surgical lights when designing operating rooms). Planners choose either a bottom-up or a top-
down approach, i.e., either to rely synthetically on planning recommendations such as Neufert 
(Neufert 2018) or Raumpilot (Jocher et al. 2012) or to determine requirements analytically (Roth et 
al. 2015, p. 37). Common methods include determining space requirements through metrics, 
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functional area surveys, aggregation factoring, and equipment demand assessments. The latter 
two methods are bottom-up and participatory. They start with detailed planning of equipment and 
the resulting space requirements for each, its users, and other related processes. Both require 
empirical values and expert knowledge, usually gathered in expert workshops. In the case of a 
hospital building project, this may include the involvement of nurses and cleaning staff. In contrast, 
the first two methods are top-down and numbers-driven. In this case, cardboard pieces - movable 
and arranged on a grid - represent statistical metrics. This method is exclusive to professional 
architects and does not take into account the design requirements of the individual work 
environment, but rather relies on the existence of a high-quality database of benchmarks. 
 

     
 
Figure 1-3: Architects can employ various methods when collecting information on user needs. They range from norms to 
statistical numbers of knowledge of previous inhouse usage, square footage, equipment (e.g., medical technology), 
logistics and program (space allocation plan) to expert workshops. 
 
Discussing and Documenting Experiential Knowledge: Participatory Methods 
Participatory design is a methodology that involves stakeholders in the design process to consider 
their needs and preferences. This approach has been used in a variety of fields, including 
architecture, urban planning and product design. Participatory design is effective in promoting 
stakeholder engagement, improving the quality of the final design, and reducing conflict between 
stakeholders and designers. According to Leon et al. (Leon et al. 2015), early collaborative design 
can prevent problems in later, more complex project phases. Architects and end users also benefit 
from starting to collaborate early in the design phase to innovate and achieve excellent 
architectural solutions (Combrinck and Porter 2021). This bottom-up approach is particularly useful 
for requirements and space planning at the detailed design stage. A common method for needs 
assessment in complex building projects such as hospitals is expert workshops (Sunder et al., 
2021). However, there are many challenges with this method. 
Using traditional media such as printed floor plans to discuss design decisions for complex building 
structures with non-architects is difficult. While efforts have been made to involve other disciplines 
and end-users in previous research projects to meet their needs, the use of traditional media in 
interdisciplinary communication has been inadequate and prone to communication and 
interpretation errors. Too often, the expressed experiential knowledge remains a mere narrative, 
sometimes underscored by drawing on to floor plans or pointing to photos and video sequences. 
In addition, it was not possible to document needs on a large scale. This is also evident in other 
works. According to Alizadehsalehi et al. (Alizadehsalehi et al. 2020), limited understanding of a 
design decision can lead to poor design choices. Sometimes planners compensate for the 
shortcomings of this form of communication by undertaking time-consuming work experiences in 
facilities comparable to their design task. All in all, the mental images of architects and 
stakeholders are traditionally expressed and discussed in a two-dimensional or verbal way, but not 
experienced. 
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Potentials of Virtual Reality 
Current Usage of Virtual Reality in Prototyping 
Traditional methods of reviewing architectural prototypes are confined not only in space, but also 
limited in their temporal dimension. Therefore, a common method for process optimization is 
simulation. However, the extent and level of detail and realism is highly dependent on the means of 
simulation (Roth et al. 2015). While physical mock-ups are quite expensive, immersive virtual 
environments (ImVE) have been widely used in recent years. The ability to create and explore 
virtual environments has allowed architects and designers to better visualize and evaluate their 
designs. It can be used to test the feasibility of a design and identify potential issues. The 
combination of VR technology and participatory design (PD) methods has led to the development 
of Virtual Reality Participatory Design (VR-PD). VR-PD allows stakeholders to participate in the 
design process by exploring virtual environments and providing feedback on the design. At the 
same time, the concept of Computer Supported Cooperative Work (CSCW) has evolved, exploring, 
among other things, cooperative VR applications. The fully immersive experience of a virtual 
prototype viewed through a head-mounted display (HMD) enables a new level of visualization and 
perception of design decisions, but more importantly, fundamentally changes the designing of 
prototypes themselves. Ververidis et al. identify five benefits of VR: interactivity, spatiality/three-
dimensionality, immediacy, telepresence, and simulation (Ververidis et al. 2022, p. 478). Therefore, 
architects can collaborate in virtual reality with more comfort and ability (Yu et al. 2022). Various 
sources demonstrate that VR, can be a more inclusive tool for end user engagement by raising 
information on performance feedback (Heydarian et al. 2015). This immediacy is one advantage of 
the developed software later described in this paper. In addition, the VR medium has a higher level 
of detail and dimensionality, leading to easier perception and communication of mental ideas. 
Therefore, on the architect's side, ImVE can facilitate the process of problem finding (Lee et al. 
2019). According to Ververdis et al. VR should ideally enable communication, visualization, 
documentation and record keeping. In addition, all stakeholders should be able to "converge in a 
single experiential space" in a synchronous and asynchronous manner (Ververidis et al. 2022, p. 
491). VR and collaborative approaches are two mutually reinforcing factors that facilitate 
communication between planners, stakeholders and end users. 

Prospect of Becoming an Actor of Iteratively Manifesting Knowledge 
As an ideal framework for collaborative design, Ververidis et al. propose an iterative process in 
which design decisions are immediately made, previewed, and reviewed. In doing so, the parallel 
worlds of different stakeholders must intersect (Ververidis 2022, p.491). Embodied designing within 
ImVE enables this triad by changing the traditional central meaning of models or prototypes from 
the anticipation of a future construction to the process of design itself (Reinfeld 2021). Five factors 
are critical to realizing these potentials of VR: 

1. Multidimensionality: VR has the advantage of adding a third life-size dimension 
to scaled printed floor plans, and a fourth dimension by spatiotemporally 
immersing the user. One can now experience the realistic duration of walking 
through a design instead of moving a pen across a piece of paper. 

2. Visual Infinity/Immersion: The technical impossibility of stepping back from the 
image plane, as well as the seemingly infinite virtual image of the HMD without 
an image border, redirects visual perception towards immersion (Wiesing 2014: 
107-108). This advantage becomes apparent when comparing ImVE with the 
perception of the limited size of a printed floor plan. 

3. First-Person-Interaction: The first-person user interface allows the user to 
interact with an interface and environment as they would with that of a real-world 
object. It ensures correctness of ergonomic results and the comprehension of 
dimensionality of the virtual space. Only then, can the assessment be close to a 
realistic work process. 
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4. Dialogical Interactivity: The user-designer no longer has to interpret the design 
decision through the abstraction of a drawing (Drude 2023, p.10). Instead, the 
users can immediately react and experience to their own virtually realized design 
to make new decisions.The prototype develops, not evolves, as design is a real-
time dialog. According to Drude, multi-user VR applications can enhance 
communication between participants that was previously inhibited by relying 
solely on sketching and model making (Drude 2023, p.11). Others also point to 
the enhanced visualization and immediate interactivity of ImVE (Rahimian et al. 
2019). 

5. Iterative Immediate Experience of Action: Once mobilized, users can 
immediately experience the consequences of their own virtually realized design. 
The user-designer no longer has to interpret the design decision through the 
abstraction of a drawing (Drude 2023, p.10). Instead, the user can immediately 
react and experience the transformed virtual prototype in order to make new 
decisions. 

The VR-Software and its requirements 
The proposed enhancement of VR-PD employing the developed software aims to overcome the 
cognitive, communicative and media-related problems of traditional participatory design processes 
in architecture and interior design for complex building structures such as hospitals. By challenging 
these limitations and building on the potentials of virtual reality and data collection, an enhanced 
VR-PD approach is proposed. The software described in this paper enables end users and 
architects to simultaneously create and experience prototypes in a realistic first-person interaction. 
Live-sized virtual objects, walls, doors and windows can be placed and moved. Furthermore, the 
networked prototyping software automatically documents decision data quantitatively and 
qualitatively for an evaluation of large-scale datasets. It transforms collective experiential 
knowledge into virtually materialized and augmented environments. 
However, the medium of VR requires certain elements for an optimal operability. Ververidis et al. 
propose several features of an ideal software based on their review of collaborative VR systems 
for the architecture, engineering and construction (AEC) industry (Ververidis et al. 2022). The 
developed software incorporates some of these features and adds others. A HP Windows Mixed 
Reality Headset, its two controllers and first-person interaction are employed. 
 
General Requirements of Optimal Operability 
Familiarization with Virtual Reality and Sensory Discrepancy 

The sensation of immersion in first-person interaction may be overwhelming for first-time users 
(Sidani et al. 2021). The software and hardware do not provide auditory or olfactory feedback, but 
only visual and limited haptic feedback. In addition, users cannot physically sense virtual stairs 
when moving in a planar real space. These discrepancies can lead to discomfort and should be 
limited and addressed in the design of the virtual environment. Therefore, the interviewer must first 
instruct the users about the expected irritations, teleportation features and controls. The developed 
software includes a training environment that prepares users for the actual use. 
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Figure 4-5: Visually simplified training environment for users to familiarize themselves with controls and features before 
starting the actual survey of the VR software 

Techno-Spatial Restriction and the Mobilization of the Self-Aware Designer 
Simulating realistic behavior in an ImVE requires commitment on the part of the interviewee and a 
comfortable rapport, as there are spatial and physical inhibitions. The user must understand the 
importance of becoming physically active. Otherwise, the exploration of the virtual space fails and 
the user remains a mere observer of a rendering. Mobilization is the key to the full expression of 
the imagination. Only then does the media relationship between space and image become 
physical. In addition, the user must understand the HMD as a drawing tool to not only observe the 
environment, but to create life-size designs within it (Reinfeld, 2021). The physical barrier of a 
tethered HMD or tracking space limits the user's ability to move further into visual infinity. The 
resulting teleportation feature of ImVE limits the realistic spatial and temporal experience of virtual 
space - just as the dimensions of a traditional paper floor plan would limit the space for imagination 
to an even greater extent. An engaged, self-aware user, on the other hand, achieves a level of 
engagement and immersion previously unknown. 

 
User Interface of the ImVE 
Preset Options and Object Library 
The software requires the definition of an object library prior to conducting interviews. Standard 
CAD files can be imported for room and object geometry. Before each survey, its scene(s) can be 
selected by choosing a specific room (e.g., a two-bed patient room), a specific furnishing preset 
(e.g., two patient beds and chairs), and a light setting (e.g., nighttime). Depending on the design 
stage being discussed and how open-ended the process should be, interviewers can set more or 
less presets and restrictions to the interviewee's design freedom to build and react upon (e.g., just 
two walls and a bed or a fully furnished room layout). Multiple scenes can be set sequentially or in 
random order to avoid bias. Furthermore, a selection of available objects can be set for the 
interviewee's object library within the ImVE. 

Navigation Simplicity 
User-friendly controls are critical to smooth operation. The primarily gesture-based software 
controls require only a forefinger press for all grasp-like decisions. All other commands are intuitive 
and require realistic interaction (e.g., using a doorknob to leave one scene and enter the next 
virtual room). However, the controller does restrict the user's hand pose and movements to a 
certain extent. 

Placement and Deletion of Objects 
Ververidis et al. suggest optimal usability of a toolbar by placing it on the left VR controller while 
using the right controller for selection commands (Ververidis 2022, p.489). All objects are virtually 
located on the left forearm and can be scrolled through in a left-right and up-down movement of 
the right hand. They are grouped into categories for easy navigation. Once selected with the right 
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controller, an object is scaled to life size and can be placed in the ImVE. The interviewee becomes 
not only the bearer of the ideas and knowledge being expressed, but also the bearer of the virtual 
objects. 
The virtual placement of objects should be as close as possible to the actual morphology of the 
interviewee to achieve optimal ergonomic design review results. A common problem is the 
imprecision of freehand VR designing compared to numerical input placement in CAD software. 
So, there are support mechanisms. Auto-snapping places an object on the wall at the height of the 
user's controller. It locks the z-axis when placing objects on the floor or ceiling. Autorotation snaps 
the module or object to the target plane orthogonally away from it. Deleting misplaced objects 
requires grabbing them, dragging them to the library area on the left forearm - which instantly 
becomes a trashcan icon visually - and dropping them. 
 

 
Figure 6: Library with scaled down objects at the user’s lower-left forearm. One can scroll through the library by gesturing 
with the right-hand controller and pick a desired object for placement. 

  
Figure 7: The software suggests a green highlighted snapping position to a user placing a socket on a wall. 
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Figure 8: A user drops a misplaced dispenser in the bin to delete it. 

Individual User Evaluation 
After equipping a scene to their needs, the interviewees can test and correct their design decisions 
in four ways within the ImVE: 

1. Light Setting: Different times of the day and different work processes require different light 
settings. For example, a doctor needs pure white light to see a patient's skin color without 
distortion. Cleaning staff, on the other hand, need a full and bright illumination of the room. 
Therefore, different light settings can be shown to evaluate the usability of a room under 
different light conditions. 

    
Figure 9-10: An exemplary daytime and a nighttime light setting of the same space. 

2. Prioritizing: Although end users may prefer the placement of many objects, financial or 
regulatory constraints may prevent the implementation of all design decisions. Therefore, 
users can highlight important objects by selecting the star that hovers over an object. 

    
Figure 11-12: A user highlights a wall socket. 

3. Area Sizing through Collision Feedback: A common case of misplanning is the incorrect 
sizing of areas. Thus, interviewees can test for spatial flaws, as all virtual objects resemble 
physical properties. For example, a patient bed requires the use of both controllers and has 
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sluggish motion properties to represent a realistic weight. Other objects may have 
dimensionally restricted joints or cannot float in mid-air. When moving objects, collisions are 
indicated visually by red spheres briefly emerging at the point of collision and haptically by 
vibrating controllers. 

 
Figure 13: A point of collision flashes with red spheres. 

 
4. Walking Pattern: The right distancing between places of action is essential to user-

friendliness. Stakeholders can neither walk through a displayed rendering nor a scaled paper 
floor plan. The empirical knowledge generated by truly walking through a prototype is only 
possible in ImVE or within a physical mock-up. The software visually indicates when a virtual 
obstacle is approached too closely by blending in a grid that resembles a chain-link fence. 
This allows users to test the distance between points of interest in their design. 

    
Figure 14-15: Virtual wall or obstacle at distance and a grid mapped on top of the obstacle when approaching it 
too closely. 

Evaluation Tool for the Interviewers 
The core novelty of the developed software is its ability to save user and prototype related 
quantitative data for evaluation and mixing with qualitative data in a database. This information can 
be filtered, displayed and reviewed in a three-dimensional, human readable form. Afterwards, it 
can be mixed with qualitative data for triangulation. The collected data include: Interviewee 
Related: Occupation, department (e.g., neonatology, assembly line), age, height, years of work 
experience; Survey Related: Date, time, number, duration, selected scenes (rooms, light-setting, 
object preset); Object Related: Type, absolute and relative position, ergonomics, number, 
prioritization 
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Figure 16: The software centrally documents the design decisions of all interviews on a database, 
while interviewers can conduct and evaluate interviews (a-)synchronous and location-independent. 

At first, the evaluator’s GUI provides many filtering options: e.g., populations of the survey (e.g., 
show all, hygienists and caretakers), categories of objects, personal data (e.g., height). Two 
visualization modes of the results are available - a heat map and a scatter plot. A split screen can 
simultaneously display both modes and four camera perspectives. Exploring results can be 
experientially conducted in first-person ImVE or more traditionally on a screen. A blue to red 
gradient color coding indicates the averaged, collective information of ideal object arrangement in 
the heatmap mode in a human-readable way. Blue indicates that the filtered population did not 
place any object at that location. Red signals the location(s) with the most placed objects of the 
filtered population. The gradient in between signals less frequently selected locations. The scatter 
plot mode indicates which type of a particular object was selected at each location, or helps 
distinguish between selected objects when more than one object category was selected in the filter 
options. In this way, large survey sets can be made accessible, readable, and discussable. 
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Figure 17: Overview of the evaluation interface with explanations in yellow 

 
Figure 18: Example of the heatmap visiualization mode within ImVE 

Screenshots 
Taking screenshots enables planners to document issues or findings that require further 
discussion. For this reason, the evaluation tool includes a screenshot button to export a 
visualization of specific filter results in the desired presentation mode (rendering, heatmap, 
scatterplot) and camera perspective. The software also numerically saves the selected filter 
settings and associated database output along with the screenshot. 
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Figure 19-20: Example of a screenshot with scatter plot of a filtered survey result along with the underlying data. 
Planners and researchers can use both for further evaluation and discussion. 
Heat Map Evaluation Algorithm 
The heatmap mode can display large datasets in a human-readable way visualizing end user 
needs. Heatmaps are created by dividing the space into 3D pixels. The level of detail can be 
modified according to how precisely the position of an object needs to be determined. One pixel in 
the shown screenshots is equivalent to 8x8x8 cm. The evaluation tool calculates the color value 
according to the distance of the filtered objects (e.g., a dispenser) to a 3D pixel using the following 
graph. Distances of an object to a 3D pixel exceeding 0.3m are ignored. 

  
Figure 21: Graph for assigning the color value of a 3D 
pixel: the x-axis indicating the distance from the 3D 
pixel to the object position in meter, the y-axis the 
assigned color value. 

 
Figure 22: The heat gradient has the value 0 (blue) on 
the left and the value 1 (red) on the right.  

 
Figure 23: Visualized 3D example of the total amount of 
colored 3D pixels of an evaluation sample. 
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After assigning and adding the color values, the algorithm divides the sum of each 3D pixel value 
by the sum of the highest value pixel. The pixel with the closest objects will therefore have a value 
of 1, which corresponds to a red coloring. 3D pixels with a lower value have a corresponding color 
gradient. Pixels with no nearby objects have a color value of 0, which corresponds to a blue 
coloring. Finally, the algorithm maps all 3D pixel color values to the room and object surfaces of the 
underlying 3D models to visualize the data in a human-readable manner. In contrast, the 
scatterplot mode is not well suited for displaying averaged data of end user needs Evaluators 
benefit from using it when they want to distinguish between object types. A mode for exporting a 
CAD file of an ideally furnished room is under development. 

The Potential of Networked VR-PD Prototypes 
Ververidis et al. point out that central server communication is critical for retrieving, reviewing, and 
editing information at any time (Ververidis et al. 2022, p. 486). Participating experts and end users 
become a source of data immediately responding to their own realizations and expressed 
knowledge in ImVE. In addition, they also become quantitatively shaping parts of the aggregation 
of networked design decisions. Researchers, planners, and stakeholders can evaluate survey 
results of the network (including other projects) documented on a database to gain insights and 
identify shortcomings in their planning. These findings can be further enriched by integrating them 
with qualitative data from observations and interviews conducted during the participatory designing 
in ImVE. Insights can then be generalized. 

Proposed VR-PD Approach 
The traditional PD-approach may use qualitative and/or quantitative data as previously mentioned. 
However, these data are usually not derived from a specific design context. On the contrary, the 
newly proposed approach enriches VR-PD by enabling data triangulation. This data integration 
combines many individual advantages possibly leading to a higher reliability of the results of 
architectural PD-processes. 

Advantages of Quantitative Methods Advantages of Qualitative Methods 
Reaching a large number of people Respondent has influence on content 
Representative results Feedback can be expressed directly 
Statistical evaluation of results with 
comparatively little effort 

Flexible and open methodology, therefore 
also the new and unknown is recorded 

Statistical correlations can be determined 
and mapped 

Possibility of reaction 

Subjectivity is reduced as far as possible Positive influence on data quality or 
respondent motivation 

(Lehnen 2017) 

Small, internal trials of the proposed VR-PD approach have been conducted at IKE, TU 
Braunschweig for a hospital architecture project. Its feasibility will be further tested during a large 
architectural planning process for a major university hospital in Europe this summer. A defined 
procedure has to be followed: 

1. Take Decision on Setup and Evaluation Objective 
2. Undertake Survey According to Protocol 
3. Conduct Evaluation and Final Design Decision 

 
 



   

62 
 

Take Decision on Setup and Evaluation 
The way the software is used should depend on a project’s design stage determining the 
prototyping and evaluation objective. Scene setups can differ in the degree of participatory input 
ranging from building an entire room structure to furnishing and/or testing spatial dimensions of a 
preset room layout or light setting. Is a single room or a cluster of rooms to be discussed for 
process assessment? The first step is to determine the set. The evaluation should also consider 
the need for contrasting opinions from end-user groups (e.g., practicing caretakers and 
theoretically working hygienists). An interviewer should define a specific task for the invited 
stakeholders or develop an interview guide to set incremental tasks depending on these 
objectives. 

Undertake Survey According to Protocol 
First, the interviewee needs to be instructed on the task. Then, the interviewer needs to familiarize 
the interviewees with VR, its controls and limitations using the training environment of the software 
and ensuring equal preconditions to all interviewees. Once the survey has started, the interviewee 
should begin designing. The interviewer can facilitate this performance by setting activating tasks 
to overcome the techno-spatial limitations.  
Towards the end, the interviewee should be reminded to review, highlight and test their own design 
decisions and may begin to redesign or make changes. In this way, users can virtually materialize 
abstract ideas to generate knowledge. However, the seemingly effortless availability of virtual 
objects may encourage excessive placement of wishes rather than needs. The possibility of 
deleting objects should be mentioned ahead of completion of the survey. Meanwhile, qualitative 
data can be recorded by writing down key messages or answers to the interview guide. 

Conduct Evaluation and Final Design Decision 
The evaluator will decide whether to compare individual surveys or sets of surveys from different 
populations (e.g.; caretakers and hygienists) or evaluate the averaged totality of surveys. 
Qualitative and quantitative data should be integrated at this point to take final design decisions or 
go into a discussion if results are contradictory or ambiguous. Also, a new setup for a new survey 
can be determined based on the evaluation results if a specific prototype condition is to be verified. 

 
Figure 24: A diagram of the enhanced VR-PD approach for recursive experiential prototyping 
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Figure 25: Artistic representation of an already conducted prototyping session for a patient room design using the 
developed software at Institut für Konstruktives Entwerfen, Industrie- und Gesundheitsbau, TU Braunschweig. 

Discussion and Future Research 
The proposed networked, virtually experienceable prototyping approach can facilitate participative 
and collaborative requirements planning. It does so by providing the means to concretize, 
visualize, and experience design decisions close to reality to generate concrete design decisions. 
Combining qualitative and quantitative data in a mixed method approach can lead to designs that 
are more reliable. Ultimately, designers can use the tool to create sustainable and complex 
architecture. However, the method does not anticipate future technological and social 
developments that may change user needs. The described approach is time-consuming and does 
not take into account the demographic evolution of its users. Planners can address these 
limitations to some extent by researching whom to invite before using the software and by 
incorporating technological advances into the virtual object library of the software. The power of its 
database and averaging evaluation tool unfolds when large data sets of similar room typologies 
are merged. Bilinear interpolation of the 3D pixels could lead to a more precise readability of the 
generated heat maps. In addition, it remains to be determined which color gradient is more 
readable for the evaluators. Further research is needed to determine the necessary level of detail, 
the impact of surface color choices on user attention and how to address beginners’ difficulties in 
getting started with VR. 
Feedback from using the proposed approach during a large architectural planning process for a 
major university hospital in Europe will lead to improvements this summer. 

Conclusion 
Internal trials of the software and methodology with (non-)architects indicate that VR-PD is an 
effective approach for involving stakeholders in the design process and ensuring that their needs 
and preferences are taken into account. Stakeholders were able to provide valuable feedback on 
the design, which allowed the architects and designers to refine and create a final design that 
reflected the stakeholders' needs and preferences. 
The virtual prototype can become an ever-changing discussion piece made up of the realized 
individual imaginations. It virtually materializes collective knowledge. Planners can combine the 
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insights of continuously evolving experiential spaces with those of simultaneously recorded 
narratives. Because of the unprecedented power of the quantitative evaluation tool, mixed data 
can lead to a more precise design decision than traditional collaborative methods. In addition, 
planners can potentially use the approach to redesign and evaluate virtual copies of existing 
spaces that are in use and therefore physically inaccessible (e.g., an occupied assembly line). 
Possible applications of the approach could be interdisciplinary research requiring a high level of 
visualization for knowledge communication and especially the AEC industry. 
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Abstract  
This paper explores the initial phase of a series of prototype-based design investigations in the field of 
visual and interactive computing from an artistic and design-oriented perspective. We propose a novel 
paradigm for interacting with prototypes, particularly suited for the contexts of design and art. Accordingly 
we demonstrate how this interaction, referred to as “probing”, differs from the traditional approach of 
prototyping (i.e. experimenting). These findings are exemplified and illustrated by an actual prototype that is 
presented alongside. By introducing this prototype, which can be understood as an artistic framework, we 
derive a model that systematises the creative work with and on prototypes into an epistemological typology. 
Through this “probing” we come to realise the importance of embracing and utilising the quirks, flaws and 
limitations that arise, which can become prominent features of the design with unique qualities. Finally, we 
provide insights and a model how these concepts can be applied to prototype-based design and 
development in general. 
 
Art & Design; Probing; Playful Interaction; Transformational Stepping  
 
This paper examines and gives insights into and examples of the early stage in a series of 
prototype-based design explorations in visual and interactive computing from an artistic and 
designerly perspective. With our background in art, computer animation and 3D modelling, 
we wanted to challenge and explore how our knowledge, professional experience and artistic 
intent could be organised and constructed in a co-creative dialogue centred around a 
concept of a machine which, through its construction, could ensure desirable yet surprising 
outcomes. Thus, through co-creation, we could learn and reflect upon the virtual and the 
physical simultaneously. We use the concept of a potential machine to find out if we can 
become cartographers, explorers and painters at the same time (Olsson 2007) as we design 
the machine itself. In this paper, we want to show how 3D objects, movement and light 
sources can facilitate new forms of image and map-making, through a series of 
transformational steps mediated as a shadow world and captured on a white surface. From 
previous projects, we highlight the importance of making use of the quirks, errors and 
shortcomings that constantly appear (Siess et. al 2019) and that—if used smartly—can 
become major features of the design with specific new qualities. “We must integrate the 
element of the unknown into the design process as a constitutive, productive factor for 
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design—not simply as a lack of data, but as a driver of design development.” (Folkmann 
2014) The paper presents a model of how our prototype work is executed and includes 
examples and findings. We also show two case studies of the preparation for the second 
iteration of the machine prototype. They were created as an installation piece for the 
Evangelische Stadtkirche am Marktplatz in Karlsruhe, Germany and a project that generates 
real-time music performances from shadow maps by interpreting them as a “music score”. 

The difference between simulation and virtuality 

At this point, we would like to pose the question of whether a prototype should always be 
interpreted as a simulation, or whether it is also a suitable source of inspiration. To clarify: 
The goal of a simulation is to replicate “physical” (i.e. “real”) phenomena as accurately as 
possible. Therefore, simulation strives to create objects that pretend to be their “real” 
counterparts (Esposito 1998: 270). Our prototype, on the other hand, does not pursue this 
goal at all, but literally turns this relationship on its head, since it is not intended to reproduce 
the real world, but rather to serve as an inspiration for the generation of ideas which, in turn, 
will then have an impact on physical reality. In the late 1990s, this difference had already 
been extensively addressed—albeit in a completely different context, i.e. in the distinction 
between simulation and virtuality. We would now like to argue that the ontology of the 
prototype cannot be read in the context of simulation exclusively—in which it undoubtedly 
provides valuable contributions to the very practice of design—but can also be interpreted in 
the context of the virtual and thus be used for (visual) arts as well. The virtual, as Esposito or 
Ryan note, pursues much richer intentions than simulation, but seeks to create genuine 
transformative qualities for which the question of a “real reality” is completely indifferent 
(Esposito 1998; Ryan 2015). Accordingly, the key question is not whether a prototype can 
represent a real phenomenon as accurately as possible, but rather whether a prototype 
significantly impacts the interacting artists/designers to empower them in their endeavour to 
reshape reality. Much like the proverbial oak in the acorn—a quote erroneously attributed to 
Aristotle—the prototype only plants the “seed”, from which, depending on the context and 
especially on the interacting subject, a new (proverbial) tree grows (Lévy 1998). Thus, the 
prototype, or virtual model, serves as a starting point for the development of new ideas and 
ways of understanding the world. Since it is not concerned with accurately reproducing 
reality, but rather with empowering the artist or designer to shape and reshape reality in 
meaningful ways, it demands new paradigms of interaction that embrace and “exploit” the 
ambiguity and plurality of the prototype. Schiesser conceptualised this characteristic of a 
medium using the term Eigensinn, which can be roughly translated as “obstinacy” (Schiesser 
2004). This term conceptualises the “drive” of any artistic material (i.e. in our case, the 
prototype) for certain aesthetics, mechanisms and functions in constant interaction with the 
obstinacy of the interacting subject, creating a “force field” between subject and prototype 
that initialises and nurtures the creative process. Since any creative process could benefit 
from transformational qualities that forsake the ideal of replicating external circumstances as 
faithfully as possible (Ryan 2015), we believe this brief discussion of the virtual vs. simulation 
resonates with the new paradigm of prototyping that is presented in this paper. It is important 
to emphasise that the virtual is not necessarily synonymous with the digital (Lévy 1998). 
Thus, a physical prototype can possess virtual qualities if it features genuine transformative 
characteristics and deviates from the ideal of simulation. 
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Models of creativity for supporting collaborative prototyping 

To establish a common ground regarding ideas and models of creativity, we gathered four 
different models of creative action. They all serve our online collaboration with concepts, 
terminology and perspectives that help us shape the collaborative space between us as we 
generate, elaborate, and evaluate concepts regarding our prototyping with the machine. We 
believe that this methodological perspective is necessary to collectively develop and use 
different ways of thinking and analysing creative practice. 

Ruth Knoller conceptualises creativity in a comprehensive “formula”, in which creativity (C) 
emerges as a function (f) from knowledge (K), imagination (I) and evaluation (E), as well as a 
positive attitude (a) as a key part in the equation: C=fa(K, I, E) (Isaksen 2011).1 How can a 
machine’s attitude (i.e. its Eigensinn) be designed and explored, in order to push knowledge, 
imagination and evaluation into play? Furthermore, we wanted to address Boden’s idea 
about “conceptual space”: How can prototypes be set up to host conceptual spaces that can 
be explored, stressed, and played with spatially? Finally, Yuk Hui’s ideas regarding 
autofinality (A-B-C-A) come into play, since in a creative process “the result is not yet 
completely defined: even finality itself is situational” (Hui 2019). How do we specify and 
design the rules that determine computational behaviour and how do you become aware of 
the details of the computer system that interprets such rules? To avoid that the technological 
systems become self-contained and self-referential, limiting the potential for artistic 
intervention and creativity. 

The prototype 

Key inspirations 

For inspiration and reference to the mechanism and layout of an interactive and procedural 
machine, we initially turned to three different sources as our starting points: 

1. “Wheel” by M. Tansey and F. Buener (Taylor/Tansey 1999)—an analogue 

“inspiration machine” comprising three independent rings, each featuring 180 

labels, which suggest the degrees in a triangle that can be combined to form 

phrases. Each rotation produces one of 5,832,000 possible word combinations 

that act as a motif for a subsequent creative process. This “machine” can be 

interpreted as a “proof of concept” that even with a “banal”—and 

“monoaesthetic” (Schiesser 2004) medium such as words/phrases—acting as 

an initial starting point, it seems possible to create interesting and fruitful 

inspiration. This phenomenon gave us reassurance and certainty that our first 

prototype, despite its equally banal structure comprising purely basic shapes, 

such as triangles and rectangles as shadow casters, could nevertheless 

 
1 See also: https://www.russellawheeler.com/ruth-noller-creativity-formula 
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produce meaningful (i.e. inspirational) output.  

2. “Schattenspiel”, (shadow play) by Hans-Peter Feldmann—an assortment of toy 

figures and bric-a-brac arranged on slowly revolving turntables. The light 

shining on the objects causes shadows to be cast onto walls. The shadows 

evoke wonderment, which encourages the audience to see simple everyday 

objects in a new light. We interpreted this piece as a “proof of 

concept”/confirmation that shadows contain an enormous bandwidth of 

transformational and inspirational qualities. 

3. “Zoetrope”, “Daedalum” or “Wheel of the Devil” by British mathematician William 

George Horner (1786–1837). This machine is one of the first devices that could 

achieve animation through the rapid succession of otherwise static images 

(Horner 1834). The invention strongly influenced the basic configuration of our 

prototype—since the “Zoetrope” was not built to do any physical labour yet 

recalls the modus operandi of “real” machines—at least in its visual 

appearance. 

Design and configuration 

The integration of all key inspirations into a singular device serves to outline the fundamental 
form and function of our first prototype. Dubbed the “Landscape Wandering Machine”, this 
prototype was constructed as a rigged and animated 3D model comprising 48 objects 
arranged in fixed positions on three concentric rings that can be rotated independently. Six 
moving light sources were utilised to illuminate the scene, casting shadows onto a plain 
tableau at the centre. Initially, the prototype’s configuration was relatively basic, yet the 
resulting shadow images captured from the tableau were deemed promising for further 
exploration and experimentation due to the non-deterministic interplay of the shadow casters. 
However, it is important to note that these images, similar to the phrases in Tansey’s and 
Buener’s “Wheel”, are not the final product/outcome, but rather serve as an initial starting 
point for further transformations; thus, they are referred to as “maps” in subsequent 
discourse. In a sense, this prototype occupies a meta-state between abstraction and 
concretisation, as it was created and tested entirely within the digital space of CAD software, 
and initial experiments and probes were conducted exclusively in that realm. However, it also 
gave rise to the first haptic model, which was produced by 3D printing (Figure 1, right image). 
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Figure 1: The digital prototype and 3d printed prototype with LED based light rig. 

“Sketching” with probes 

Using the initial concept of “obstinacy” (Eigensinn) described above, we started working on 
this prototype. We should mention here that we regard a prototype in this early conceptual 
stage of exploration, development and design as a conglomerate loosely assembled in a 
common media format. The aim of the prototype is to create a “gravitational centre” that tries 
to initially pull the disparate elements together as a compositional assembly, “bringing parts, 
materials, functions, structures, processes, activities, and events together in such a way that 
they have an emergent presence or an appearance in the world.” (Nelson and Stolterman, 
2003). For our part, the role of the prototype, as described by Herbert, relates to designers’ 
sketches, “not of passive recording but of active participation in formulating the design” 
(Herbert 1993). The choice of using simple geometrical objects such as rectangles and 
triangles was in a direct and effortless way to transform the words and statements of “the 
Wheel” into a visual realm. This is because our intention was to work on a design that thrives 
and communicates back to us visually during the entire research and machine construction 
process. The physical prototype and later the Knowledge Horizon Trajectory model (KHT, see 
Fig. 2) became a vehicle for our tacit knowledge exchange from our former practices and 
experiences. “The tension here is between the knowing of the corporeal, so fluid and 
effortless, pushing against the need to verbalise through the cognitive” (Budge 2016). 

At the beginning of the first iteration, we stayed true to the “traditional” concept of 
prototyping: by maintaining a 1:1 relationship between the digital and the real model, we 
created a “twin” with which we could simulate the state of the respective counterpart. Not 
least because of the physical distance between the two artists involved (Sweden–Germany), 
this aspect was essential. It was a deliberate design decision to articulate, as well as to blur 
the borders between digital and mechanical machines and interfaces. This created an almost 
contradictory interestingness and ambiguity that nurtured our individual imagination, since “in 
the art-based design research, the imagination is the intellectual medium that synthesises 
antitheses, turns difference into likeness, unifies oppositions and does so in pleasing and 
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striking ways” (Murphy, 2017). To our surprise, the images that emerged in both prototypes 
were rather complex structures that were formed from overlapping shadows and were very 
different from the simple shapes of triangles and rectangles from which they were created. 
Here, the idea of using probes as a sketching technique emerged as a method for the design 
and exploration of the shadows that the prototype created.  

In contrast to the experiment, which takes place in a controlled environment that aims to 
achieve replicability as well as objectivity and involves the experimenter having at least one 
hypothesis of the expected outcome, the aim of probing is to be feasible in a pluralistic 
environment and embrace ambiguity as a creative force. Thus, the probe does not aim to 
achieve any “epistemic validity”, but instead strives to expose the Eigensinn, i.e. the inherent 
uniqueness of the symbiosis between the medium and the interacting subject. The designed 
and ready-made or crafted probes then became a process of knowledge acquisition or 
learning from the previously unknown within the areas of the conceptual and concrete space 
of the prototype. The knowledge acquired by the probes not only pertained to the particular 
domain of the machine, but also to the process of creating the machine and its component 
parts. Thus, we acquired knowledge by using probes on how to evolve the machine and how 
to construct and run it, based on what it can visually output. The probes helped us create a 
“richly textured but fragmented understanding of a setting or situation, to inspire what might 
be” (Boehner et al. 2012). This approach does not explicitly define and reduce the machine 
to a sole function but instead enables us to continually generate something visually, to 
develop hidden potentials to be discovered or rediscovered. By using probes and probing the 
prototype, we were able to create complex, associative and multi-layered maps (our chosen 
output) that could be visually captured on the intended surface on which in turn new families 
of association and structures of meaning were to be established. It pointed us in the direction 
of Klecksography, a creative method where inkblots are used to create stories or poems 
about the shapes formed by the ink. The uncertainty engendered by these ambiguous figures 
was very much in line with what we expected in this early stage. As recorded sketches, they 
“provide a flexible and dynamic external memory in which designers can place ideas for later 
inspection, and they also present visual cues that allow designers to associate functional 
issues with emerging structures” (Suwa and Tversky 1996; see also: Tovey et al. 2003). In 
retrospect, the physical and computational space of the shadows in our first prototype was a 
fairly straightforward process to construct, but for each probing activity, the level of 
complexity increased and paved the way for even more new considerations regarding the 
designed computation and the quality of the outcome—from methodological choices in the 
“machine’s” design to parameterisation.  

The Knowledge Horizon Trajectory model (KHT) 

To be able to visualise and find a common ground in which we could identify and collectively 
reflect on our prototyping activities, we created a model of our pursued approach of 
prototyping. This was achieved by articulating a circular field, referencing the gravitational 
centre of the established knowledge (see also: Nelson and Stolterman (2003)) in which our 
compositional assembly was placed. For each probing activity, we then drew a line 
(“trajectory”) from the model’s centre to show whether the probing activity confirmed our prior 
knowledge—what we refer here as our knowledge horizon (KH)—whether it exceeded our 
assumptions, or whether it pointed us in the direction of “unknown unknowns” (e.g., there 
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may be aspects that are currently unknown to us, and we may not even be aware that we 
lack knowledge of these areas.). In addition, the model facilitated our comprehension and 
articulation of constraints, limitations as well as possibilities and potentials that extend 
beyond the primary focus of the prototype, engendering discussions of potential issues and 
concepts related to scenarios that have yet to arise. Furthermore, the metaphor underlying 
the KHT can also be extended to further aspects. One such aspect to be discussed here is 
the function of “gravity”, i.e. the autonomous force which influences and distorts the 
“forcefield” established through the KH. In our model, the artist(s) could serve as such a 
force, attracting distributed aspects/objects that already exist within the KH through their 
sheer presence and, in particular, their personality (i.e., their “wilful obstinacy”/Eigensinn). By 
transformational manoeuvring, (re-)combining and (re-)composing these (heterogenic) 
aspects/objects, new constellations of epistemic objects can be created (i.e. new ideas 
emerge), which, in turn, possess the potential to expand the KH through their own 
gravity/inertia. 

 
Figure 2: KHT model with examples of a probe’s possible trajectories within the creative space in relation to the 
“knowledge horizon”. 

From abstractness to concreteness: Applied examples of the 
prototype’s epistemology 

The following section aims to illustrate how we aggregated forward and noted the trajectories 
exhibited in the KHT model by showing some specific examples of the probing activities that 
we conducted with our prototype.  

Probes used to explore, stress and play with specific known features inside 
of the knowledge horizon (trajectory 1 in our model) 

HDRI. Given that the intensity and position of light naturally have a significant impact on the 
resulting shadow maps, even seemingly insignificant changes in the parameters of the light 
sources resulted in substantial variations. Our initial approach to this phenomenon was an 
attempt to “freeze” these parameters in order to establish reproducibility. Thus, the brightness 
values on the tableau’s surface were transferred into a static 360° high dynamic range image 
(HDRI). As this process is a standard procedure in computer graphics, it was determined that 
this method could also be successfully applied to our prototype. However, it was also noted 



   

73 
 

that this significantly restricted the ambiguity and unpredictability of our machine which, while 
desirable in a “traditional” interpretation of a prototype, did not prove beneficial for our 
paradigm of interaction, which focuses on the inspirational qualities of the “machine”. 

Virtual camera. The generation and rendering of the shadow images were carried out in the 
digital realm using a “virtual camera” that converted the shadow maps that had been created 
through ray tracing into image files. As this “camera” is designed to simulate a physical 
camera, it permits multiple parameters to be set, some of which had a significant impact on 
the shadow images. Specifically, we probed the combination of animation and motion 
blur/shutter speed, as well as the depth of field and digital noise through film simulation. 
Although these experiments yielded interesting results, they ultimately confirmed already-
known information. In fact, they revealed yet another meta-level: due to the presence of 
these alienation effects (“Verfremdungseffekt”) in the shadow images, they contaminated the 
images of an ambivalent, unpredictable, virtual machine (our prototype) with artefacts of a 
calculable, functioning and ultimately simulating system (the render engine).However, the 
work on the camera’s parameters also highlighted how this plethora of settings required a 
different and more intuitive input method that is capable of consolidating multiple individual 
parameters into meaningful concepts, thereby enabling a creative form of “playing” with the 
prototype. This probing endeavour is presented in the next paragraph. 

Rigged multimodal interaction. To be able to exploit the multitude of parameters and 
adjustments that are theoretically possible in the digital realm, we implemented a MIDI 
controller that was directly connected to our CAD software and that was able to manipulate 
and tweak six light sources simultaneously. Besides the more intuitive user interface, we also 
merged some individual parameters into groups that can be tweaked using one haptic 
knob/key. The results confirm the value of implementing a playful approach to interact with 
multiple parameters simultaneously, as it facilitates a rapid understanding of the shadow 
space and its unique characteristics for future parametrisation. 

 
Figure 3: Exploiting, layering, staging, posing, and composing. 

Probes used to explore, stress and play with a specific known feature that 
will eventually exceed/break the gravitational field of the prototype and 
therefore exceed the knowledge horizon 

Probing with different image formats such as tif, tga and png (trajectory 2a): In our 
work on transformational stepping (see below), we noted that the dynamic range of 8-bit 
images was not sufficient to produce high-quality displacement maps. Thus, the OpenEXR 
file format with its 32-bit pixel depth will be our candidate in the next prototype. Since this 
format features a broad range of capabilities that require a corresponding workflow, we 
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expect that a more in-depth understanding of its capabilities will be necessary—which can 
itself be developed through probing explorations.  

Probing via a concept of transformational stepping using displacement maps 
(trajectory 2b): In the quest of “moulding” a “mountain”, we used the concept of recursion in 
a series of displacement map renderings. We tried to interfere with the machine by 
introducing different masks (2D as well as 3D) into the machine’s recursive rendering 
process to slowly steer it towards something that resembled the shape of a mountain. The 
results were beyond our expectations. The mountain-like landscape included several 
unforeseen properties and qualities and underlined that the prototyping processes, by using 
lights and rotating objects, could produce quite complex results. 

Figure 5: Transformational stepping. To interfere with the machine by introducing different masks into the machine’s 
recursive rendering process, leading from map to a 3d printed model. 

Since the generation of the “mountains” relied on the recursive use of displacement maps, 
the quality of their rendering, as discussed in Section 2a, was found to be of exceptional 
significance. This process also challenged the rendering engines that were utilised, pushing 
them to their limits. By reusing and transforming 2D renderings—typically the final result of a 
design process—into 3D objects, a plethora of quirks and errors in the images were 
revealed, which would otherwise not have been apparent. It was noted that these subtle 
errors that were revealed through this transformational process (Boden 2003) possessed 
their own distinct and appealing aesthetic. Although the method of rendering in a CAD 
environment is well-established (i.e. confirming the KH), the “overdriving” of this process led 
to new insights. This trajectory takes the prototype from a stable to an unstable state, “at the 
edge of the knowledge horizon”, until a new stable condition is ultimately reached that 
exceeds the KH. 

Unknown properties of the concept of the machines that were discovered 
in unknown parts (negative space) of the prototype and that can be 
introduced in the next iteration of the prototype 

Trajectory 3a: The materiality of the disc became an issue and demonstrated how the 
material aspects of the disc itself in both virtual and physical models are significant and will 
be addressed in future prototypes. Should we deliberately play with different materials or lock 
it as a static parameter, focusing on other aspects of the machine’s components? 
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Trajectory 3b: Certain characteristics of the physical light sources we used were difficult to 
transfer to the digital domain. Specifically, the LED optics exhibited chromatic aberrations 
and diffractions that introduced highly “interesting” effects to the shadow images. We 
discovered that each lamp possessed its own unique qualities, which could also be tweaked 
by adjusting the optics. In principle, the digital prototype would be capable of reproducing 
these unique qualities, provided the individual characteristics of the lamps were known. 
However, it was the “haptic” and intuitive quality of the physical object that ultimately inspired 
us to consider further exploration in this direction. 

Constraints and limitations 

Trajectory 4a: Self-Illumination: As previously discussed in the chapter on virtuality and 
simulation, the goal of the physical and digital prototype was not to achieve complete 
equivalence of both domains (i.e. implementing a “digital twin”), but rather to facilitate and 
exploit the specific Eigensinn (“obstinacy”) of the respective medium. This allows for the 
opportunity to create material properties in the digital prototype that are difficult or impossible 
to replicate in the physical world, yet which still could impact the resulting shadow maps. For 
example, we probed emitting, semi-transparent and fully absorbing materials for the 
silhouettes. Since these properties of the material either demand specific measures or 
cannot be replicated at all with the physical prototype, we hit a hard boundary with this probe. 
Although they were initially frustrating, these constraints also nurture the creative process 
since they define and outline the “conceptual space” for each respective domain. It therefore 
becomes apparent why the prototype’s transformations and its general transformative 
qualities are of such importance to the creative process: By translating from the digital into 
the physical realm and vice versa, the specific Eigensinn of the opposite domain becomes 
apparent.  

Trajectory 4b: An observation that we were able to make by utilising the haptic prototype 
was the specific characteristics of the light sources we employed. The attributes of said 
sources (such as beam angle, falloff, etc.) also defined the physical dimensions of the 
prototype. While in a digital environment, a light source can be infinitely small or infinitely 
distant, this is not possible in a physical space. Here, we encountered a hard boundary that 
constrained the replication of the properties of the digital prototype in the analogue realm. 

Playful explorations towards a second prototype 

Skopéin  

While previous investigations yielded distinctly digital outcomes, on this occasion, a digital 
prototype was employed as an “instrument” to furnish input for a media art installation titled 
“Skopéin”. The installation was exhibited from late August to September 2022 at the 
Stadtkirche in Karlsruhe and explores the symbolic nature of the depiction of a “Heavenly 
Jerusalem” through an immersive 8m x 8m projection (Figure 6).  
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Figure 6: The Skopéin-Installation in the main church in Karlsruhe/Germany. 

The artwork acknowledges the “atmosphere” of the venue by incorporating the colour 
scheme and the brutalist architecture of the church in its aesthetics. The projection, which 
comprises a 120-second animation, reduces the topos of a “Heavenly Jerusalem” to a pure 
abstract formal language. This animation was exclusively created in digital space by creating 
and animating an abstract and perpetually unfolding object, algorithmically. Through its 
reflective surface, the object depicts and distorts its surroundings which are visible in the 
multiple reflections, thus conferring the significant importance of these environments, 
although they can only be perceived “indirectly”. These environments were generated using 
our prototype by inverting the “mountains” produced in the “mountain probe” (see above), 
resulting in cave-like structures.  

 
Figure 7: Maps transformed into 3d geometry illuminating it using various light sources as probes revealing and creating 
abstract spaces. 
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In these “caves” we manually placed lights as probes, both exploring the cave and illuminating it 
using various light sources, thus enabling the creation of highly abstract and “engaging” 
environments that fully met our aim of creating an abstract Jerusalem that might exist in the 
heavens. 

Figure 8: Examples of illuminated “caves” produced by maps created by the machine. 

The seemingly trivial transformational characteristics (grayscale image to 3D displacement) 
proved to be instrumental in providing valuable content by breaking the otherwise 
deterministic structure of a procedurally generated digital image by exploring features of the 
“cave” space with different light types to articulate its spatial qualities. Later we exploit each 
lightsource's respective properties in order to facilitate the appearance of “interesting” 
artefacts and errors while illuminating parts of the cave. In contrast to true randomness 
(which would have been an algorithmic alternative to breaking the deterministic nature), the 
“caves” still incorporated some degree of order. In retrospect, it can be stated that the 
success of this artwork can be traced to these particularities since they produced visual edge 
cases, in which the image oscillates between symmetry and chaos (Figure 8). As already 
outlined, creativity emerges in a “conceptual space” that embraces ambiguity and renders 
the expected finality to an affordance with no final conclusion. This phenomenon is not only 
relevant to the artist in the production process, but also to the audience of the artwork. 
Consequently, the artwork’s edge cases function as an affordance to facilitate the audience’s 
imagination. Thus, the “Heavenly Jerusalem” is synthesised in each contemplative act. 

SoundScapes 

The final transformation that we wish to expound upon in this discourse, which seamlessly 
aligns with the interaction paradigm we already conceptualised as “playing”, can be observed 
in our “SoundScapes probe”. This study utilised the physical prototype that features a video 
camera mounted above it that captures footage of the central tableau whereupon the shadow 
images are cast. Utilising the Processing programming language, the camera data is 
converted in real time into MIDI signals, which can then be transmitted to synthesisers or 
other MIDI-enabled instruments, such as samplers or drum machines. For this process, the 
individual colour channels of the camera's video feed were split and compressed to conform 
to the range of values that the MIDI protocol can accommodate.  
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Figure 9: Screenshot of the Soundscape-project: the life camera feed (top left image) is converted into MIDI-commands 
(top right image) via Processing. Bottom image: The whole setup where the prototype is steering a synthesiser.  

As illustrated in Figure 9, we also developed a rudimentary graphical user interface (GUI) to 
facilitate the alignment of the camera with the tableau and control the mapping of camera 
data to MIDI commands. While MIDI is capable of processing a wide range of control and 
notation data, we are currently only utilising a small subset of its capabilities, specifically, 
NoteOn, NoteOff, velocity, pitch and channel. Despite this limitation, our initial results have 
been promising as the setup allows us to play the machine like an instrument by altering the 
configuration of the silhouettes or the rotation of the concentric rings. In this manner, the 
shadow maps are transformed into a serial “score” that can be progressively read and 
interpreted. These promising results also provide the framework for contemplating a further 
experiment that utilises a digital prototype in lieu of a physical prototype. As already outlined, 
we have previously experimented with MIDI input devices which, in the context of the 
soundscape probe, can now be expanded to include the component of output if we use the 
digital prototype in a real-time rendering environment. In this manner, the prototype is 
transformed into a genuine virtual “instrument” that can be “played” but still incorporates the 
creative momentum that is created by the ambiguity and the unexpectedness of an 
inspirational device. Through this setup, whereby users interact with the instrument, they 
create a conceptual/virtual space—hence the name SoundScape—which corresponds with 
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the creative space that is contoured by our model of the KHT. Therefore, the instrument both 
is and creates spaces, which users can decide to explore and exploit. 

Preparing Iteration 2 of the machine 

Even though the initial prototype produced intricate shadow images using basic shapes, we 
aimed to incorporate more detailed silhouettes in the subsequent prototype. Inspired by 
Peter Greenaway’s project “100 objects that represent the world” (Greenaway, 1992), and his 
method of using symbolic items to communicate the life on earth, we set out to apply this 
method under the paradigms of our prototype: On the one hand, we are thereby exploiting 
Greenaway's project structure, and on the other hand, we are setting the stage for our own 
exploration, which seeks to determine which objects should be employed in the second 
iteration of the machine.. We ended up with a collection of 31 silhouettes in three different 
scales and appearances that possess a high degree of visual appeal (i.e. “interestingness”), 
in three distinct dimensions to address trajectory 1 in our model (Fig. 10). This was done in 
order to further “probe” with parameters and further exploit layering, positioning, posing, and 
composing within the new shadow space on the surface. 

 
Figure 10: The new set of silhouettes developed for the next prototype. 

In addition to our experimentation with the virtual light properties, we also conducted tests 
with their physical counterparts to investigate the disparities between the two, despite their 
comparable scale. As depicted in Figure 11, we utilized a constructed light rig featuring three 
distinct silhouettes to playfully explore and quantify the angles, intensity, and distance of the 
physical LED-based lights to acquire a more thorough understanding of where to place the 
lights and at what angle. This was done in order to identify the optimal positioning of the 
lights and silhouettes to interact and generate shadows on our circular surface. As a result of 
this pre-prototype activity, we made several modifications to our design. Specifically, we 
transitioned from flat to elevated rings to enhance the distribution of the silhouettes' shadows 
across the three rings, altered the overall composition density by reducing the number of 
silhouettes from 48 to 31, and employed prime numbers (7, 11, and 13) as fixed positions of 
the shadow casters on the concentric rings to minimize overlap. 



   

80 
 

 
Figure 11: 3D printed light rig for playful and direct interaction with the light source, to rapidly understand which angles 
and distances of the lighting are most favourable. 

Conclusion 

Through the work and experiences described in this paper, we would like to emphasise that 
increased complexity in creative development still calls for both disciplinary depth and 
integrative skills when working with prototypes. Thus, there is a demand for a deeper 
challenge between virtual and physical objects, and a desire to explore their incompatibilities, 
rather than merging them together into one. When we engage in such activities and have 
ideas and concepts that emerge out of vague situations, prototyping using different media 
and materials plays an important role in conceptualising the known and unknown. We can 
never initially know whether the compositional assembly is appropriate or suitable, or if the 
chosen or created components are insufficient. Here, we would like to address the 
importance of imagination, bridging us from the proverbial what-is to the what-if (Hopkins 
2019). The model we initially used soon began without any intention from our side to function 
as a notation system, a cumulative way to mark our findings in the KHT model while 
designing, tweaking, and testing the prototype and the parts as we progressed. This helped 
us to document our findings and shortcomings, inside of the knowledge horizon within the 
model. Using the trajectories to direct us to new areas of unexplored terrain, provides us with 
what might also be used in the next prototype iteration. Finally, in relation to our work on the 
prototype model, we would like to emphasise that in prototyping activities, it is important to 
know when to explore new ground by directing your attention elsewhere, and when to exploit 
and look more deeply at the material you have at hand. 
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Abstract  
Tangible, Embedded, and Embodied Interactions (TEIs) can support children’s physical activity through 
play, by leveraging technology and children’s bodily movements. However, many existing TEIs have been 
focused on older children, and they offer limited interactions that are not comparable to physical activity. In 
this paper, we report on our investigations of the design of TEIs to inspire new forms of active play, to 
create opportunities for preschool children to engage in physical activity. We designed the Bee Buzz 
Buddy, a digital toy that provides multiple forms of digital prompts and direct feedback to children’s bodily 
inputs to invite active play through games. These games involve aspects of pretence, role play, and 
imaginative play. This paper describes the process conducted to arrive at the concept of the Bee Buzz 
Buddy, then presents the design details and the interaction scenarios. We conclude by presenting the next 
steps, including iteratively evaluating aspects of interaction to improve the design. 
 
Active Play; Children; Digital Toys; Interaction Design; Tangible Embedded and Embodied Interactions 
 
Many children aged 3 to 5 years old do not participate in adequate physical activity (McNeill 
et al, 2020). This is problematic because physical activity is important to children’s well-
being, motor skills development, and school readiness (Duncombe, 2019). Children tend to 
participate in physical activity through play, particularly active play (Brockman et al., 2011). 
Through active play, children can expend energy in a freely-chosen, fun, and motivating 
manner (Truelove et al., 2017). However, young children’s opportunities for active play may 
be restricted. At home, the most significant barrier that children experience to their daily 
active play is limited space - e.g., apartments lacking adequate space (Hesketh et al., 2017). 
In outdoor playgrounds, challenges include a lack of play equipment or play facilitators, the 
impact of weather, potential safety risks, and the fact that young children rely on their parents 
for transportation and supervision. Additionally, Tandon et al. (2015) identified that children’s 
activities in childcare centres were 73% sedentary. Consequently, for many young children, 
their active play is limited by external factors. Therefore, young children should be provided 
with appropriate materials to support them in active play, which will create opportunities for 
them to be physically active.  
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Building upon our extant work, in this paper we present the design of Bee Buzz Buddy 
prototype, a digital interactive toy designed for encouraging young children’s active play by 
facilitating Tangible, Embedded, and Embodied Interactions (TEIs). The prototype can 
provide children with a wide range of activities, where children can exert themselves and 
practice their Fundamental Movement Skills (FMS) (i.e., locomotor, body management, and 
object control skills) through games. These games involve aspects of pretence, imitation, role 
play, and imaginative play. These aspects are not only beneficial for children’s physical but 
also social and cognitive development (Lynch et al., 2017). In this paper, we start with an 
overview of related work and describe the design process for this prototype, including the 
methodology and the research conducted to arrive at the final concept. We conclude by 
describing the limitations and the next steps.  

Related Work 

Children’s Play 

Play is essential to preschool children’s development. Through play, children refine their 
physical abilities such as coordination and muscle strength (Cammisa et al., 2011), and they 
also develop their self-concept and creativity (Pellis & Pellis, 2007). Play is diverse, as 
illustrated by the varied types of play (Sutton-Smith, 1997). In this paper, we focus on active 
play and imaginative play. Active play involves children in games and playful activities, 
making them “huff and puff” (ACT Government, 2020). Imaginative play allows children to 
immerse themselves in an imaginary scenario and act out pretend roles (Sawyer & Brooks, 
2021). It is predominant in preschool children’s play activities as they develop their 
intellectual and communication abilities (Howard, 2013). Therefore, we believe that blending 
imaginative play with active play offers an approach to address young children’s physical 
inactivity, which can also be beneficial for their creativity and communication development. 

Active Play 

Active play is a child’s version of physical activity (Truelove et al., 2017). We have drawn 
together the perspectives of education (Pellegrini & Smith, 1998; Swift, 2017), early 
childhood development (Pakarinen et al., 2020), and health (Brockman et al., 2011; Truelove 
et al., 2017) to define active play as a combination of fine and gross motor activities that 
impacts early childhood development, in which children exert energy in a freely chosen, fun, 
and motivating manner. Active play can involve various of contexts including indoors or 
outdoors, structured or unstructured, solitary or social, and gamified activities (Tarlinton et 
al., 2022). We understand that active play is quite broad, encompassing a wide range of 
activities and contexts. 

Through active play, children can practise their Fundamental Movement Skills (FMS), which 
they need to be proficient at in order to take part in complex games and learning as they 
grow (Swift, 2017). Activities that target different FMS may require different toys or 
equipment. Locomotor activities are where children transport their bodies from one place to 
another (Goodway, 2021), such as running and jumping. Therefore, it is common for children 
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to participate in such activities without any toys or play equipment. It is different for object 
control activities, as they require children to control objects such as balls, hoops, and ribbons 
(Wick et al., 2017). Lastly, body management activities are where children balance their 
bodies in stillness and in motion (Goodway, 2021), such as rolling and climbing. Children can 
engage in such activities with or without objects. For example, dancing is a type of body 
management activity that does not require any objects, while climbing  requires objects (e.g., 
playground equipment) for children to climb on.   

Imaginative Play 

The terms symbolic, imaginative, and pretend play have been used interchangeably in the 
literature. In this paper we use the term imaginative play. It is unique from other forms of play 
in that it includes imaginative elements, where children impose imagination or ‘pretend’ on 
reality (Weisberg, 2015). Often imaginative play allows children to act out imaginary 
scenarios, role-play (e.g., playing mummies and daddies), and explore cultural elements 
(e.g., media). Imaginative play is often the most evident through children pretending that one 
object is another (Lillard, 1993). Engaging in imaginative play is important for young 
children’s social and emotional development (Rao & Gibson, 2021).  

Imaginative play can also provide motivations for children to be physically active by 
containing a role and a pretend situation in play (El’Konin, 1999). The connection between 
physically active play and imaginative play is evident in the literature. For example, in a study 
of children’s preferences for active play, Harris (2018) identified a connection between 
children’s outdoor active play and imaginative play, where children largely described 
imaginative elements in connection to physically active play, such as pretending to be 
animals, or imagining that they are in a jungle. Additionally, during the COVID-19 pandemic, 
U’wais et al (2021) found that imaginative play was a motivating factor for engaging in active 
play, such as engaging in imaginative play relating to TV characters or pretending to travel 
(an activity that was restricted during the pandemic). 

Tangible, Embedded, and Embodied Interactions for Active Play 

Tangible, Embedded, and Embodied Interactions (TEIs) present new opportunities for young 
children’s active play. TEIs’ characteristics of tangibility, spatiality, embodiment, and 
embeddedness enable them to encompass a wide scope of systems (Hornecker & Burr, 
2006). These systems allow people to physically interact with computational objects in the 
real world (Frauenberger, 2020). As opposed to traditional interactions that utilise graphical 
user interfaces, these systems are more intuitive for children (Desai et al., 2019). This is 
because young children have minimal or developing literacy skills, while such systems utilise 
children’s senses (i.e., hearing, touching, and sight) to communicate. 

Materiality empowers TEIs to stimulate children’s senses (Hornecker, 2011). Physical 
materiality refers to the tangible features (e.g., size, shape, colour) of TEI systems (Ardevol 
et al., 2016), serving as the representation and control of digital information (Cardoso & 
Ribeiro, 2021). Physical materiality provides clues for people to discover the actions they 
could perform with physical objects (Gibson, 2014), while digital materiality represents the 
intangible features of TEI systems (Ardevol et al., 2016). Intangible features are the digital 
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outputs from the systems, which can act as prompts to initiate an activity, as attractions to 
stimulate children’s interests, and as feedback to respond to children’s actions (Wang et al., 
2022). Through digital outputs, children understand the meanings of their actions (Leonardi, 
2010). Therefore, effective interactions with TEI systems require careful configurations of 
materiality, both digital and physical.  

Materiality has been widely embedded in the practice of TEI systems design. ‘Gum’ as an 
example, is an interactive toy that encourages children to take care of it through participating 
in physical activity to make it healthier and happier (Leal Penados et al., 2010). Its physical 
materiality, the soft material, conveys information that it is a cuddly toy. Also, its portable size 
informs children that it could be carried around. On the other hand, the digital materiality 
helps children to understand their actions. For example, acting as prompts, the ‘Gum’ can 
talk and emit sounds to express its mood so that children know how much physical activity 
they need to take part in. Further, acting as feedback, it can light up in its body and vibrate to 
communicate.  

The design and implementation of materiality significantly affect children’s interactions with 
TEI systems (Seo et al., 2015). Physical materiality plays a dominant role in attracting 
children to engage in active play activities (Wang et al., 2022). For example, a TEI system in 
a larger size (e.g., a playmat) or in a particular shape (e.g., a ride-on toy) can commonly 
encourage active play because it can physically afford children’s whole-body movements. In 
comparison, some TEI systems also rely on digital materiality to invite active play. Our 
previous explorations identified that commonly observed digital features can be auditory 
(e.g., verbal instructions), visual (e.g., LED lights), and tactile (e.g., vibrations) (Vickery et al., 
2021; Wang et al., 2022). These digital features become an important tool for communication 
between children and the system. 

Recognising the important roles of materiality, we have identified gaps with existing TEI 
systems. First, few TEI designs were targeting 3- to 5-year-old children (Wang et al., 2022). 
However, young children are at an important developmental stage, and they develop 
dramatically as they grow (Canning, 2020). Systems designed for older children can be over-
complicated for 3-to-5-year-olds to use. Second, many TEI systems failed to provide digital 
responses directly to children’s bodily movements (Vickery et al., 2021). Yet, it is vital for a 
TEI system to provide direct and specific feedback to children’s physical movements to 
successfully initiate and maintain their engagement in active play. Therefore, we see the 
opportunities to design TEIs specifically for young children, to encourage age-appropriate 
physical activities without restricting their imagination, novelty, and free play. 

Design Process 

Our design process has been realised primarily through a Research through Design (RtD) 
approach, accompanied by a series of methods including design space exploration, design 
thinking and user consultation. RtD has been shown to be useful in tackling problems that 
have not been solved in other ways (Blackler et al., 2018). Considering our project is aiming 
to help young children to become physically more active with the mediation of digital 
technologies, the RtD approach allows us to identify current problems with existing systems, 
iteratively ideate solutions, and empirically test determined solutions to evaluate their 
effectiveness.  
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The first stage of our design process included developing a rich understanding of the space. 
We adopted the design space exploration method, which allowed us to understand young 
children’s current experiences with active play in their daily life. We conducted empirical 
research to gain this understanding. Herein, we conducted a scoping review of relevant 
literature as presented in Vickery et al. (2021), analysis of commercialised products as 
reported in Vickery et al. (2022) and Wang et al. (2022), and semi-structured interviews with 
parents and early childhood teachers as discussed in Tarlinton et al. (2022). From these 
explorations, we aimed to understand the barriers to, and facilitators of, preschool children’s 
participation in active play. Table 1 summarises the established design objectives to address 
the identified gaps from our explorations. 
Table 1 Correspondences of Findings and Objectives 

Design Objective Identified Gap 

Transform sedentary 
screen time to active play 
by disregarding any forms 
of screens  

Screen-based technology (e.g., iPad) was the most 
common digital equipment children use (Tarlinton et al., 
2022). 

Screen-based technology was prevalent in the literature 
around TEIs (Vickery et al., 2021). 

Design age-appropriate 
activities that adapt to 
children’s developmental 
changes as they grow 

Many commercialised TEIs targeted broader age 
groups (Wang et al., 2022). 

Literature around TEIs was for older children 
(particularly 5-9-year-olds) (Vickery et al., 2021). 

Exploit children’s interests 
in locomotor activities to 
practise their FMS 

Locomotor activities were most commonly engaged in 
(Tarlinton et al., 2022). 

Stimulate children’s 
interest and imagination 
by encouraging 
imaginative play and 
inviting games 

Children often incorporated sociodramatic play and 
made-up games into their active play (Tarlinton et al., 
2022). 

Led by these objectives and the results of our design space exploration, the research team 
took part in a design sprint, as a part of a design thinking process (Cross, 2006). During this 
sprint, we ideated a series of ideas to address the gaps identified in Table 1 (see Figure 1). 
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Figure 1: Examples of the Concepts Produced During the Team Design Sprints  

The ideas developed from this session were further ideated and grouped together based on 
three conditions: 1) the physical existences (i.e., wearables, objects and toys, spaces, and 
playgrounds); 2) the featured themes (i.e., buddies, music and dance, film); and 3) the types 
of interactions (i.e., social, individual). Figure 2 shows the nine groups identified.  

 
Figure 2: Design Ideas Categorised into Groups: (1) Objects and Toys, (2) Buddies, (3) Wearables, (4) Spaces, (5) 
Music and Dance, (6) Film, (7) Games, (8) Social, and (9) Playgrounds.  

We then evaluated and selected ideas from these categories. This was achieved based on 
the criteria developed from stakeholders’ needs as well as feasibility of development. 
Stakeholders include children (i.e., the child themselves and their friends/siblings/peers), and 
adults (i.e., parents, caregivers, and early childhood teachers). We combined the insights 
from observations, interviews, and scoping reviews conducted in our design space 
exploration as well as from the literature to develop a series of selection criteria, as listed in 
Table 2. 
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Table 2 Criteria Developed Based on Stakeholders’ Needs to Assess Design Ideas 

Criteria Description 

Flexibility The designed activities should not be limited by space, meaning that 
children can participate in the activities in both indoor and outdoor play 
environments.  

The activities should allow for individual play so that they would not be 
restricted by the number of players. 

The prototype should be usable with other playthings (e.g., bikes, 
scooters) to uncover more interaction scenarios. 

Novelty The designed TEI should invite active play through games. Games 
can attract children’s attention by stimulating their curiosity and 
providing challenges to act as a motivation factor (Yanez-Gomez et 
al., 2019).   

The designed TEI should also allow for role play and imaginative play, 
pretence, and imitation, to stimulate children’s interests in imaginative 
play and made-up games. 

Physical 
Features 

The prototype should be portable and lightweight to be conveniently 
carried around and used in multiple contexts.  

The appearance of the design should provide inspiration for children’s 
imitation, role play, and imaginative play. 

Digital 
Features 

Digital outputs should play a vital role in children’s interactions with the 
TEIs to enhance their play experience (Wang et al., 2022). At the point 
of interaction, digital features should attract children’s interest. To 
initiate an activity, digital features should provide affordances to 
encourage children’s embodied movements. During the interactions, 
digital features should provide direct feedback to children’s physical 
movements. 

Based on the criteria, we selected seven ideas including collective hive (bee toy that reacts 
as a group), bee buzz buddy bits, backpack buddy, interactive hide and seek, beehive or bee 
dance, games with discovery, and wearables with different feedback. The Bee Buzz Buddy 
presented in this paper is an integration of these ideas. By employing a bee metaphor, it 
engages the child in pretend play to stay active. It is designed to stimulate children’s sense of 
novelty by allowing for imaginative play. The prototype is also designed to be portable so that 
it can be used in various contexts that allow for flexibility. The design includes multiple 
games, not only allowing for discovery but also adding another dimension of fun to traditional 
games (e. g., hide and seek). The Bee Buzz Buddy features music and songs along with 
other forms of digital features including vibrations and light effects, where children’s 
experience can be further enhanced.  
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Bee Buzz Buddy 

The Bee Buzz Buddy prototype presented in this paper is developed as part of a larger 
project, exploring how TEIs can be designed to offer new opportunities to promote sustained 
engagement in preschool children’s active play and support their development. The project 
aims to establish a framework to guide the future design of technology-augmented 
experiences for active play. The prototype is a mediator for us to gather information about 
children’s active play experiences with TEIs and build our framework. The prototype is not an 
end in itself. 

Prototype Design 

The final design of the prototype consists of an interactive bee toy that children can carry 
around. The design is illustrated in Figure 3. It is designed with four games that target 
different FMS, including Animal Jumps, Hide and Seek, Run to the Beat, and Explore. The 
design does not require any abstract input tools such as the traditional joysticks or controllers 
for game play. Instead, the entire state of game play is embodied within the Bee Buzz Buddy, 
where all the interactions occur through the soft bee toy. 

 
Figure 3: Overview of the Bee Buzz Buddy Design 

The prototype uses an Arduino microcontroller to track user movement and facilitate tangible 
activities with children. Figure 4 is an overview of the components we used to develop the 
prototype. The Bee Buzz Buddy features a simple push-button interface for basic 
functionality such as activity selection and an Inertial Measurement Unit (IMU) sensor to 
detect specific types of movement required from the user during the activities. These inputs 
are processed by the microcontroller to trigger feedback from a haptic motor module, an LED 
ring module, and an MP3 module with a speaker. These modules are used to provide tactile 
and auditory feedback to encourage play and enhance the user experience. The device also 
incorporates a real-time clock and a data logger to track usage data so the researchers can 
understand when and how the participants are using the prototype.  

The electronic componentry is then mounted into a soft bee toy using two electronic 
housings. The primary housing contains the microcontroller, battery pack, real-time clock, 
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data logger, and MP3 module with the speaker. The secondary housing contains the input 
buttons, LED ring, and haptic motor modules. The two housings are both mounted within the 
main body of the toy. The primary housing is placed to the centre of the main body beyond 
children’s reach, whereas the secondary housing is close to the surface of the toy so that 
children can press the buttons and receive the feedback.  

 
Figure 4: Hardware Components and Wiring of the Prototype 

Children’s Bee Buzz Buddy Activities 

The Bee Buzz Buddy can be switched on with a simple button push, and it indicates it is on 
with rainbow LED lights. The child is then verbally prompted to select a game to play (see 
Figure 5). 

 
Figure 5: Storyboard Shows the Beginning of Interaction 
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Game 1 Animal Jumps 

This game specifically encourages jumping and stomping that relate to children’s locomotor 
skills. To participate in Animal Jumps, the child is asked to mimic the jumping behaviours of 
an animal. When the device registers that the child has performed a jump, the Bee Buzz 
Buddy plays a jumping sound effect, vibrates, and lights up to provide direct feedback to the 
child’s bodily movement inputs. In this game, the Neo Pixel LED ring acts as a “loading bar”, 
where the lights build up as the child jumps (see Figure 6). Figure 7 shows the interaction 
scenario of Animal Jumps.  

 
Figure 6: LED Lights Respond to Movement Intensity 

 

 
Figure 7: Storyboard of Animal Jumps Interaction Scenario 
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To register the “jump event”, the toy uses an accelerometer which is a type of IMU sensor. 
When the child performs a jump, the toy tracks the change in acceleration within the vertical 
axis. When this change in acceleration exceeds the set threshold value, the sound, vibration, 
and light outputs are triggered. A simple debounce function was used to filter out any 
extraneous events and ensure the output functions were only executed once for each jump.  

Game 2 Hide and Seek 

In the Hide and Seek game, a second person hides the Bee Buzz Buddy toy while the child 
tries to find it. The toy also has a countdown timer displayed on the Neo Pixel LED ring, 
which shows the person hiding the toy how much time they have left to hide it. Once the 
timer runs out, the toy is ‘armed’ and ready to detect movement. If the toy registers 
movement that exceeds a certain threshold, it determines that the child has found the toy 
and picked it up. To do this, the toy uses all nine degrees of freedom (DOF) provided by its 
IMU sensor to track changes in its location and orientation. During the game a secondary 
timer also runs to determine the game’s duration, and once a set threshold has been 
exceeded the toy provides audio clues to assist the child in finding it. Figure 8 shows the 
interaction scenario of the Hide and Seek game. 

 
Figure 8: Storyboard of Hide and Seek Interaction Scenario 
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Game 3 Run to the Beat 

Run to the Beat aims to help children to practice locomotor skills (i.e., marching, walking, and 
running), and exploits music to gamify the activity. Figure 9 shows the interaction scenario of 
this game, where the Bee Buzz Buddy plays music with modulated rhythms, and the child is 
told to speed up and slow down in order to keep up with the rhythms. This causes the toy to 
vibrate with each step it registers, encouraging the child to time their footfall with the music. 
The Neo Pixel LED ring also acts as a “loading bar” in this game (see Figure 6), where the 
lights build up as the child runs faster and recede when the child slows down. This offers a 
more straightforward visualisation of children’s movement intensity. This is achieved with a 
similar method to that used in Game 1, with a change in acceleration along the vertical axis 
used to determine a “footfall event”. However, in this instance, the toy looks for the contrary 
motion in the IMU sensor which occurs when the user’s foot hits the ground. Based on these 
“footfall events”, the device then calculates the duration between each footfall to roughly 
calculate the child’s movement intensity.  

 
Figure 9: Storyboard of Run to the Beat Interaction Scenario 
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Game 4 Explore 

In the Explore mode, children can play in their preferred ways with any of their preferred toys. 
This game aims to encourage children’s imagination and unstructured free play by prompting 
them to imagine themselves as a bee and play however they like. Children can also play with 
their other toys in this mode, where the Bee Buzz Buddy can add another dimension of fun 
and enjoyment to these toys by providing digital stimuli. When the game begins, the Bee 
Buzz Buddy is ready to detect any movements of children, and it responds with blinking LED 
lights and vibrations. It also gives prompts to children if no movements are detected in a 
certain time. Example prompts include waggling, ‘flying’, and running in circles like a bee.  
Explore mode adds to the flexibility of the Bee Buzz Buddy, which makes it suitable to be 
used in broader play contexts. Figure 10 is an example interaction scenario in the Explore 
mode.  

 

Figure 10: Storyboard of Explore Interaction Scenario 
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Testing the Bee Buzz Buddy  

The Bee Buzz Buddy prototype is a mediator for us to gather information about children’s 
active play experiences and build our framework. We have been pilot-testing the prototype to 
ensure it is safe and usable for young children and ready for further studies in lab-based 
settings and in people’s homes. 

Pilot Testing and Evaluation of the Initial Design 

We conducted a pilot test with the children (4 and 6 years old) of one of the investigators to 
explore the prototype’s usability and the engagement with different game modes. The test 
went for one hour and it was conducted at the participant’s house. The prototype tested was 
a Bee Buzz Buddy backpack worn by the child (see Figure 11). The test included three 
games: Animal Jumps (AJ), Hide and Seek (HS), and Run to the Beat (RB). Games were 
selected by pressing the dedicated button on the backpack strap.  

 
Figure 11 Overview of the Initial Design 

The main outcome of the pilot test was to change the design from a backpack to a toy that 
could be carried. This was because the participant felt uncomfortable wearing the prototype 
as a backpack and also because the control panel made the straps unbalanced, which 
meant they could easily fall off. However, the child responded positively to the suggestion to 
hold or cuddle the Bee Buzz Buddy like a toy. 

Looking at our design criteria, we made the following observations during the pilot test: 

Flexibility: no space limitations were observed when the participant was engaging in the 
games. AJ and HS were designed for indoor play, and it was observed that the participant 
only needed a small space to play the two games. While RB was designed primarily for 
outdoor play, the participant could still play the game indoors, such as by running in circles. 
For AJ and RB, the participant played by herself, while she played with her sister for the HS. 
We did not instruct the participant to use the prototype with other toys, therefore it remained 
unclear whether the prototype would enhance children’s experience with other toys.  

Novelty: the prototype successfully encouraged the participant to actively engage in the 
designed games, especially HS. One researcher hid the prototype in a bathroom, and the 
participant appeared to be having fun finding the prototype with her sister. The prototype also 
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succeeded in encouraging imagination and imitation, as she attempted to mimic the animals 
in the AJ game.  

Physical Features: the participant found it uncomfortable wearing the prototype primarily 
due to unbalanced straps and weight of the control box on her shoulder. Additionally, having 
the control panel on top of a strap unavoidably resulted in wiring difficulties. Potential 
difficulties include exposed wires, or the wires had to go a long distance inside the bee toy 
that challenged the enclosure of digital hardware. 

Digital Features: the participant showed great interest in the prototype’s verbal responses, 
music, and vibrations, while she found it tricky to see the LED lights on the straps. This is 
associated to the physical design of the prototype, where the LED lights were placed on the 
strap at a difficult angle that made it hard to observe while engaging in the activities. We also 
observed that the verbal responses could be hard to hear, especially with the HS game when 
the prototype was hidden.  

Next Steps of Testing 

The pilot test led to the current prototype presented in this paper, which addressed the 
observed usability issues. The current prototype is ready for rigorous testing, which will 
include two steps. The first step will be rounds of rapid (10 to 20 minutes) lab-based testing 
sessions with young children and their parents or caregivers. By combining the user 
consultation method (Woolner et al., 2007), we will gather target users’ reflections and 
stakeholders’ opinions, and the presented prototype will be refined and adjusted to make it 
robust before being employed as part of a longitudinal study. The second step of testing will 
be longitudinal over a 6-month evaluation period. This is to test the sustained engagement 
aspect: whether children remain engaged with the prototype over more than a few hours or 
days.  

Limitations 

Limitations of the prototype from the development perspective are primarily about recharging 
and accuracy of movement detection. In terms of recharging, users will have to open the 
device, remove, and recharge the batteries regularly over the research period. The 
inconvenience of recharging could potentially become a dis-engagement factor. Additionally, 
the prototype could not always detect children’s actions accurately considering the potential 
complexity of their bodily movements as they participate in the activities. The inconsistency 
of movement detection of the prototype may result in absence of feedback to children’s 
actions. Lack of feedback could also result in dis-engagement during the longitudinal study. 

Conclusions and Future Work 

In this paper we have presented the design of the Bee Buzz Buddy prototype, a digital toy 
that provides opportunities for preschool children to engage in active play through games. It 
is designed as part of a larger study. The study aims to establish a framework for designing 
TEIs to increase and sustain preschool children’s engagement in active play. The prototype 
will be used as a tool to gather information and help us to build the framework. 
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The Bee Buzz Buddy prototype blends imaginative play and active play, to benefit children’s 
physical, social, and communication development. It is designed with four games that 
specifically target preschool children’s developmental capabilities, which require children to 
utilise their senses to communicate and complete the activities. With minimal communication, 
the prototype conveys prompts and feedback via sounds, music and songs, lights, and 
vibrations. Additionally, these prompts and feedback respond directly to children’s bodily 
movements. This addresses our previous finding that providing direct and specific feedback 
to children’s physical movements is vital for a TEI to effectively promote active play among 
young children. We highlight an opportunity for future development of the Bee Buzz Buddy 
by adding a social dimension. By employing a beehive metaphor, the Bee Buzz Buddy can 
be further adjusted to be used by multiple children. This will uncover numerous new 
interaction scenarios for social play.  
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Abstract  
 
Cities around the world are confronted with the unprecedented grand challenge of reaching carbon 
neutrality. Policymakers need support in translating the abstractness and complexity of the net zero 
goal into concrete actions. A prototype has been developed to support urban policy makers in 
understanding, selecting and tracking the implementation of social innovation approaches as levers to 
reach climate neutrality. The creation of the prototype develops new knowledge by synthetizing 
contributions from academic literature, case studies, and experts’ opinion, based on cities’ needs, and 
is embodied into an interactive tool of social innovation actionable pathways for climate neutrality. 
Testing the prototype with policymakers provided insight into cities’ envisioned interaction with the tool, 
leading to the redesign of the prototype into a more engaging interactive tool, and an integrated 
approach with more technical solutions. The developed prototype categories were based on a 
synthesis of scientific articles, and bottom-up information from 36 practice-based cases of social 
innovation for climate neutrality. The design and development of the prototype of the social innovation 
actionable pathways tool has been informed by the analysis of cities’ needs conducted within the 
NetZeroCities project, which supports 112 European cities in reaching climate neutrality by 2030. A 
team of experts aggregated the large amount of information derived from literature, cases and users’ 
needs into a pathway and visualized it in an interactive diagram, with the aim to support strategic 
decision making at urban level, by lowering information overload, providing visual guidance. The 
testing phase results provided further knowledge: a more engaging visual tool was perceived by 
policymakers as valuable to start considering social innovation actions in their cities’ policies, due to 
the scarcity of policy makers’ time and understanding of social innovation’s contribution to climate 
neutrality. Interaction design could support policymakers in better strategizing.  
 
Social Innovation; NetZero; Knowledge Visualization; Interactive Design; City 
 

Designing services to support policymaking and the development of urban action plans has 
the potential to provide a relevant impact on shaping how the future could be. Politicians and 
policymakers are confronted with the complexity of grand challenges, in particular the urgent 
need to reduce carbon emissions. The EU-funded project NetZeroCities aims at supporting 
112 European cities to reach climate neutrality by 2030. Going beyond the assumption that 
technological solutions alone can lead to net zero, the project focuses on important levers of 
change, such as governance and social innovation. It well established in academic literature 
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that innovation in social practices is an important and necessary component of reaching 
carbon neutrality (Chilvers & Longhurst, 2016; Angelidou & Psaltoglou, 2017; Hoppe & De 
Vries, 2019; Ostfeld & Reiner, 2020; Andion et al., 2021; Creutzig, Niamir, Bai et al., 2022). 
Furthermore, sustainable development needs collective action and systemic innovation 
(Diepenmaat, Kemp & Velter, 2020). Beyond a restricted focus on acceptance and 
behavioral change, social innovation can activate citizens to contribute to climate neutrality 
(Schönwälder, 2021), in particular in reducing Scope 3 emissions. In a systematic literature 
review on the contribution of social innovation to climate neutrality (Bresciani, Rizzo & 
Deserti, 2022), 267 scientific articles were identified that provide evidence of the contribution 
that innovative social practices have to lower carbon emissions as well as contributing to 
wellbeing (Engelbrecht, 2018). Yet, this rich body of academic knowledge does not seem to 
be systematically deployed by policymakers.  

Social innovation initiatives led by citizens that aim to lower emissions are proliferating, from 
sharing assets to creating energy communities, and from developing peer-to-peer education 
on reducing the energy consumption at home, to developing certifications of climate friendly 
business approaches. An extensive review of such cases has been developed within the 
NetZeroCities project (Bresciani, Rizzo & Deserti, 2022; Mureddu & Bresciani, 2023), with 
the identification and description of 36 case studies at different scales, including bottom-up 
citizens-led initiatives as well as top-down political choices, and policies for supporting the 
emergence and scaling of social innovations aimed at climate neutrality. However, an 
investigation of social innovation action plans at global level returned only a handful of cities 
and regions (Taiwan, Montreal, British Columbia), which possess a social innovation action 
plan. Furthermore, these plans are not specifically focused on climate neutrality goals.  

Can design support policymakers and politicians in understanding available knowledge from 
academic literature and existing cases?  And could the act of prototyping together support 
the development of  social innovation acts that can serve as a lever for reducing carbon 
emissions?   

In order to address this pragmatic need, a prototype of an online service was developed for 
cities, which aims to provide a user-friendly and actionable aggregation of extant knowledge 
which could support policymakers in developing informed plans urban level. In doing so, 
facilitating the creation of favorable ecosystems that could support the emergence and 
scaling of social innovation initiatives (Terstriep, Rehfeld & Kleverbeck, 2020). Prototyping 
the service according to the principles of clear communication (Bischof & Eppler, 2011), and 
the known benefits of knowledge visualization (Bertschi et al., 2013) contributes to theory 
development by investigating how complex, vague and scattered knowledge can be 
aggregated in a visual and cognitively efficient format, making it pragmatically useful for 
cities.  

The results of the prototype testing with policymakers not only advances the development of 
the interactive tool, but also theoretical knowledge, as implicit assumptions are exposed 
through the experiential interaction with the prototype, thereby generating new knowledge on 
unexpressed users’ needs (Valentine, 2013). For example, the potential benefits of renaming 
“social innovation for climate neutrality” into “people-based solutions”, and the creation of 
visually attractive interfaces for policymakers.  
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Furthermore, the act of collaborative prototyping, a user-centered service based on 
interdisciplinary knowledge (Bogers, & Horst, 2014), enabled the exploration of the 
interconnections between the three fields of social innovation, policy making and 
sustainability (Groth et al., 2020). 

Prototyping as Knowledge Generation 

Based on a series of co-design workshops which took place within the NetZeroCities project, 
users expressed the need for a service that could provide solid guidance to policymakers 
and stakeholders in understanding the potential actions that a city could take to support 
social innovation initiatives. Specifically, users need guidance in developing and scaling of 
social innovation initiatives aimed at climate neutrality, based on their current level of 
readiness or contextual factors. Contextually, cities (as well as the government and funding 
bodies including the European Union) also face the need to measure the effectiveness of the 
actions and policies they develop. Therefore, the service should include both a planning and 
an assessment component. 

In order to develop such a service, labelled social innovation actionable pathways, a sprint 
was organized with a multidisciplinary group of social innovation experts from different 
organizations to develop and test a prototype. The group of experts was composed by the 
first three authors (all of whom have a background in design and social innovation), an expert 
of democracy and social innovation from Southern Europe, an expert of policies and social 
innovation from Northern-Europe and a smart cities expert from a Northern European 
technological university. The methodology adopted for the development of the prototype of 
the service was the following: firstly, users’ needs were analyzed (based on two deliverables 
of the NetZeroCities project) in terms of cities’ expectations for social innovation and action 
plans. Secondly, insights from a literature review on the contribution of social innovation to 
climate neutrality (Bresciani, Rizzo & Deserti, 2022), EU-funded projects on the topic, the 
theory of change developed in the NetZeroCities project (Chaudary, Hawkins & Alvial 
Palavicino, 2022) as well as data from the 36 cases developed within the project (Romero et 
al., 2023), were aggregated in a shared online platform. The experts met in three workshops 
to design the user-centered service, during which the abovementioned insights were 
synthesized in meaningful categories. 

This process of knowledge aggregation went through multiple steps and visual formats (Fig 
1-2), comparing multiple criteria and frameworks (including the guide to scaling social 
innovation developed by the Schwab Foundation and the World Economic Forum (2013), 
Social Entrepreneurship Ecosystem Assessment developed by the European Commission 
and OECD1, and the categories determined within the NetZeroCities project). All experts 
were involved in providing input and co-creating the categories during the process. 

 

 

 
1 https://betterentrepreneurship.eu/en/node/802 
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Figure 1: An example of how the knowledge was aggregated and categorized. 

Starting from the cities’ policymakers’ needs, a prototype was developed, deploying the 
principles of visual and clear communication, in that it should (1) be concise, (2) have a 
logical structure, (3) have explicit content, (4) be low in ambiguity, (5) and ready to use 
(Bischof & Eppler, 2011). In addition, visualizing knowledge provides several advantages 
(Bertschi et al., 2011): it lowers information overload (Eppler, 2006), thus improving the 
quality of strategizing (Eppler & Platts, 2009), and increases understanding and recall 
(Bresciani et al., 2011). Specifically for the prototyping of the service, visualizing the 
synthesis and aggregation of knowledge provides not only a provides a cognitively efficient 
interface, but also a new theoretical framework of social innovation actions at urban level 
which can support climate neutrality. Secondly, the prototype links actions to measurement 
of outputs and outcomes of each proposed action, therefore linking social innovation actions 
to relevant indicators derived from the literature.  
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Figure 2: An extract of the collaborative board utilized for the classification of cases, scientific literature and policy articles 
according to categories. 

 

The first version of the prototype (Fig. 3) is visualized as a timeline composed of 14 
categories along three subsequent steps of a pathway: prepare, act and accelerate (based 
on the categories of the City Climate Planner Program developed by ICLEI2). Clicking on 
each category, a box with additional information opens, outlining specific actions, indicators 
(which are related to SDG goals), and academic references on which the claim is based on. 
This first rough prototype was presented to a larger group of experts on social innovation, 
carbon transitions and policy making, within the NetZeroCities consortium. Their feedback 
was integrated into a more visually appealing and visually coherent prototype (in which all 
categories had the same size), which resulted into the development of two alternative 
prototypes to be presented to users.  

More specifically, two customer journeys were envisioned (according to traditional 
categories, which include user actions, user needs, user emotions and touchpoints), leading 
to the same core visualization of the service. In the first option, the user (which is the city’s 
transition team, as well as policy makers, politicians, etc.) would first answer a questionnaire 
to gather information on the city’s current status, and based on the questionnaire results the 
online service would automatically highlight suitable next actions. In addition, the system 
would provide a visual benchmark in the format of yellow stars (1, 2 or 3 stars) to show the 
performances of a city for each category (see Fig. 4). In the second option, users would 
directly access the overall interactive map (Fig. 4), and could click on each category and 
optionally answer the indicators’ questions. 

 
2 https://cityclimateplanner.org/resources  
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Figure 3: First version of the prototype with categories of social innovation actions for climate neutrality. 

 
Figure 4: Second version of the prototype: after answering a questionnaire, users can see an overview of the categories 
and their own scores (visualized as stars for each category).  
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Figure 5: Second version of the prototype: content can be freely explored and optionally integrated by answering 
questions related to indicators for tracking progresses. 

 

Although the interactive map remains the same, the user journey is different: in the first 
version, users have to answer a questionnaire to be able to access the map and have 
customized suggestions of actions to take based on their social innovation readiness. 

Insights from Testing and Redesign 

To test the prototypes (Fig. 4 and 5), a panel with cities’ policy makers was organized online. 
The participants were three members from the transition teams of their respective cities, 
which all were small/medium-sized Southern European cities.  

Although the participants were willing to use the tool in an explorative way if it did not take 
too much effort to learn how to use it, they indicated that the connection between social 
issues and climate neutrality was not evident, and not a priority for their cities. Furthermore, 
they did not seem to have an accurate understanding of what was meant with ‘social 
innovation’. In addition, they voiced their concern regarding the difficulty in getting the buy-in 
of the city administration in general on climate neutrality or sustainability, thus needing to link 
actions to politically relevant and easily communicable topics, such as citizens wellbeing. 
However, the participants were interested to know how their city is performing compared to 
other cities in their respective countries and in Europe, and which other cities have already 
implemented which actions. Finally, a relevant point raised was regarding the language in 
which the tool would be delivered, which would have to be the local language, as not all 
politicians and policymakers are comfortable with using English. 
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The users’ feedback was relevant for theory development: contextual factors, such as 
political commitment and language skills, could prevent the use of the service. In practical 
terms, the prototype could be improved by including a mobilization phase to convey the 
relevance of social innovation for the reduction of carbon emissions, perhaps by renaming 
“Social Innovation for Climate Neutrality” into “People-based Solutions” to align terminology 
with Nature-based Solutions (Cohen et al., 2016; Faivre et al., 2017). This assumption would 
need testing before implementation. 

From the two options tested, it seems that starting the interaction with a questionnaire would 
create a barrier, and thus prevent users from using the service, since they do not necessarily 
understand its value upfront. Therefore, providing a more playful visual interactive 
infographic without overwhelming potential users seems a suitable user-centered option, as 
this allows cities to explore the categories in an interactive format, answering the associated 
questions and tracking their progresses over time. This coincides with the information 
seeking mantra, which is the notion that knowledge is navigated and explored by providing 
overview first, then zooming into specific topics and further details on demand, 
(Shneiderman, 2003). 

Finally, emphasizing the politically relevant benefits would be useful for engaging politicians 
in utilizing the tool to develop the cities’ transition/action plans to climate neutrality, 
complementing technological solutions. To address to this challenge, the service could 
emphasize the co-benefits of both social innovation and decarbonization in terms of citizens 
wellbeing and improved quality of life. Cases focused on the communication of the co-
benefits should therefore be added as well as indicators related to wellbeing. The data 
resulting from the indicators should then be visualized in a dashboard in which a city’s scores 
can be compared with the country’s average or other European cities.Based on the insights 
from testing, the customer journey and the prototype of the online service were revised. An 
interactive prototype was created using Kumu, an online platform specialized in mapping 
relationships (Fig. 6), enabling the content to be interactively explored to test information 
seeking behavior and usability. Clicking on one of the green fields loads the related content 
on the left-hand side of the screen, which contains the description of potential actions cities 
could take, a list of case studies of cities which already implemented this particular action as 
well as other relevant resources, suggested indicators and academic references.  

The content of the third prototype (Fig. 6) was refined together with social innovation experts 
from within the NetZeroCities consortium.  Since some categories were unbalanced, they 
were reduced. The content for each category was further linked to resources available on the 
NetZeroCities platform. Iteratively, new content was added to provide cases and references 
related to the needs identified in the earlier city panel testing phase (i.e. cases and indicators 
on co-benefits and communication). In this way, the interactive service helped users to 
transform abstract concepts into concrete actions. 
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Figure 6: Third version of the prototype: interactive prototype  with content on demand. 

Implications  

Pragmatic Implications 

Although several pathways to climate neutrality have been proposed based on technological 
solutions, to the best of our knowledge, pathways and systematic overviews of how social 
innovation can contribute to climate neutrality have not yet been conceptualized. The 
prototype provides a translation of abstract, complex and scattered knowledge into 
actionable possible futures, and can provide a basis for further improving and testing such 
synthesis of knowledge.  

From a pragmatic perspective, the prototype enables policymakers to support collaborative 
strategizing on social innovation at an urban level, a tool for informed future making. The 
testing of the prototype contributes to improving the understanding of policymakers’ need for 
an explorative and engaging modality (Jacob-Dazarola et al., 2020), allowing them to 
address wicked problems, such as social innovation in climate neutrality. The testing 
highlighted a misalignment in vocabulary between the (academic) designers and the users, 
which points to the need of contextualizing the communication of solutions to specific target 
users.  

The creation of the prototype has led to the development of a theoretically grounded and 
practically relevant framework of potential social innovation pathways to climate neutrality at 
an urban level. The interactive actionable pathway tool can provide policymakers (deeper) 
insight into how social innovation can support climate neutrality, and act as a guide to 
understand the variety of choices available to a city’s transition team as well as support the 
selecting of indicators for learning and measuring progress. 

For designers, the methodology deployed for the creation of the prototype can provide 
guidance to synthetizing academic and pragmatic knowledge into a design outcome. In 
particular, the prototype serves as a means to surface users’ mental models, implicit 
expectations as well as to envision a novel interactive modality for the target user (in this 
case, policymakers). In this context, the prototypes become not only a way to design and 
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refine a service, but also an object that supports and mediates the collaborative interaction 
between diverse actors. 

Theoretical Implications 

For policymakers, the prototype served as a boundary object (Star & Griesemer, 1989), 
enabling them to explore the social innovation actions that a city could implement. It also 
assisted in navigating the content of the NetZeroCities platform to gain more specific 
knowledge on topics of interest. For researchers, it provided a solid categorization of social 
innovation practices at an urban level, which are not only built on academic knowledge, but 
tested in practice-based contexts. The prototype mediated the dialogue (Bojer et al., 2008) 
and collaboration among researchers, designers, environmentalists, and urban transition 
teams (Growth et al., 2020). 

The experiential knowledge acquired while creating, testing, redesigning and retesting the 
prototype (Valentine, 2013), allowed the development of a more solid theoretical framework, 
in addition to the practical tool. Through prototyping, the solution and the problem space 
have co-evolved (Dorst & Cross, 2001), supporting researchers in better refining the 
theoretical framework, by expanding the problem space to include motivational issue of the 
users. The prototype also allowed experts from different fields to visually connect their 
knowledge, exploring new cross-pollinations between social and environmental sciences. 
The process of collaboratively mapping interdisciplinary knowledge in the prototype is a goal 
in itself (Growth et al., 2020), which gives a tangible form to abstract - often siloed - 
knowledge. 

Conclusion 

The methodology for the prototyping provides an example of a successful aggregation of top-
down scientific knowledge, bottom-up theorizing from case studies, users’ needs and insights 
from collaboration with interdisciplinary experts and real-life user testing. Yet, this study is not 
free of limitations; the prototype still needs further refinement and further testing, in particular 
expanding the sample size, which would allow to account for the influences of contextual 
factors, such as the size of the city, the political will at urban and national level as well as 
language and cultural issues. Within the NetZeroCities project, the tool will be further 
developed and improved, and eventually made available to the 112 cities that are part of the 
project. In a VUCA (Volatility, Uncertainty, Complexity, and Ambiguity) world, design can 
provide a methodology to interact with complexity and make ambiguous, abstract knowledge 
more tractable, envisioning innovative solutions (Cousins, 2018), and imagine possible 
futures. 

We believe the prototyping process enabled researchers to refine a theoretical framework, 
provided designers with a methodology to an unstructured novel topic, and policy makers 
with an interactive tool to support strategizing for leveraging people-based solutions for 
climate neutrality. 
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Abstract  
 
With prototyping, design practice thinks about the shape and environment of many objects that will embody 
our world experiences. In that, we see this action as eminently political and we ask ourselves along this 
paper the following question : under what conditions can prototyping be a political experience of design? 
Based on the analysis of three design use cases that present a prototyping situation, this paper explores 
ways designers could embody the political dimension of their practice. While observing our use case 
through a framework built from sociology and political science literature, we are looking for signs of politics 
in our practices of design. This work, part of a more extensive research, shows that prototyping could be 
the most adapted situation to experience the political in design because it brings together human and non-
human actors into a co-design process where debate is necessarily present. 
 
Debate; Political Experience; Arenas; Trouble; Embodiment 
 
Since the 1960s, theories on democracy have tended to represent it as an experience of 
politics that organizes the life of a society based on a principle of debate. In that, it becomes 
possible to discuss which pathways to choose for society. Chantal Mouffe (1993) says that 
this debate doesn’t need to reach the idea of consensus but more the one of dissensus, 
considered as an antagonism and confrontation state, inherent to the act of living together. In 
relation to this assumption, the introduction of the book “Making Things Public”, wrote by 
Bruno Latour (2005), asks a fundamental question : how is politics embodied today, beyond 
the official parliaments that seem insufficient to make visible the many ways in which society 
orients, discusses, and debates its future? In other words, which are the non-dominant 
arenas that bring to life the political question? Here, Latour underlines that this question is 
not only valuable for spaces as parliaments, but also in our daily experience of objects. 

In this paper we pursue this idea of an object-oriented democracy and consider prototyping 
as a possibility for design to find specific forms of political experience. With prototyping, 
design practice thinks about the shape and environment of many objects that will embody 
our world experiences. In that, we see this action as eminently political and we ask ourselves 
along this paper the following question: under what conditions can prototyping be a political 
experience of design? 

We begin this paper with the definition of the conceptual framework that supports our 
positioning. Then we describe a methodology based on three typical use cases of prototyping 
in design (school, public space, design studio). Finally we analyze them with an analytical 
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grid we build from sociology and political sciences literature. The goal of this analysis is to 
open perspectives for design practitioners on the political dimension of their practices. 

A Political Experience of Design 

Since William Morris' thoughts to the Italian Radicals’ experimentations, design practices 
have something to do with politics. But some of them have put the notion of debate at the 
heart of their practices. Critical Design (Dunne & Raby, 2007) is one of the most famous. This 
movement, which became Speculative Design later (Dunne & Raby, 2013), carries a critical 
thinking materially translated by design. The main challenge of this practice is to provoke 
self-reflexivity about what is self-evident, in order to “challenge narrow assumptions, 
preconceptions and givens about the role products play in everyday life” (Dunne & Raby, 
2007, § 1). The productions of Speculative Design don't come with economically viable 
solutions but have a role “to act like a mirror reflecting the role a specific technology plays or 
may play in each of our lives, instigating contemplation and discussion” (Auger, 2012, p. 29). 

With other practices, Reflective Design aims to make legible unconscious adoption of 
object’s values and in the meantime engage users to have this same critical thinking 
(Sengers et al., 2005). Adversarial Design (Carl DiSlavo, 2015) suppose that objects could 
encourage the identification of society’s issues in order to reveal disagreements and allow 
revendications. Beyond those movements that locate design in a specific field of practices, 
we would like to observe design politics which describe “ways practices of design and 
politics, historically and materially, reinforce and legitimize each other” (Keshavarz, 2016, p. 
93) in design practices. Keshavarz invites us to work on “ontological conditions of design as 
an act, and the effects it generates in different environments” (Keshavarz, 2016, p. 86). 

This seems to echo the PhD thesis of Max Mollon when he asked: “Hence, if designing is to 
transform “an existing situation into a preferable one” I wondered for whom are these forms 
of design preferable? And, how do we enable debate about what is preferable?” (Mollon, 
2019, p. 8). His question refers directly to the ways society and politics interfere, and more to 
the difference between politics and political. Chantal Mouffe (2005) suggests that the term 
political refers more to an antagonistic state,  inherent to the act of living together. The 
illusion of consensus needs to be stopped with a new use of debate. Mouffe explains this 
illusion by the hegemonic position of some stakeholders at the cost of others : “There is no 
consensus without exclusion of a “third”” (Mouffe, 2005, p. 149). Mouffe also highlights that 
an antagonistic state could be a possibility of living together by gathering and sharing the 
conditions of authority. Already in the 14th century, the term debate meant both "to quarrel, to 
dispute" and "to discuss, to deliberate on the pros and cons of". 

It is precisely this question of dissensus that Latour proposes to see as a prerequisite to any 
thought of politics. To do so, the philosopher calls for an "object-oriented democracy" that 
questions the way in which political spaces have been organized around objects perceived 
above all as facts: “For too long, objects have been wrongly portrayed as matters-of-fact. […] 
They are much more interesting, variegated, uncertain, complicated, far reaching, 
heterogeneous, risky, historical, local, material and network” (Latour & Weibel, 2005, p. 9-
10). People, or their representatives, gather within official spaces of speech where these 
facts can be debated from a tacit principle of univocal understanding of the facts. However, if 
we adopt a principle of pluralism, then emerges the figure of the Ding, or the "thing", and 
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replaces at the heart of politics the matter which brings people together because precisely 
this matter divides them while concerning them. It is this idea that was at the origin of many 
parliaments throughout the world and that Latour proposes to restore: " If the Ding 
designates both those who assemble because they are concerned as well as what causes 
their concerns and divisions, it should become the center of our attention " (Latour & Weibel, 
2005, p. 13). 

In this paper, we would like to pursue this thought about a design for debate (Mollon, 2019) 
and investigate design situations perceived as ordinary and non-political, where the political 
experience and the politics of design are made sensitive through debate. By considering 
debate as the very result of its practice, design for debate emphasizes the importance of an 
artifact's discursive properties: either the artifact has an internal narrative and carries 
elements of controversy, or it is the situation in which the artifact is located that will trigger 
potential controversial discussions (Mollon, 2016). Mollon thus emphasizes the situated 
nature of the debate, while showing the ineffectiveness of certain practices, when they are 
only disseminated by exhibitions which "do not encourage people to meet each other, or to 
meet the author(s), nor do they encourage debate" (Mollon, 2019, p. 116). Therefore, the 
author proposes a model to analyze the ways in which a project reaches its audiences by 
participating in a larger system articulating problems, artifacts, mediums and audiences. This 
model thus makes visible the different levels of influence of the debate within a given 
situation: from the problem to be addressed, through the type of more or less familiar 
artifacts and mediums, to the communication channels and institutions symbolically 
represented. 

If organizing a debate is a systemic design situation, we ask ourselves what other design 
situations could be the scene of political actions. One of the situations we wish to explore is 
prototyping. Indeed, due to its capacity to gather different actors, i.e. to maintain a dialogical 
relation in the project (Yu et al., 2018), there is a relative dimension of debate. A prototype 
thus represents a potential endless space of exploration allowing to discuss design 
impediments or opportunities. Here, the act of prototyping is perceived as an open space, 
where the integration of new ideas, materials, references and knowledge allow new 
directions in the project. 

The notion of prototyping is deeply rooted in the practice of design insofar as, through the 
prototype, the thought of a designer is embodied in a materially defined situation (Gentès, 
2022 ; Koskinen, 2010). The prototype thus reminds us of the fundamentally situated practice 
of design, in constant dialogue with the material elements of the situation (Schön, 1983). The 
mediums used by designers seem to offer opportunities for the emergence of ideas or 
"matrices of emergence" (Gentès, 2022, p.62) that give them "meaning after their work and 
not by following a predetermined idea that would gradually become embodied in artifacts." 
This idea echoes Gaver et al. 's (2022) proposal to assume emergence as a potentiality of 
design research and identify strategies to foster this emergence. Consider anomalies, seek 
idiosyncratic examples, tell the full backstory or value agility and responsiveness are some of 
the 12 strategies identified, and encourage thinking about the act of design in the making. 
The notion of emergence seems to us to relate to prototyping as a situation, going further 
than simply giving shape to imagined objects. 

Therefore, we can think of the act of prototyping as the concrete manifestation of the 
designers' diagrammatic thinking in that it allows us to describe : “What [designers] work on, 
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in the time of their practice, and which is not yet defined since all their work consists in 
defining this thing: whether it is an object, an image, a device, an interface, etc., only exists 
first in a virtualized way by a diagrammatic device constituted by these images that are the 
prototypes, the plans, the sketches, the procedures, etc." (Beaubois, 2015, p. 56). The 
design activity is thus composed of a set of interdependent diagrams, or prototypes, which 
express the object being designed. 

Hence, considering a prototype more as a situation than as an artifact makes it possible to 
extend what the act of prototyping comes to be. Subrahmanian et al. (2003) emphasize that 
the word prototype can refer to any cognitive structure: verbal, gestural and virtual 
representations and models, protocols, processes, physical artifacts, etc. This diversity thus 
leads us to go beyond approaches which describe prototyping as a series of versions whose 
resolution should be more and more precise (Vinck, Jeantet & Laureillard, 1996). 

In this paper, we thus explore what conditions, in a prototype as situation, allows a political 
experience of design. In other words : what are the conditions that give rise to debate in 
ordinary design practices, such as prototyping? 

The Arena as an Analytical Framework 

In order to analyze the conditions of a political experience of design within a prototyping 
situation, we have voluntarily selected three different situations (Fig.1): a project design 
course within a design program of a french university (usecase A), a co-design project 
developed in a neighborhood of a major French city (usecase B) and an ideation workshop in 
a large company (usecase C). The diversity of these situations allow us to observe different 
spaces, temporalities, actors, tools, positions and commitments in the designing situation. 
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Figure 1: Summary presentation of the use cases. 

Our analytical framework is based on a two-step process. In the first step, we conducted field 
observations by focusing on issues raised by Bruno Latour and described earlier. Indeed, 
pluralism, in terms of viewpoints, actors and their interests, requires considering how an 
assembly could be constituted. Matters of concern can’t be understood, described and 
debated in the same way in different assemblies. According to Latour, to "speak well of the 
things" (Latour, 2022) that concern us, involves adopting a triple representation principle: 
first, to represent the issue that justifies the existence of an assembly. Here, we observed in 
the situations of prototyping how the first issue raised by the project was materially 
represented, debated and how it changed according to new issues raised during the 
situation. Second, to guarantee that the assembly is made up of people who are themselves 
representative. We mapped all the stakeholders of the situation according to their status 
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outside and inside the situation. Finally, to materially build the assembly that embodies the 
public emerging from this concern. We observed all the material properties of the situation 
that allowed actors in the situation to discuss, debate and decide. 

In the second step, we analyzed all the collected data in relation to the notion of arena. An 
arena can be defined as a collective mobilization that emerges when members of an 
unlabelled group feel concerned by a trouble (Harraway, 2016), define it as a problem and 
resolve it by taking action (Cefaï, 2016). Using the notion of arena allowed us to refine our 
analysis from a political perspective. Therefore, this perspective allowed us to analyze data 
from three different points of view. First, we analyzed what allows a group of people to feel 
concerned, both collectively and individually by a trouble. We thus seek to grasp the 
conditions determining both the participants' access to the situation and what they can 
express themselves on. Second, we analyzed the situations from the point of view of the 
problem that the public defines collectively. Here, we try to grasp the conditions relative to the 
mode of confrontation between participants and the material properties of this mode. Finally, 
collected data were also analyzed from the point of view of what the group agrees to make 
visible. We seek to capture the conditions of access for other audiences as well as the 
discourses produced. 

Therefore, our two-step analytical framework is built by crossing the conditions of the 
creation of an assembly and the emergence of an arena (Fig. 2). 

 
Figure 2: Analytical framework based on a two-step process. 

The thematic and comparative analysis of all data we collected through this framework 
allowed us to grasp the material, spatial, temporal and social properties of prototyping 
situations from a political point of view. It is important to say that the conditions we describe 
in the following section were not observed explicitly in all the situations: it is precisely the 
point of a comparative analysis to be able to bring out more explicitly important elements of 
analysis. 

Emerging Conditions of a Political Experience of Design 
In this section we present all the conditions we grasped through our analysis. These 
emerging conditions can be seen as concrete means of action for designers to develop a 
political experience within a prototyping situation.They thus underline the importance of being 
fully conscious of the debate emerging in any prototyping situation and the potential of the 
emergence of an arena. 

As described earlier, this emergence is characterized by the sharing of an experienced 
trouble, the definition of a problem and the visibility of the constituted arena around this 
problem. In order to detail them in relation to our field observations, we designed three 
scenarios (Fig.3, 4, 5) representing these characteristics (through three colors background, 
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more or less present according to our observations) as well as the most important steps of 
each situation (drawings thus evoke important moments of our observations). The numbers 
allow us to associate a specific moment we observed with a specific condition. 

 
Figure 3: Use case A 

1. Beginning of the project: Students are asked to answer individually to a question (Have you observed or had 
experiences that you would have wished to translate?) by drawing on their personal experience. 

2. Divided into groups, students must then collectively find common points to formulate a trouble represented 
through three specific mediums.  

3. This trouble is then translated into a problem and explored outside of class time. The time spent with the 
teacher is used to report on the work done. 

4. Each group gives a presentation in the classroom to the teacher and the other groups. 

 
Figure 4: Use case B 

1. A space dedicated to the project is found in the neighborhood. This space allows to propose workshops (but 
also in other places) inviting inhabitants to express themselves on their perceived images and habits of the 
neighborhood.  

2. Ideation workshops are carried out with inhabitants: project templates are distributed in order to collect ideas on 
possible transformations of the neighborhood. 

3. Tours of the neighborhood are organized in order to identify places to be changed: stickers are stuck on them 
by the inhabitants indicating the possible evolutions. 

4. The data collected is then presented to the inhabitants, directly in the public space, as well as to the local 
elected officials. 

 
Figure 5: Use case C 

1. Presentation of the brief and the audit carried out beforehand by the design teams on the current website: first 
brainstorming on the principles of experience that the participants think are the most adapted. 

2. The imagined functionalities are then materialized collectively in the form of paper "functional bricks".  



 

124 
 

3. These functionalities are then composed in the form of a tree structure, in group, then presented to be 
annotated by the participants. 

4. The work done during the workshop is then presented to the workshop participants.  
 

Being concerned by a trouble: curating the concern 

Our comparative analysis highlights three conditions in the emergence of a shared trouble 
within a prototyping situation (Fig.6): visualizing a situated and dynamic antagonism, 
considering all the voices of people and using space as a designing background. These 
conditions inform us about levels of action for curating a concern. 

 

Figure 6: Three conditions for the emergence of a trouble within a prototyping situation (in the form of pictograms). 

First of all, it seems essential that a prototyping situation always starts from a commission 
that makes a project dependent on a field, ready to be explored (Frodon, 2022). Working 
from existing situations (seen as design materials) allows the formulation of a trouble, more 
or less experienced by actors, through formats which are sufficiently plastic to maintain a 
plurality of perceptions around this trouble. Without this situated aspect of prototyping, the 
trouble cannot be grasped in all its diversity: managing to map this plurality makes the 
formulation of a trouble visible without being too prescriptive or unequivocal, as it supports a 
collective formulation of the trouble during all project stages. At the same time, it makes it 
possible to keep track of the project, to understand which issues need to be discussed at 
which times and to make visible how the group works dynamically on a trouble. 

Then, although the trouble is expressed in a collective way, the prototyping situation should 
allow each participant, not only designers but all the people involved in the formulation of a 
trouble (users, clients, etc.) to describe individually the way they perceive it. Thus, the 
prototyping situation should provide subspaces where personal expression is possible 
throughout the project (Thoring et al., 2018) making visible all the potential places associated 
with the trouble. These places expand the scope of the field exploration, allowing the 
prototyping situation to be situated in different places, each time involving specific formats, 
with the objective of considering all the voices concerned by the trouble in question. 
Consequently, it seems important that a preliminary work is done with a panel of actors, 
representative of the plurality of the trouble in order to pluralize the places where the 
prototyping situation could occur and the trouble could be formulated. 

Finally, to support the collective formulation of a trouble, the situation should consider the 
possibility of spatializing data involved in this formulation. Space can become a designing 
background for the trouble (Keller et al., 2006). Forasmuch as the prototyping situation is not 
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situated in a single place, each space should make sense for actors by facilitating a work of 
composition, hanging, collage and juxtaposition of data. Curating the concern should also 
consider the explicitation of a valid type of speech: informing, instructing, persuading, 
criticising. Describing which type is used allows for a better positioning of actors in relation to 
what is said. The prototyping situation should thus be able to make people aware of the 
plurality of ways of expressing themselves within and on a project. 

Defining a problem: building a public 

Our analysis highlights two conditions that contribute to the definition of a problem through a 
work of investigation within a prototyping situation (Fig.7): labelling a thing and using the 
space as a parliament. These conditions seem to support the transformation of a group of 
people (concerned by a trouble) into a public whose objective is to characterize a trouble by 
a problem. 

 

Figure 7: Two conditions for the definition of a problem (by a public) within a prototyping situation (in the form of 
pictograms). 

First, the prototyping situation can be seen as the material translation of a trouble in terms of 
causes, factors and liabilities (Mollon, 2019): through data collection formats, more or less 
participative, the goal is to identify which elements allow the group to define the trouble as a 
problem. Therefore, it seems necessary that these formats make visible, at different places 
and times, the potentiality of a data to be part of a wicked problem (Rittel & Webber, 1973). 
Here prototyping is thus considered as a way of labelling a thing or Ding (Latour & Weibel, 
2005) into a problem which reveals the invisible forces and political tensions at work in a 
trouble. To do so, the prototyping situation should support the documentation of all the 
labellisations of the thing and the definitions of the problem in order to keep track of the many 
possibilities for a public to justify its existence. 

Second, defining a problem within a project requires to take into account the spatial 
properties of the prototyping situation which allow to discuss around collected data. The 
space should thus be modular enough to produce different types of physical and discursive 
confrontation: semicircle, circle, horseshoe, classroom, opposing-bench, etc. (XML, 2016). 
By diversifying the ways in which speech is materially produced, the work of problematization 
is fed by the many points of view that these types bring out (Luck, 2010). Space thus 
becomes a parliament, a place where the definition of a problem is realized. But beyond 
space, it is also the relationship to time that should be considered. The prototyping situation 
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encourages a total immersion, over short or long periods, from which key moments emerge, 
helping to develop the problem more precisely. 

Being visible: opening new project paths 

Finally, the comparative analysis highlights three conditions that shed light on operations 
involved in the visibility of a project carried out by a design project-team (Fig.8): searching for 
a common horizon, adapting communication modes, and building the space as an exhibition. 
Here, the act of prototyping requires us to think the communication’s project as a way to 
design. Therefore, each moment of public presentation, not only at the end of a project, 
potentially creates new design paths and opens up the scope of the project. 

 

 

Figure 8: Three conditions for the visibility of an arena within a prototyping situation (in the form of pictograms) 

First of all, the communication of a project should be adapted according to audiences in 
order to potentially involve them in the project and make them feel concerned by the problem 
(and the trouble) formulated by the team. From this point of view, it seems essential to 
pluralize the formulations of the problem and identify issues at stake for each audience in 
order to adjust the discourse as best as possible. Previous conditions we described earlier 
play a key role here. Therefore, communicating a project is not only a matter of providing 
information but also generating agency within the audiences to continue building the project. 

Thus, seeing communication’s project as the potential emergence of agency within an 
audience makes it possible to extend the scope of project’s visibility from its beginning (Ricci, 
2022). There is a challenge of adapting the modes of communication according to the 
situation of communication: the creation of formats informing on the project while allowing 
audiences to participate is a goal that any situation of prototyping can take into account. 
Participative design tools of observation and ideation should therefore also facilitate 
communication of the project and its issues. This goal of mediation is fundamental because it 
demonstrates the potentiality for communication to sparke a trouble within the audiences and 
offer new paths of action and reflection to the project. 

Finally, the prototyping situation can be seen as an exhibition space (Mabi & Monnoyer-
Smith, 2012) where the project is both a communication situation and a design situation 
(Gentès, 2022). Considering these two sides allows for the arena to make itself visible to 
other audiences. To do so, the visual identity of the project should be built at the same time 
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as the project as long as it reflects the different perceptions around the trouble. This 
supposes that the space properties should take into account different types of speech, 
according to the stakes of communication and the material properties at disposal. 

The analysis of three prototyping situations allowed us to identify various conditions for the 
emergence of an arena. Our goal is to point out how a prototyping situation can be 
experienced as political, beyond a functional approach. Indeed, if we consider prototyping as 
a space of deliberation, then the transition from one prototype to another should not be 
based on the criteria of resolution allowing to reject or validate hypotheses (Vinck et al., 
1996). This way of reasoning forgets that each prototype is a world in itself that does not 
communicate the same issues for the project and for the life experiences it addresses. To 
consider an MVP (Minimum Viable Product) as the only valid version of a project is to 
consider design in a linear way. A prototype is therefore not only a static means of translating 
an idea but also a breaking point in terms of representation which influences the 
understanding of a project, particularly in a collective design situation. In this way, prototyping 
makes it possible to grasp different levels of agreement, even partial, on how to build a 
project (Subrahmanian et al., 2003). This last comment is essential because it considers a 
prototype as a boundary object whose primary role is to bring together actors from different 
discourse communities (Krippendorff, 2012). A prototype thus serves here as a deliberation 
space allowing debate around project’s stakes and the most adapted ways to pursue them 
(Fig. 9). 
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Figure 9: Visualizations of the missing conditions for each of the prototyping situations. Each missing condition is located 
at the bottom right of the strip.  

For example, on one hand, situation A allows a personal formulation of a trouble through a 
question (considering all the voices of people). On the other hand, the collective formulation 
of the trouble is less present because the properties of the space do not allow the visibility of 
the many points of view around the trouble (visualizing a situated and dynamic antagonism). 
The work of problematization, in spite of imposed formats of exploration (labelling a thing) 
could not be completed because the project exists outside a concrete commission and a real 
field of exploration. Therefore, the project is limited to the space of the class. By working the 
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prototyping situation as a communication space (using space as a designing background), 
the situation could have better situated each of the project group in a real field of exploration 
with stakeholders while allowing for a collective construction of a problem (searching for a 
common horizon). 

On the contrary, situation B put the emergence of collective trouble at the heart of the project. 
The personal experience of the trouble is captured through various participative design tools 
(labelling a thing). This approach also allows them to communicate differently about the 
project and to engage new audiences but not collectively (adapting communication modes). 
It also shows a light participation from actors because the personal experience of the trouble 
is collected without being followed by a deep exploration of it (considering all the voices of 
people). By designing tools that facilitate the sharing of the trouble more profoundly, the work 
problematization would have allowed actors to discuss more (using the space as a 
parliament) and would have opened the project to more appropriation. 

Finally, situation C engages stakeholders with an already formulated trouble. Therefore,  
space becomes only a place for building a problem (using the space as a parliament) but in a 
collective way (labelling a thing). By focusing more on formulating the trouble (visualizing a 
situated and dynamic antagonism), the prototyping situation would have gained in plurality, 
allowing to reinforce the commitment of actors (building the space as an exhibition). Indeed, 
even if the prototyping situation has brought out new subjects of discussion during the 
restitution, this does not mean that the problematization work has allowed us to explore all 
dimensions of the trouble (considering all the voices of people and searching for a common 
horizon). 

Our comparative analysis between various elements shows how these conditions could be 
brought out of functional approaches of prototyping. In this respect, prototyping situations we 
have analyzed could be seen as a political experience but it seems that their conditions do 
not vary enough to really bring out arenas. Envisioning prototyping as a situation was the first 
step of a consideration about the conditions needed to make a political experience happen. It 
could be interesting to use the framework sketched in this paper to analyze more prototyping 
situations but also to create new ones. Thus we could vary the many different forms of 
arenas allowed by prototyping and pursue the study of the political in the ordinary practices 
of design.  

Informing Design Practices through the Political 

This paper can be considered as a first step of a more extensive research about the way a 
political experience of design could occur within design practices. It provides tools for 
designers and design practitioners to think about prototyping as a situation, and notably a 
political one. The graphic work we designed has two interests. On the one hand, it gives an 
analytical framework for any prototyping situation allowing designers to understand moments 
of emergence (or not) of a political experience. On the other hand, it gives a tool for setting 
up a prototyping situation, based on political experience conditions, and thus leaves the 
possibility for an arena to emerge. 

More generally, what we are trying to emphasize is the reflexive dimension of design practice 
that pushes the practitioner to think, beyond the emergence of ideas, about the material 
conditions of the emergence of political arguments that can forge and build a political arena. 
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Therefore, this research is trying to explore ways of making the practitioner feel concerned 
(producing matter of concern from the designer and the participants), by being a complete 
actor in the project for which he or she is responsible. In this sense, we come close to some 
activist practices in design (Bieling, 2019), in which the personal interest of the project for the 
designer is a corollary to its application. This way we question the working environments of 
designers and the habits that are forged there over time: from the moment that a designer 
fixes his or her practices in a specific environment, how can he or she guarantee a political 
experience of this environment? Or, on the contrary, when the designer is not aware of the 
classification systems of a situation, how can he or she work on the conditions for 
questioning these systems? And, on a more general level: iin what ways designers could 
embody the political dimension of their practice knowing that they participate in a material 
culture of which we are aware of its limits today? 

This article brought a series of questions we could explore by engaging a more extensive 
research on how prototyping could be the most adapted situation to experience the political 
in design because it brings together human and non-human actors into a co-design process 
where debate is necessarily present. In his compositionist manifesto, Bruno Latour calls for 
thinking politics as the progressive composition of a common world. Pluralism should be the 
primary material from which it becomes possible to come together, to deliberate: "if we put 
aside what separates us, there is nothing left for us to put in common" (Latour, 2022, p. 14). 

Thinking from the point of view of pluralism means accepting that the political can emerge as 
much from parliaments as from: "Scientific laboratories, technical institutions, marketplaces, 
churches and temples, financial trading rooms, Internet forums" (Latour, 2022, p. 21). All of 
these places show different material properties inducing different ways of speaking, ways of 
coming together, of raising a concern, of deliberating, of designing. 
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Abstract  
Prototyping is one of the vital attributes of establishing a design-thinking organisation. This study suggests 
it also implies its oxymorons as an organisational material practice when it comes to digitalised product-
service system (DPSS) development practice. DPSS development involves digital artefact design. This 
however requires a new organisational approach to prototyping. Designing a digital artefact is concerned 
with digital materiality - a combination of heterogeneous digitised materials: tangible materials (products 
and network systems) with intangible ones (service and contents), accomplished in a generative design 
approach. But it also presents new organisational challenges on increasing unknown factors emerging from 
the heterogeneous and generative design practices, calling for dedicated experiential learning practices 
through organisational prototyping.  Qualitative case studies of three tech companies sharing common 
design philosophies found key organisational barriers to establishing a prototyping culture in association 
with DPSS development projects. It revealed that prototyping processes and the outcomes can be 
purposively manipulated for an organisation’s exploitative purposes. As an organisation’s social material 
practice, increasing unknown factors associated with digital artefact design engage with characterising an 
organisation’s concerns on the unknown. These are likely reflected in organisational prototyping. In an 
organisation’s design process, its conventional assumptions coupled with dominant analogies, superiors’ 
high power desirability and its coercive bureaucratic features reflected in prototyping processes can 
implicitly lead its prototyping to its exploitative purpose instead of experiential and exploratory purposes. 
This study presents empirical evidence that prototyping as an organisation's social material practice 
connotes its oxymoron. 
 
Prototyping culture, generative capacity, design thinking organisation, digitalised product-service 
system(DPSS), sociomateriality 
 
In a product and service development process, an organisation’s approach to prototyping 
reflects its culture in association with professional culture dominating in design practice (e.g. 
engineering) and ways of communication between members that engage with the complex 
practices – e.g. decision-making between powers and design communities etc. (Schrage, 
1996; Camburn, et al., 2017). Such prototyping enabling organisation can be denoted as 
prototyping culture (Camburn, et al., 2017; Schrage, 1996). Likewise prototyping in 
organizational contexts has been studied and empirically researched in a wide range of 
design and management-relating studies from prototyping practice: organisational factors 
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that contribute to design fixation in prototyping (Youmans, 2011) to meaning of prototyping as 
material practices in organisation: prototyping culture is a key source of design thinking 
organisation which emphasizes collaborative, participatory and iterative problem-solving 
approaches (Elsbach & Stigliani, 2018; Camburn, et al., 2017; Bogers & Horst, 2013), 
prototyping can be performed differently depending on characteristics of bureaucratic 
systems an organisation adopts (e.g. engaging vs. coerciveness in organisational 
formalisation) (Adler & Borys, 1996; Adler & Winograd, 1992), prototyping a complex 
technology system is an embodiment of social material practices of an organisation and the 
technology prototypes as the configuration of its socio-material artefacts (e.g. hardware, 
software and relevant work practice) (Suchman, et al., 2002; also Orlikowski & Scott, 2008).  

Within the context, applications of service-dominant (S-D) logic in the field of design studies 
and blurring boundary between product and service call for new understandings of product 
and service design, namely, product-service system (PSS) (Vargo & Lusch, 2017; Sangiorgi 
& Junginger, 2015). But the emergence of PSS also requires a new organisational approach 
to designing and prototyping (Camburn, et al., 2017). PSS refers to a bundle of physical 
products (the offerings and benefits delivered from tangible material properties to customers) 
and intangible services (the offerings mostly provided in the form of the intangible). From an 
economic perspective, products and services are closely related to one another as 
information systems and technologies advance. Most service offerings are provided in 
conjunction with such physical products and vice versa (Grönroos, 2006; Ulrich & Eppinger, 
2016): for example, mobile communication systems delivered by hardware handsets 
(products) and mobile network (service), healthcare offerings delivered by a combination of 
medical devices (products) and medical diagnosis and advice (service) and so on.  

In line with this, the concept of PSS that enables digital services and products has been 
introduced, called a digitalised product-service system (DPSS): such intangible offerings (e.g. 
digital network-based services and contents) delivered and consumed via digitised hardware 
(Lenkenhoff; et al, 2018).  Broadly speaking, DPSS is involved in digital artefacts, 
characterized as ‘digital materiality’. That is a combination of heterogenous kinds of materials 
between software (contents and service) and hardware (network and device) ‘heterogeneity’ 
(Yoo,  2012; Nylén & Holmström, 2015). Offerings, functions and features of such digital 
artefacts – i.e. DPSS-  can be continuously changed, revised and updated by which diverse 
ranges of co-designers (e.g. users, platform complements etc.) openly engage in editing, 
reprogramming and/or updating digital data encoded in the system. In doing so, the 
meanings of such digital artefacts can be continuously rejuvenated with indefinite 
possibilities, namely, generativity (Yoo, 2012; Nylén & Holmström, 2015).  

Yet, scholarly discussion on prototyping for digitized PSS (DPSS) is still in its infancy 
(Camburn, et al., 2017; Ruvald, et al., 2020). This paper is therefore aimed to bring a new 
understanding of interwoven relations between organizational material practices reflected in 
prototyping digitalised PSS (DPSS).  This paper is organised in accordance with the research 
questions guiding this research. The following literature review will present theoretical 
background to answer the question of i) how prototyping for digitalized PSS (DPSS) as a 
digital artefact might have to be approached. Following that, findings from from the multiple 
case studies will answer the question of ii) what organizational components might be 
concerned with the prototyping processes in actual organizational settings. Based on the 
insights gained from the case studies, it is to be discussed iii) how those organisational 
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factors might affect the prototyping as an organisational material practice (i.e. DPSS 
development as digital artefact design). 

 

The theoretical framework 

Prototyping as an organisational material practice  

New product development is a representative organisational practice that mirrors an 
organisation's series of managerial actions for complex problem-solving related to its material 
practice - e.g. product and/or service designs (Junginger, 2008; Ulrich, 2016). In product (or 
service) development, prototyping plays a vital role as a manifestation of the organisational 
practice. Prototype refers to an approximated artefact that can show a feature (or multiple 
features) of a product to be designed - e.g. concept sketches, mathematical models, 
simulations, test components, a fully functional production version of a product etc. 
Prototyping as an organisational practice is not only limitedly aimed at hardware product 
development, but also involved with service, or system design (Ulrich, 2016; Camburn, et al., 
2017). It contributes to evaluating and testing whether at least one attribute of a product to be 
developed would be able to work, in terms of, for example, looks & feels, technical features & 
function or/and both (Ulrich & Eppinger, 2016; Camburn, et al., 2017). In doing so, it presents 
analytical evidence to demonstrate, for example, such user desirability (e.g. user need 
testing), business viability (e.g. market potential) or/and technical feasibility (e.g. computer 
modelling embedding a dynamic simulation model) in a visual and/or mathematical manner 
(Brown & Wyatt, 2010; Ulrich, 2016). Then it enhances reliability in such complex technical 
and engineering products to be developed, so as to measure and reduce anticipated risk: 
(Ulrich & Eppinger, 2016; Camburn, et al., 2017). As an organisational material practice 
mirroring one’s complex design practice, prototyping has the following functions. 

Firstly, it contributes to organisational learning in accomplishing complex design practices 
(Camburn, et al., 2017; Ulrich, 2016), through tacit and explicit engagement with 
organisational learning between designers (Nonaka, 1994). Then it contributes to complex 
design problem-solving in design practices (Camburn, et al., 2017; Ulrich, 2016).  Secondly, it 
is a ‘communication’ tool and plays a role as a key channel between diverse stakeholder 
groups, which helps them to interact and reach decision-making (e.g. top management, 
vendors, partners, extended team, vendors, customers, investors etc.) (Ulrich, 2016). It acts 
in organizational information processing for knowledge creation so as to contribute to 
complex design problem-solving. With the use of a tangible prototyping outcome that has a 
certain level of fidelity, the interactive communications between design stakeholder groups 
contribute to promoting the exploration and ideation process. Then it is to elaborate a new 
design concept or/and draw noble design solutions throughout the iterative prototyping 
process (Camburn, et al., 2017; Ulrich, 2016). Yet, if such communication for prototyping 
involves too long feedback processes in design-decision making process with senior decision 
makers or/and top management, the prototyping process can be at risk to lead to 
conventional communication within dominant organisational logics and analogies (Camburn, 
et al., 2017), which results in ‘design fixation’ (Crilly, 2015; Schrage, 1996). In association 
with all those, prototyping plays a role as a ‘medium’ between product development relevant 
groups for rational-design decision making– e.g. the marketing, design and manufacturing: 
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evaluating and testing technical feasibility in new product development, followed by constant 
refinement (Camburn, et al., 2017) and integrating process at a product system level (Ulrich, 
2016).  Lastly, prototyping is characterised as a 'milestone' in the process of demonstrating 
whether such a complex technical product would be able to achieve the desired level of 
functionality (Ulrich, 2016) and that usability etc. (Camburn, et al., 2017).  

However, despite the increasing complexity of digitalised products and services - e.g. DPSS, 
prototyping has been discussed mostly in hardware-relevant product design, not likely on the 
intangible (Camburn, et al., 2017). Nor have those been approached from comprehensive 
organisational design perspectives, considering organisational components -e.g. structure or 
culture (Elsbach & Stigliani, 2018).  

 

Generative capacity and prototyping culture in a digital age 

With reviews of such key features of prototyping in organisational design practice, Schrage 
(2006) introduced the concept of 'prototyping culture'; a creative and innovative 
organisational culture which values exploratory and agile design approaches, so that enable 
such iterative and process-oriented prototyping processes.   

The notion has been echoed by many design and management relevant organisation 
studies, for example, ‘design thinking organisation’ (Elsbach & Stigliani, 2018; Andrew & 
Sirkin, 2006). That is extended to account for key characteristics of an organisation that 
builds digital artefacts by highlighting the generative capacity of an organisation: the capacity 
of a group (e.g. an organisation) or human-made artefact to (re)produce or (re)generate 
something new by rejuvenating it with indefinite possibilities (Avital and Te’eni, 2009; Ven, et 
al., 2013; Yoo, 2012).  It is inspired by multiple architectural design projects run by architect 
Frank O’ Gehry’s office.  Despite such huge complexity of those projects, in which diverse 
ranges of stakeholder groups in architecture, construction person, engineering sides etc. 
engage (Yoo, et al., 2006; Boland, et al., 2007), unique forms of his architectural design have 
been successfully realised by the office's a series of prototyping processes (e.g. from Gehry's 
conceptual sketching into the 3D rendering by using computer software etc.) to refine 
concepts and forms (Boland & Collopy, 2004; Elsbach & Stigliani, 2018). Then, the design 
organisation (i.e. Gehry’s design studio) shows the following attributes that can enable it to 
perform its generative capacity to accomplish such complex architectural design projects 
heterogeneous design stakeholders involve.   

First, the organisational environment is open–ended (Yoo, et al., 2006; Avital and Te’eni, 
2009). That enables stakeholder groups to engage in generative form giving: e.g. searching 
for alternative design solutions and applying more design options followed by visualising and 
simulating various unprecedented events for testing and examining abstraction (Avital and 
Te’eni, 2009). Secondly, it shows an adaptive feature (Yoo, et al., 2006). That allows an 
organisation to relate to a dynamic, changing environment, which in turn diverse designers 
can be enabled to engage in their design tasks autonomously from each discipline’s 
respective perspective (Avital & Te'Eni, 2009). Lastly, the organisation with enhanced 
generative capacity values autonomous and self-guided design problem-solving processes 
between individual designers. Then it can encourage design stakeholders from diverse 
disciplinary groups to openly engage in co-design activities. It enables them to suggest the 
best temporal solutions drawn from each discipline’s best practices (temporality), with little 
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constraint from conventional assumptions (Yoo, et al., 2006).  

 
Challenges in DPSS development as digital artefact design: increasing 
unknown factors 
Establishing a prototyping culture is challenging because of increasing unknown factors from 
managing complex digital artefact designs. Digital physical product development practice 
explicates such challenges in association with managing the unknown in digital artefact 
design practice (Table 1). DPSS is accomplished by Digital-physical product development 
practice: the organisational design practice applied in the transformation of previous non-
digital products into digital products and services by adding digital technology (Hendler, 
2019; Svahn & Henfridsson, 2012). But it connotes the following modalities that cause such 
unknown factors in the design practice:  diversity, complexity, uncertainty, and 
interdependency (Table 1). 

Firstly, it is concerned with a high degree of diversity.  Digital-physical product and service 
development processes require considering information and knowledge from multiple 
heterogeneous domains (software and hardware) (Hendler, 2019). The use of widely 
distributed information and innovation networks promotes diverse co-designers engagement 
in such generative design practices. But increasing heterogeneity in the knowledge creation 
domain - e.g. hardware and software  - should be dealt with to accomplish a design project. 

Secondly, such heterogeneity-driven design practice causes increasing ‘complexity’ in the 
design practice. Designers who experience only their own discipline or relevant knowledge 
domains are likely to have difficulty understanding new design problems occurring in 
heterogeneous components (Hendler, 2019).  

Thirdly, such increasing complexity in the design practice presents concerns about increasing 
the level of uncertainty in the design practice (Hendler, 2019). A design group that has rarely 
experienced such heterogeneous design components requires more time and resources to 
evaluate the information collected in order to generate new knowledge for problem-solving 
(Milliken, 1987).   

Lastly, considering all the above, the design practice is concerned with a high degree of 
interdependence in accomplishing the design tasks. Functioning a digital artefact as a whole 
is a result of an interdependent operation between all relevant hardware and software 
components which contribute to digital product architecture (Yoo, et al., 2010) and 
consequently digital artefact as a whole - e.g. digital product, service and product-service 
system, platform. It is important codesigners engaging in the design practice consider how 
those components would work, interdependently 

Above all indicate that DPSS development demands a dedicated organisational approach to 
prototyping in order to cope with such increasingly unknown factors in the design practice. 
But it also implies to underline supportive organisational culture that can enhance its 
generative capacity so as to promote dedicated prototyping in real organisational contexts 
(Ven, et al., 2013; Boland & Collopy, 2004).  

 

 



 

138 
 

Category  Definition & attributes 

Diversity  
 

A status that indicates that a variety of works, expertise and disciplines 
have to be adopted in order to acquire the range of competencies needed 
to perform an innovation process 

Complexity 
 

Status that people are hard to understand and analyze their work due to 
incrementally increasing new information from heterogeneous and volatile 
organizational environment 
 

Uncertainty 
 

A status indicating that people are incapable of predicting the future 
precisely, due to a lack of information about it  

Interdependency 
 

A status that indicates the extent to which diverse disciplines and 
professionals collaboratively rely on, carrying out a complex innovation 
process 

Table 1. Definitions of key factors considered in digital artefact design practices (adapted from Boer & During, 
2001) 

Qualitative research approach 

Case study:  synthesis by explanation approach 

In the empirical research a case study approach was used to offer exploratory insights (Yin 
2009), employing an approach of ‘synthesis by explanation’ - seeking discernable patterns 
from documentary sources that contain empirical qualitative data to supplement the author's 
interpretation: e.g. qualitative case studies, interview quotes etc. (Rousseau, et al, 2008). 
This is performed by using mixed qualitative methods techniques: incorporating the analysis 
of original interview transcripts (over 76,000 words transcribed from recording the 23 in-depth 
expert interviews done between August 2013 to September 2014) into that of a range of 
multiple documentary sources, aimed at construct validity between those qualitative datasets 
(e.g. books and academic journals which contain empirical data, interview quotes, case 
studies etc. on those companies) (Bowen, 2009; O’Reilly & Kiyimba, 2015; Yin, 2009).  

A total of three cases have been selected to analyze: Sony, Samsung and Theranos which 
have influenced one another in terms of design philosophy and design strategy: Sony's 
design philosophy inspired Steve Jobs' Apple product design (Isaacson, 2011) and 
Samsung's design philosophy (Cain, 2020); Also, Apple’s design philosophy and strategy 
inspired Samsung’s (Cain, 2020) and entrepreneurship of Theranos as well as her 
company’s product and service design (Carreyrou, 2018). In common, those provide DPSS 
types of offerings: Sony and Samsung (diverse ranges of their digital service and contents 
via their hardware handsets) and Theranos: healthcare service (diagnosis & advice) via its 
medical devices.  

The collected qualitative data were analyzed in a thematic analysis approach (Braun & 
Clarke, 2006). Initially, the interview transcripts regarding Samsung & Sony cases generated 
472 reference codes. These were regrouped into the eight subcategories related to major 
causes of organisational concerns which may impact prototyping. From the subcategories, 
the four key main themes were drawn in relation to key organisational characteristics that 
may be caused by those organisational factors indicated in the sub-categories (figure 1). 
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The key themes were used for the initial analysis of the two cases (Sony & Samsung), and 
then to be recounted the case, Theranos with the review of a range of documentary data 
sources, aimed at enhancing triangulation between the qualitative datasets and construct 
validity between the cases (Yin 2009). 

 
Figure 1. The coding structure & main themes 

Findings  

Sony: peripheral prototyping  

As the digital age began, Sony businesses have been faced with critical challenges from 
their global rivals, Samsung and Apple (Chang, 2009). It led to the step-down of Ryoji 
Chubachi, the company’s CEO in April of 2009, as a result of being blamed for the defeat of 
Sony’s electronics division in competition with those two global rivals, during his reign. In 
February 2014, due to poor sales, Sony sold off its VAIO computer division to Japan 
Industrial Partners (JIP) for 50 billion yen to focus on its mobile business (Smith, 2014). 
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In 2017, its mobile (which had operated as Sony Ericsson Mobile Communications until 
2012) global market share dropped to less than one percent of the global market (Sunnebo, 
2017). On April 1, 2021, Sony Mobile division alongside its electronics businesses vanished 
by being integrated into one company called Sony Corporation.  

Dominant hardware-oriented analogies 

The enduring hardware domain of Sony contributed to fixating a strategic design approach 
on their existing dominant logic used for hardware product development, as concerned about 
a range of explicit considerations on existing resources utilized in hardware manufacturing in 
a marginal economic sense (e.g. efficient production with minimized costs, and maximized 
profitability). But it consequently prevents the design group from adapting it to strategic 
business model innovation to utilize heterogeneous and generative design practice needed 
for DPSS.  

"It's something to do with cost things within the hardware-based company. Because tooling is 
obviously very expensive. They are more expensive than the infrastructure related to service 
stuff. […] So when a project starts off, for example, I have to go and say, "Who is going to 
pay for my time?" The budget holder will be engineering. Always engineering because it is 
concerned with cost."  (19)  

Multiple powers reliant design-decision making processes 

Back in 2013 and 2014, Sony still showed a conventional organisational form that relies on a 
widely divisionalised organisational structure; aimed at traditional manufacturing practices 
and the linear and hierarchical manufacturing process (also Chang, 2008). Its design process 
rather relies on obscure decisions made by multi-layered power structures. Accordingly, 
conventional Asian organisational culture characterised by collectivism (based on in-group 
respect) and power-centric organisational attitudes (hierarchy between superiors and fellow 
members is an existential inequality) (Chang, 2009; Hofstede, et al., 2010; Cain, 2020) 
pervaded in design-decision making processes. Those hinder creating an open-ended, 
autonomous and self-adaptive organisational mood to cope with such complex and uncertain 
design practices, as remarked following:  

“In Sony, teams are created based on understanding and mutual respect. So I had been a 
project planner. I was working with them for three or four years. We really work hard together. 
We respect each other. So then whenever we had a different project or even none of my 
area, we always say "I would like you to ask 'Ra- San". Because he trusted me. Because he 
can assure his boss. Then the boss authorizes me. It is like sub-hierarchy […] it's a weird 
mechanism. It's not like army like structure where orders take place like a machine, but 
rather political and group-oriented; everything under one head in one house.” (19)  

"There was a product that we wanted some years ago, called Xperia Play. But the device 
launching got delayed. The project was kind of zombie, die and come back again. It's 
because the top management from all divisions had to reach an agreement such as; who 
does what? who does this part for software? Who would own the product part? Who would 
be responsible for launching? and so forth." (23) 
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Lack of expertise in the power structure 

The such organisational mood is also attributed to a leader's characteristics shown in key 
design-decision-making processes, such as lack of professional and educational 
backgrounds on digital artefact designs, which may cause a high level of uncertainty 
avoidance attitudes across the organisation as such complexity increases. It was involved 
not only with middle-level management – e.g. mostly hardware engineers who lack software 
domains but also the top management as evidenced in the case of former CEO, Howard 
Stringer who served until 1 February 2012. 

"Their approach to software is also hardware-oriented. The owner of the project, the general 
manager is the hardware owner. Now the software general manager reports to the hardware 
general manager.” (19) 

"Our CEO didn't have a product-related background but has media relevant background. 
Howard Stringer reigned for the company but he didn't understand product as much as 
media. For him, the strategy was about selling product by utilizing media. So he didn't really 
track too much the product development cycles, nor focused on product itself." (23) 

Absence of prototyping process 

Such organisational attributes to failure to establish a generative organisation for DPSS were 
manifested in the absence of a prototyping process while digital product and service 
development processes were undertaken. Instead, design projects had sporadically taken 
place in a reductive manner, upon request by such organisations without a long-term 
strategic roadmap and exploratory, as remarked following. 

"Sony didn't have the prototype part in the design division but rather a small one consisting of 
one or two people. They are nothing really. […] Sony makes TVs. Now Google TV comes 
out. Sony was panicked then. So, it makes a partnership with Google. And they would say 
"We are going to make a partnership secretly with such scalable companies in three years. 
Then we are finding our own system.” (19)    

Samsung: coercively coordinated design process 

Since Samsung Electronics launched its business in January 1969 as an OEM maker of a 
range of hardware electronic products for a Japanese electronics maker (Panasonic), its fast-
follower strategy has driven mass production of its hardware product lines (Chang, 2009) and 
it contributes to achieving its status as the world top-ranked mobile handset maker with its 
original brand, by overcoming its handicap as an OEM maker. Despite that, as digital 
innovation competition began its design strategies and creative capacity associated with 
digital product and service designs have been in question (Wilson, 2015; Cain, 2020), as 
evidenced by multiple incidents in the company involves. From 2011 to 2018 the company’s 
design of its 13 flagship Galaxy S lines has been involved with copycat issues with Apple’s 
iPhone and iPad due to the similar look and feel of the devices and the software designs 
used (e.g. bounce-back response and the tap-and-zoom gesture): in the US, the case has 
been eventually closed in 2018 with the final verdict of the U.S. District Judge in San Jose, 
California; Samsung has to pay $539 million for its fine for the infringement of Apple’s design 
(Kastrenakes, 2018). In 2016, its Galaxy Note 7 flagship product has been involved with the 
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issue of technical design failure: overheating and/or exploding issues throughout the 
overcapacity of the battery built into the device, which results in banning the possession of 
the device from all US air flights due to the possible risk of accidental fires (Cain, 2020).   

Dominant hardware-oriented analogies  

Back in 2013 and 2014, Samsung design groups were broadly governed by existing 
dominant logic rooted in its hardware domain which consequently presented multiple 
challenges to its business model innovation and changes of design strategies towards 
holistic DPSS (Chesbrough, 2003; Nagaraj, et al., 2020), as described as follows: 

"Our designers often say 'Our scope is only up to here because we are a manufacturer.'  
They said this company is aimed at manufacturing for mass production […]  there are several 
proposals delivered by a product planning team or the relevant departments. The drafts tend 
to include specifications and details for the proposals. But engineers' inquiries tend to be 
considered leading to the acceptance (of the proposal) without further assessment because 
of their mathematical evidence, whereas designers’ ones are unlikely. Because there is no 
rigorous design initiative process led by designer groups."  (21) 

The hierarchical power structure and politicized design processes  

Samsung also suffered hierarchical design- decision-making processes relying on multiple 
power structures. But interviewees reported more uniqueness in association with Korean 
organizational culture, concerned with seniority, rank, and kinship, as follows: 

"Hierarchy is very important in my current company. I found that Korean colleges in Seoul are 
unlikely to speak up or show their opinions if their ideas are different from their managers. 
Following the order in the company is routine."  (15)  

"I strongly feel like I am in the Korean army service culture, seriously. Although we are a 
design team if seniors in management parts ask to change a draft and say that is wrong. 
Then, design idea must be changed. If superiors think it is wrong, it is wrong without 
reasons” (21) 

Such a unique organisational environment fosters a politicised organisational atmosphere. 
Particularism and exclusion between design units in product development pervaded, 
presenting territorial conflicts between those sub-design units and/or authorities in design- 
decision-making. Then, strategic decisions were shown to be made by following a status 
quo’s political interests, instead of professional ones, as remarked by the following. 

"A design project must be carried out by dedicated collaborations between diverse design 
and non-design groups from software, hardware, marketing, product planning teams etc. 
However, I often found that a new project requiring extra work to another team or those 
groups are likely to be less considered or hesitant implicitly." (2)  

“How to treat superiors is very important in the Korean company; quick revision of a draft and 
readily response to their inquiries are all related to it. By doing so, those fellow designers can 
be acknowledged by their superiors and gain significant kinships with those superiors […] in 
this mobile division, most design ideas tend to be confirmed and decided by the head of the 
division, CEO, instead of the design group's one. It means that such good relationships with 
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the CEO are vital in proceeding with a design project.” (21)  

Formalized prototyping process 

Within that organisational environment, genuine prototyping is unlikely to take place in 
practice. Instead, it was seen as organisational formalization activity. Its product and service 
development processes required various formats of documentation and demanded multiple 
authorisation processes with superiors' requests for relatively high-fidelity prototypes. In the 
process harsh brevity abruptly done by superiors was reported.  In-depth user research and 
prototyping were therefore unlikely or even ignored. Those are illustrated as follows:  

"There is one parable in Samsung then. If you lay this iPhone 4 flat, a volume button will 
appear on the screen and this can be a shutter button too. But this function was not featured 
in the iPhone 1 or 2 series. At that time, a Samsung engineer who was the deputy manager 
suggested this idea to his director. But the idea has been immediately rejected by him, and 
was told, 'What a meaningless idea it is! Why didn't you do more valuable research on it?’” 
[…] there are still limitations in speaking up in Korean companies, which causes negative 
effects.”  (17)  

"In the Korean company, it could be very difficult to coordinate such design workshop 
because it seems to be differently comprehended. Such design workshop even requires a 
tangible design output. […] in the case of such big design workshops, mostly a director tends 
to dominate it and then general managers follow up with him or her by giving a few 
comments. Then it is wrapped up. It looks like a school lecture. […] design process requires 
in-depth studies of human needs in a social science studies approach. But we don't have 
time to study it. Design output must be generated within a week and confirmed by the top 
management. Then it comes to prototyping which era meant to be the final output." (21)  

Theranos: prototyping as the politicized manifestation 

Theranos has been established in 2003 by a Stanford University drop-out student, Elizabeth 
Holmes at age 19, who fascinates Apple, and the founder of the company, Steve Jobs. It had 
gained great attention from the public with the company’s innovative medical product and 
service systems (Edison followed by miniLab, a more miniaturized one); arguably claimed to 
offer a broad range of clinical diagnostic test services via those. While those machines use 
an existing blood testing technique (called ‘chemiluminescent immunoassay' that has been 
already suggested by an academic at Cardiff University in the 1980s in the UK) the company 
claimed with only a couple of drops of blood collected via a finger prick, those nanotainers 
can collect and test the blood sample for diagnosis of a hundred of diseases.  However, in 
2015 a medical research professor, John Ioannidis, Eleftherios Diamandis and journalist 
John Carreyrou raised questions about the validity of the company's technology. Soon later 
all technologies the company proposed were revealed as not valid or fake.  By June 2016, 
the founder, Holmes's net worth had fallen to nothing from $4.5 billion. Then, the company 
also eventually vanished on September 4, 2018, after several years of lawsuits, and 
sanctions.  
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Autocratic leadership and limited comprehension of design  

While the company’s DPSS had gained such great attention from the public, the founder, 
Holmes had been also famed as a representative female figurehead who could be 
outstanding in such a male-dominated business world. But at the same time, her eccentric 
characteristics adopting partial male traits in her public presence had also gained attention 
(e.g. the product, Edison branded with the historically noticeable male inventor). But her 
characteristics were reflected in her relentlessly autocratic leadership and lack of work ethic 
(Dundes, et al., 2019).  

In the prototyping process, her eccentric traits were also presented as a lack of professional 
empathy, shown limited understanding of design and a lack of work ethic. Inspired by Apple’s 
design, Holmes broadly mimicked Apple’s approaches in terms of design, and personal and 
corporate branding – e.g. the founder claimed the company’s system would have to be ‘the 
iPod of health care. But her understanding of design was limited only to design as styling or 
form-giving. Her relentless inquiries to its design group present the evidence in the following 
parable:  

“Ana (former Apple designer, Ana Arriola who was recruited as the chief design architect in 
2007) was responsible for the overall look and feel of the Edison. Elizabeth wanted a 
software touchscreen similar to the iPhone’s and a sleek outer case for the machine. The 
case, she decreed, should have two colours separated by a diagonal cut, like the original 
iMac. But unlike that first iMac, it couldn’t be translucent. It had to hide the robotic arm and 
the rest of Edison’s innards.” (Carreyrou, 2018: p31)    

Exploitation of prototypes   

The company seemingly well embedded a prototyping-driven approach across its product 
and service development process, seen as a design-centred organisation (Straker, et al., 
2021). But the company willfully exploit its prototyping process and the outcomes.  Once the 
first version of the prototype, called, Theranos 1.0 was made, the company prioritized using it 
to validate its business viability first: with the malfunctioned prototype, the company sought to 
obtain a license on the blood testing technology from pharmaceutical companies, gain 
attention from the public through a media, and for recruiting professionals.  An anecdote on a 
malfunctioned prototype used for recruiting Edmond (called Ed) Ku, a chief engineer of the 
company illustrates that.  

“A member of Theranos’s board had recently approached him(Ed) about taking over 
engineering at the start-up. If he accepted the job, his task would be to turn the Theranos 1.0 
prototype into a viable product the company could commercialize […] It didn’t take Ed long to 
realize that Theranos was the toughest engineering challenge he’d ever tackled. His 
experience was in electronics, not medical devices. And the prototype he’d inherited didn’t 
work. It was more like a mock-up of what Elizabeth had in mind. He had to turn the mock-up 
into a functioning device.”  (Carreyrou, 2018: p19) 

Showcased prototypes  

Holmes showed great talent in raising ventures from high-profile investors with the 
exploitation of quirky, malfunctioned prototypes.  The amount of venture capital the company 
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collected was recorded at more than US$700 million and the company’s valuation reached a 
peak of up to $10 billion between 2013 and 2014. Amid the business success of the 
company, its other prototype had been wilfully exploited to present the founder’s delusional 
vision and to uphold her socio-political status quo by realising a home-based miniaturised 
laboratory, called minilab, which has never been technically validated.  Amid increasing 
dubiousness about the technologies presented in its prototypes, the company invited the vice 
president of the US, Joe Biden (current US president) to the company to gain more public 
attention. To impress him the company created a fake lab that was otherwise fully automated, 
by lining up malfunctioning prototypes of miniLab on the shelves of the fake lab.  

“Holmes and Balwanin wanted to impress the vice president (Joe Biden) with a vision of 
cutting-edge, completely automated laboratory. So instead of showing him the actual lab, 
they created a fake one […] the date of the visit, most members of the lab were instructed to 
stay home while a few local news photographers and television cameras were allowed into 
the building to ensure the event got some press. Holmes took the vice president on a tour of 
the facility and showed him the fake automated lab.” (Carreyrou, 2018: p265)  

Implications 

The analysis of the three cases now answers the research question iii) how those 
organisational components and barriers might impact the prototyping process and 
organisational material practice as a whole. 

The unknowns and dominant analogies in the design practice The analysis of the finding 
demonstrated that at the beginning of such a competitive race of digital innovation, the 
increasing need for considering heterogeneous components in the generative design 
practice (digital artefact design) is a major source of organizational concerns on increasing 
complexity and uncertainty: i.e. heterogeneous components considered in the generative 
design practice as the unknown.   An organisation with a lack of generative capacity, 
therefore, tends to show its incompetency in managing DPSS projects. Adhering to dominant 
design analogies and dominant logic in the design processes can constrain design groups’ 
autonomous design problem-solving that is otherwise performed by individual designers’ 
professionalism in an open-ended organizational environment. The case analysis 
demonstrated that such an organizational environment can even cause ‘design fixation’ in 
prototyping, which may perhaps lead to similar designs in final design outputs (Youmans, 
2011; Crilly, 2015): Samsung’s top management’s high demands for high-fidelity prototypes 
within a short time (such organisational atmosphere and conflicts with Apple between 2011 
and 2018; similar looks and feels of Samsung product and service designs with Apple’s.  

Prototyping as an organisational material practice that mirrors an organisation’s 
bureaucratic approaches to managing the unknowns  The findings show that the 
prototyping process can play a role as a bureaucratic instrument to manage such unknowns 
in such complex design practices, even seen as part of organizational formalization. 
Characteristics of the bureaucratic instruments adopted in the prototyping process present 
such evidencing indicator: how an organisation may formalise its material practice to cope 
with emerging uncertainty and complexity, by requesting a range of organisational 
formalisation in prototyping. These can be seen broadly, as coercive or enabling types (Adler 
& Borys, 1996).  As evidenced in the case studies, hierarchical and dominant logics in design 
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processes likely utilize coercive types of organisational formalisation to deal with such 
unknown factors in the design process:  continuous requests of documentation, calling for 
the best high-fidelity prototype, sought by the top management (Samsung); prototyping as a 
part of the mundane process in a complex web of power structures (peripheral prototyping in 
Sony), or completely misleading prototyping processes or exploited prototyping outcomes for 
political showcasing (Theranos).  

Oxymoron in prototyping: coping with the unknown vs. exploiting the unknown Digital 
artefact prototyping involves highly dynamic and discursive design practice that should cope 
with a range of unknown factors in the generative design process. It can thus lead an 
organisation to present its tacit features explicitly in the design process, compared to static 
and linear design practices. Under the condition of such increasing unknown factors in the 
design practice, such tacit organisational attitudes related to autocratic and hierarchical 
power structure can be reflected in how it utilises its bureaucratic instruments: e.g. coercive 
bureaucratic instruments to best minimise risks from taking such unknowns. In this condition, 
prototyping can be purposely manipulated or misled in an exploitative manner by one who 
considers the unknown as his/her opportunity to uphold the status quo. Experiential learning 
and novelty of a design output are unlikely to be considered; instead, prototyping is seen as 
part of formality which can highlight the presence of such powers:  high-fidelity prototypes 
sought the top management’s approvals, (Samsung); and staged prototypes to present a 
politicized leader’s social and political status- quo (Theranos).  

This research confirmed that prototyping the digital artefact (e.g. DPSS) is socio-material 
practice accomplished through a series of organizational discourses between multiple 
artefacts (e.g. hardware, software, design practice etc.) (Suchman, et al., 2002; Orlikowski & 
Scott, 2008). However, coupled with such conventional organizational assumptions, as 
opposed to generative ones, increasing unknown factors from dynamics in the digital artefact 
design practices have an organisation with a lack of generative capacity present its 
delusional vision in an exploitative manner by presenting its dubious design outputs: the 
unknown is thus likely to be exploited; not coped with – i.e. oxymoron in prototyping.  

Concluding remarks  
This exploratory study demonstrated how prototyping can mirror key features of an 
organisation as an organisational material practice. Such features can prominently appear in 
a condition of increasing unknown factors in the digital artefact design practice (e.g. DPSS 
practice), which are unlikely to appear in a static and homogeneous condition; then it can be 
miscomprehended, misled or purposefully exploited. It indicates that such organisational 
concerns about unknown factors can become a major source of a politicized design process 
coupled with an organisation’s bureaucratic manner.  

Yet, findings from the analysis of a limited range of qualitative data sources leave 
unanswered questions on how such challenges from the generative and heterogeneous 
design practice can be tackled in a ‘designerly’ way, and how such oxymoron in prototyping 
(e.g. experiential learning for coping with the unknown vs. exploitative manipulation with the 
ignorance of the unknown) can be embraced in actual organizational settings. Then it 
presents another concern on how future organisations might be able to deal with such 
increasing demands for experiential learning from prototyping with little concerns about such 
organisational manipulation in a real organisational context.  
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Concerning this, this research suggests follow-up studies on how the management of 
generative and heterogeneous design practices might have to be approached in association 
with digital artefact design with which DPSS is associated. To suggest a comprehensive 
framework that can account for a prototyping-driven organisation in a digital age (e.g. design 
thinking organizational culture in the digital age), various types of digital artefact design 
practices by different organizational contexts (e.g. size, industry, types of offerings etc.) need 
to be examined empirically. 
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Appendices 
Interviewee 
Tags 

Job Position Work base (at 
the time of the 
interview) 

Position (Years of 
work experience at the 
time of the interview) 

1 In-house Designer at HP Singapore Senior Level (7) 

2 Samsung Designer S. Korea Senior Level (10) 

3 User Experience Designer at SingTel 
and former Samsung Designer   

Singapore Senior Level (14) 

4 User Experience Consultant Singapore Senior Level (8)  
5 Design Project Lead at Panasonic UK UK Senior Level (Unknown) 

6 Design Consultant UK Chairman (30) 
7 Design Consultant UK Director (16) 

8 Design Consultant UK Creative Director (20) 
9 Samsung Semiconductor Engineer  S. Korea Senior Level (9) 

https://www/
http://www/
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10 Entrepreneur and former Samsung 
Camera Engineer (formerly Samsung 
Techwin) 

S. Korea Executive (14) 

11 Design Researcher and Consultant UK Senior Level (10) 

12 Design Consultant UK Senior Level (8) 
13 Project Manager and Designer UK Senior Level (8) 
14 Service Designer UK Senior Level (9) 
15 GUI Designer at Samsung UK UK Senior Level (15) 
16 Design Researcher and Consultant UK,  

S. Korea 
Senior Level (7) 

17 Global management consultant and 
former LG Mobile Phone Developer  

S. Korea Senior Associate (12) 

18 Design Consultant UK Senior Level (10) 

19 Interaction Designer at Microsoft and 
former Sony, HTC, and Nokia 
Designer 

UK Senior Level (10) 

20 Design Consultant  
 

UK Director (18) 

21 Samsung Designer and former Sony 
Designer 

S. Korea Senior Level (10) 

22 Design Consultant UK Senior Level (7) 
23 UX Designer at Google and   

former Sony and HTC Designer  
US Senior Level (10) 

The list of Interviewees and profile 
 

Dr Hyunwook Hwangbo 
  

He is a lecturer of Design, Business and Technology Management (DBTM) at the Thammasat 
Design School (TDS), Thammasat University in Thailand, teaching a range of design 
management subjects (service design, design research etc.) at both BA and MA levels. 
Before joining TDS, he was a research officer at the PDR Interna�onal Centre for Design and 
Research, Cardiff Metropolitan University in the UK, and had been involved in the UK AHRC-
funded research project, the development of the UK design ac�on plan in collabora�on 
with the UK Design Council and Manchester Metropolitan University, a�er comple�ng his 
PhD in design at Imagina�on@Lancaster at Lancaster University in the UK.   
Before joining the academia, he was an experienced marketer who had gained a wide range 
of his industry experience from mul�ple innova�on, design and brand management 
relevant projects in large Korean manufacturers in the automo�ve and steel industries.  
He is a member of a UK RADMA scholar - the 2013/14 RADMA scholarship recipient.  His 
main research interests cover design management and innova�on and design policy in a 
digital age, par�cularly focusing on digital innova�on, design-centred organisa�on and design 
innova�on policy in the era of digitalisa�on 
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Design prototyping for public 
technological solutions as a social 
learning practice for policymaking 
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Abstract  
 
This theoretical article explores how design prototyping for technological solutions with public and social 
dimensions (e.g., data-centric public services) might represent a practice that fosters social learning for 
policymaking. The paper contributes to two contemporary strands of design research: i) design prototyping 
in public service innovation processes as a means for designing with institutional arrangements; ii) the role 
and object of design prototyping in “design for policy”. The central thesis is that, through prototyping, the 
designing of public technological solutions could become a source of policy knowledge and a driver of 
policy learning. Therefore, the contribution of designers and design practice might go far beyond the 
prototyped solution and impact the policy dimension. The article develops an interdisciplinary review to 
support this perspective, connecting three blocks of theory: i) the enactivist framework, from cognitive 
science; ii) the social learning framework, from social studies of technology; and iii) the policy learning 
concept, from policy studies. The review highlights that an enactivist approach helps in appreciating the 
difference between professional design settings and other social settings in the context of technological 
innovation, essentially by conceiving cognition driven by the practice of design prototyping as deeply 
entangled within social and cultural dynamics. The article then attempts to connect theory with practice by 
discussing an example of service prototyping of a data-centric service for social purposes and its policy 
implications. In conclusion, authors propose open points for making prototyping meaningful for design for 
policy and designing with institutional arrangements, starting with the conscious role designers must 
assume toward institutional constraints during practice. 
 
Enactivism, social learning, technological innovation, public innovation, design for policy 
 
Already ten years ago, some authors keenly noticed that “the landscape of design is constantly 
changing” (White et al., 2012, p. 1). Until the Eighties, most design profession specialisms 
regarded graphics, textile, and industrial products (Julier, 2017). Later on, new design 
specialisations emerged with designers entering into new professional areas (e.g., interaction 
design, design management, service design, etc.) (Cooper, 2019; Julier, 2017; White et al., 2012), 
As design education and research followed these changes (Cooper, 2019), design curricula and 
disciplinary boundaries expanded into new areas (Buchanan, 1992). Already seventeen years ago, 
some scholars advanced that the product of design would no anymore be an artefact but: “[…] an 
event-oriented toward a result.” (Manzini & Bertola, 2004, p. 20) and designers would play the role 
of “[…] design specialists which use their specific capacities and competences to make event 
oriented toward a result happen” (Manzini & Bertola, 2004, p. 22). 
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These specific remarks captured two paradigm shifts that characterised the design evolution 
toward complex systems (Buchanan, 1992): the object of design moving from the tangible world 
(i.e., artefacts) to the intangible (e.g., end-user experiences, systems of production) (Göransdotter, 
2021); the design action becoming a form of collaborative problem setting and an inquiry process 
(Julier, 2017). These changes have resulted in design being seen as a specific form of practical 
intervention for responding to social problems (Markussen, 2017). Under these circumstances 
(Julier, 2017), design professions — e.g., UX and service designers — have increasingly entered 
the public sector, mainly through innovation units and labs (Bason & Schneider, 2014; Buchanan & 
Junginger, 2014), not only to design better services but also to address social issues in line with 
existing policy agendas. Designers in these contexts often use rapid prototyping to prefigure future 
solutions and mediate between institutions’ and stakeholders’ views (Kimbell & Bailey, 2017; Vink 
& Koskela-Huotari, 2022).  

These new practices are emerging with several critical questions. For example, design is often 
irreconcilably presented as both a positive force and a neutral and value-free instrument 
(Prendeville & Koria, 2022), and factors such as aesthetic knowledge get downplayed in favour of 
a cognitivist view of design methods (Wetter-Edman et al., 2018). Two main areas in design 
research seem to be particularly touched by these critical questions: public sector innovation 
through service design (van der Bijl-Brouwer, 2022; Vink et al., 2017) and “design for policy” 
(Kimbell & Bailey, 2017; Mortati et al., 2022). The former focuses on the potential value of service 
design for reflexivity (Vink & Koskela-Huotari, 2022), where prototyping could make stakeholders 
involved in the public sector design process aware of existing social structures and power 
imbalances (Vink et al., 2017). The latter advances that design prototyping could be a space for 
new experimental and collaborative forms of policymaking (Deserti et al., 2020; Kimbell & Bailey, 
2017) and an essential step of policymaking as designing (Villa Alvarez et al., 2020). 

This paper adds to existing work on the role of design prototyping in the public/social sphere and 
for policymaking, asking: what could be the value of design prototyping when used for 
technological solutions with public and social dimensions? 

Theoretical review 

The presented interdisciplinary theoretical review aims to understand the role of design 
prototyping for technological innovation and solutions in public and social domains and 
building a conceptual tool for argumentation. The review employs an opportunistic approach 
by considering theory from several disciplines according to the potential roles of design 
prototyping at the micro-/meso-/macro-levels (Table 1). 
 
Table 1: Synthesis of the theoretical review levels presented in this section 

Level Design Prototyping might affect.. Theoretical framework or perspective considered (discipline) 

Micro individual cognition Enactivism (cognitive science) 

Meso social interactions and groups Social Learning in Technological Innovation (STS) 

Macro norms and policies Knowledge utilization in policy and policy learning (policy studies) 
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The enactivist framework 

The enactivist framework (Ward et al, 2017) represents one of the most articulated critics to the 
cognitivist paradigm, hegemonic in cognitive science until recently, which conceives cognition as an 
individual process, situated in the brain. Cognitivism advanced that the central nervous system is 
analogous to a computational machine that receives inputs from the environment, utilises them to 
produce representations of the world and organises behaviour accordingly (Watson and Coulter, 
2008). In contrast, enactivism essentially proposes that the human mind is inseparable from the 
functioning of an organism’s body as a whole. 

This proposal emerged from foundational scholars of enactivism, who were interested in studying 
cognition as a way to clearly distinguish between living and non-living systems (Maturana and Varela, 
1987). They recognized two conditions that distinguish a living system: (1) it features self-
organisation, since it can reproduce its own internal constitutive elements and processes, by letting 
in energy (impulses on sensory organs) and matter (oxygen and food) coming from the environment; 
(2) the self-organisation process demarcates the organism from its own environment, entailing some 
degree of systemic ‘closure’. Such conditions imply that self-organisation is a process of mutual 
definition between an organism and its environment, since one would not exist in absence of the 
other:    

“Cognition and world are interdependently originated via the living body. [..] a cognitive 
being’s world is not a pre-specified, external realm, represented internally by its brain, 153uti 
s rather a relational domain enacted or brought forth by that being in and through its mode 
of coupling with the environment” (Thompson, 2016, p. xxvii). 

Following  the enactivism framework cognitive processes are necessarily also social (Di Paolo, 
2018), since the environment with whom an organism couples itself is social as well as physical. 
While a definite enactivist description of social processes is still unsettled (McGann, 2014),  
enactivism is fostering a reformulation of the social side of cognition. The tacit coordination involved 
by social relationships (Heft, 2007) entails the mutual co-definition of self-organizing patterns of 
individuals, which synchronize and let emerge what is perceived as a shared and objective 
environment (Durt et al., 2017). The concept of affordance — i.e. the set of possibilities and the 
constraints that a particular environment represents for an organism (Gibson, 1966) — helps further 
in collocating enactivism in social dynamics. Affordances are reframed within enactivism as socially 
constructed and shared, because they coincide with the coupling of self-organisation patterns of 
different individuals (Elias, 2017; Rietveld et al. 2018). 

Social Learning in Technological Innovation framework 

The concept of social learning was developed to overcome the inadequacies of the previous 
deterministic accounts of sociotechnical development. Early social studies of technology 
conceived technology as an embodiment of social structures and values, realised by 
engineers and designers (Noble, 1978). Use and diffusion of technology were seen therefore 
as unidirectional processes, with a linear movement from designers to final users. Choices 
taken during design time were assumed to determine final use and its social consequences. 
Further research on innovation processes, however, highlighted the fact that technical 



 

154 
 

improvements emerge often from the very use of technologies. Gradually mastering a 
particular artefact, users can apply their expertise backwards and improve the artefact itself 
(Sørensen, 1996). 

Such research framework, labelled as Social Learning in Technological Innovation (SLTI) 
(Williams et al., 2005) highlights the circular dynamics between the creation of human 
expertise and technical innovation, underlining also how this 154uti s154154 s deeply 
embedded in wider networks of relations, between different expertise, industries, and social 
groups. Power and economic interests, as well as political and social conflicts were 
integrated as factors that influence the learning process entailed by the interaction with a 
technology.  

SLTI pointed out that innovation coincides with the back-and-forth of different actors around 
technology (Stewart and Hyysalo, 2008),  thus, innovation has been recognized as a process 
that includes designers, users, and other intermediary actors. Accordingly, the terms 
innofusion and diffused innovation emerged to indicate that diffusion and innovation should 
be considered two sides of the same historical process (Fleck, 1988; von Hippel, 1988).  

The core element of the SLTI framework is that not only the design, but also the use of 
technology is an active process. SLTI acknowledges that social groups tend to re-collocate a 
new technology within their existing knowledge, practices and routines, following their 
interests and purposes. The process of re-collocation, called appropriation or domestication, 
is crucial to effectively use a technology within a new social environment; while 
implementation involves a re-shaping of the technology role itself, necessary for users to 
interact effectively with it. Technical systems trigger changes of social routines, which need to 
be adapted to construct an efficient environment of use. The users’ appropriation of a new 
technology is therefore unavoidably social also because they acquire expertise by interacting 
with each other, rather than only with the technology itself. 

Knowledge utilization and policy learning 

The studies of knowledge utilisation for policy have a long history, particularly relevant during 
the 70s/80s (Radaelli, 1995) and briefly revived by the evidence-based policy movement 
(EPM) (Strassheim, 2018). While EPM advocated for policies to be based only on scientific 
evidence, knowledge utilization and recent ethnographies on public officials work (Maybin, 
2016) clarified that policy-relevant knowledge is not only produced by experts (e.g., policy 
analysts), researchers or scientists. Policy actors might be willing to incorporate 
scientific/expert evidence, but are often limited in doing so because of the controversial 
nature of policy problems and tight time constraints for deciding and acting (Strassheim, 
2018). Under such circumstances, certain policy decisions might be informed by 
scientific/expert knowledge, while others privilege other types of knowledge/ evidence 
(Wesselink et al., 2014). For these latter contexts, policy workers might privilege non-
scientific but more accessible sources (Pawson, 2002; Strassheim, 2018; Tenbensel, 2006), 
largely relying on their experiential knowledge (Maybin, 2016). What counts as relevant 
policy knowledge/evidence is therefore highly dependent on specific contexts and policy 
problems under question, as well as the strategy of knowledge utilisation of policy workers 
(Wesselink et al., 2014).  
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These knowledge utilization practices had been regarded as the micro-foundations of policy 
learning. Policy learning has been considered a type of social learning that can be 
institutionalised to drive policy change (Hall, 1993). Accordingly, change and innovation at 
the policy level could be not only dependent by political power plays, but the “puzzling” of 
policy actor on public problems (Heclo, 1974). Policy learning became a well-established 
field of the policy studies and potential interpretative lens of the policy process (Dunlop et al., 
2018). In contrast with knowledge utilisation, policy learning is intended to explain also 
unintentional dynamics of knowledge within networks of actors involved in policy (Heikkila & 
Gerlak, 2013). However, policy learning as explanatory variable of policy change presents 
limitations, since it remains difficult to isolate the causes of learning or even when learning 
does not occur. As a consequence, the link between policy learning and policy change 
remains investigated by many but never presented as obvious (Moyson, 2017). 

Insights for design prototyping from the reviewed theoretical 
frameworks 

This section highlights the main concepts and perspectives emerging from the reviewed 
theoretical framework, highlighting how they can support design prototyping in public/social 
domains and policymaking. 

The concept of Co-definition: challenging status quo through prototyping 

Enactivism describes the mutual shaping between organisms and environments through co-
definition, i.e. the circular constraining of minds and environments (Di Paolo, 2018), thus 
confirming, through a cognitive science perspective, the active role of users in the use of 
artefacts. Co-definition implies that cognition and perception emerge in individuals only by 
interaction with their environment, which is both physical and social. At the same time, the 
emergence of an individual’s mind is not linearly determined by the incoming stimuli. The 
reception of stimuli from the environment depends on individuals’ self-organisations. It 
follows that cognition and perception are always potentially creative processes rather than 
mere recognition and representation of external objects (Varela et al., 2016). 

The enactivist framework helps us to change how we conceive design prototyping activities.  
The continuative use of the same artefacts impacts the self-organisation of an individual’s 
cognition (Kirsh, 2013). Such ‘incorporation’ of tools is not automatic and depends on 
repeating interactions between the subject and the artefact. It represents a learning process, 
which also entails a profound shift in the user’s mind since it changes the boundaries of what 
is thinkable and perceivable. Enactivism provides a strong argument for the power of design 
prototyping to disrupt perceptions at the micro-level through bodily and aesthetic experience 
(Wetter-Edman et al., 2018), which in turn might be the first step to invite stakeholders to 
challenge the status quo in the public sphere. 

Design as social learning and co-definition processes 

The SLTI framework has been applied to professional design settings, describing 155uti 
s155 social learning processes within wider innovation networks (Stewart & Williams, 2005). 
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In contrast to the claim that designers inscribe a defined set of affordances within artefacts, 

SLTI has pointed out that innovation should be conceived as a continuous integration of 
choices outside of design and engineering laboratories (von Hippel, 2009). By considering 
innovation as designers’ prerogative, the user-centred design theories have not entirely 
overcome a deterministic and linear view of innovation (Woolgar, 1991), thus missing the 
possibility of understanding innovation processes in broader social contexts (Bogers & West, 
2012). 

SLTI presents interesting affinities with the concept of co-definition from Enactivism. STLI 
opens new insights about the continuity between professional design and socially diffused 
innovation. From such a perspective, designers inscribe in artefacts a spectrum of the 
possibilities of affordance rather than a closed set. During diffusion, some affordances of the 
such spectrum are suggested to users through other channels, like printed instructions, 
training programs, organisational routines, etc. These explicit affordances are the more likely 
to be used. However, drawing on Enactivism, the affordances that the artefact furnishes to 
users depend ultimately on the specific co-definition enacted by the latter with their 
environment. It is such a process of co-definition that allows users to activate artefact-
dependent ‘sleeping’ affordances or even create new ones. 

These perspectives support the idea that design prototyping in the public/social sphere is an 
effective way to collectively explore and learn about a public issue. Prototypes offer more 
possibilities to non-expert stakeholders to take an active and creative role in the design of a 
policy, due to the capacity of prototypes to open different paths for co-definition to which 
stakeholders can react. 

Design prototyping as a strategy to impact policy learning 

Research has already highlighted how prototypes can be understood as tools through which 
professional designers reflexively orient their agency (Dalsgaard, 2017). Such role of 
prototypes is pointed out also in the case of team or participatory work: different expertise 
and points of view can interact successfully through the shared playground represented by a 
prototype. Indeed, research has widely recognised prototyping as a tool to synchronise a 
team, focusing teamwork towards realising a precise output (Star & Griesemer, 1989; Vinck 
& Jeantet, 1995).  

Drawing on enactivism, prototyping is so effective because it allows designers to experiment 
with different kinds of co-definition with the environment in a rapid and trial-and-error manner 
(Kirsh, 2013). In this way, designers can purposely challenge what participants  think and 
perceive, stimulating the emergence of new possibilities and ideas. The use of prototypes 
helps designers not only notice new affordances but actively create new ones that did not 
exist before the very creation of the prototype. 

In policymaking, prototypes can become tools that designers use for translating between tacit 
experiential and professional knowledge into policy framewoks. As experiential knowledge of 
policy workers and civil servants is essential to translate high-level directives into actual 
policies and services (Maybin, 2016), design prototyping could be strategically used to 
increase the degree of possible choices in front of policy makers, and to integrate 
perspective from stakeholders active on the operational level.  
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An example from practice: prototyping a data-centric system for 
food donation 

In this section, we provide an example of design prototyping practice from the experience of 
one of the authors, intending to provide a clear context in which our argument applies. 

The example described was part of “La Cucina Collaborativa”1, a citizen engagement project 
jointly developed by The Design Policy Lab (DPL), a research lab at the Department of 
Design (Politecnico di Milano) and Caritas Diocesana Reggio Emilia – Guastalla, a charitable 
organisation based in the city of Reggio Emilia (Italy). From September to December 2021, 
“La Cucina Collaborativa” took place in Reggio Emilia as a co-design process of circular 
solutions against food waste, involving more than one hundred individuals of a charitable 
food donation system (including diners, volunteers, representatives of food donors 
companies and public servants). 

The rapid prototyping session represented the last steps of a broader co-design and 
involvement methodology that aimed to improve the food donation system delivered by 
Caritas against food waste. The session lasted only one afternoon and was designed by the 
DPL staff to refine and get feedback about one of the ideas that emerged in earlier ideation 
stages, involving only Caritas’ staff and volunteers. The idea prototyped had emerged 
previously due to stakeholders’ interest in improving the food donation systems through 
digitalisation and better use of digital data. The idea proposes to optimise the logistics of 
donated food according to the nutritional profile data of beneficiaries thanks to food 
warehouse management software and to customise the packages with appropriate food and 
specific messages from food donors (sent through QR codes on the packaging) (fig. 1). 

 

 
Figure 1: Pictures from the rapid prototyping session held within La Cucina Collaborativa. Physical and digital 
mock-ups were used to visualize a fictional logistics dashboard interface and the packaging with the QR code. 

 
1 The project was funded under the call “Cross-KIC New European Bauhaus Call for Proposals for Citizen Engagement 
published in 2021 by EIT Food as part of New European Bauhaus. More info are available at 
www.designpolicy.eu/cucina-collaborativa 

http://www.designpolicy.eu/cucina-collaborativa
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The prototyping of the envisioned data-centric food donation system was a way to explore a 
broader design opportunity area, i.e., the digital innovation of food donation, rather than the 
specific idea per se. The prototypes allowed participants to comment on the social acceptability of 
the proposed technological solutions, also based on their tacit and experiential knowledge as 
volunteers. In particular, volunteers were keen to point out that the data-centric solutions 
envisioned were assuming a notable level of transparency in the system, which could clash with 
the social stigma they knew was felt by many among the people resorting to food donation. 

Conclusions: designers as conscious players in public sector 
prototyping  

Applying the enactivist concept of co-definition to prototyping activities enriches the definition of 
design as a social learning process. Enactivism highlights a difference between professional 
designers and other social settings of innovation. 

Design practices seem to be more aware and prepared to take advantage of the deep reflexivity, 
i.e. co-definition, that happens during interactions between humans and artefacts. Designers can 
envision to policy stakeholders future possibilities through prototyping and affordances and 
challenging existing institutional boundaries (Vink et al., 2017). However, in line with the SLTI 
framework, the difference between professional designers and users appears to be just a matter of 
degree; or, in other words, a more developed expertise of the strategies and resources needed to 
trigger reflexivity in participants of collaborative work. 

On the basis of the analysis proposed here, we conclude by advancing three open points that can 
support the emerging innovative perspective on design prototypes in the social and public domain 
and for policymaking: 

1) Within policymaking and public sector settings, designers should act as conscious 
players of institutional and political dynamics. The attention usually given by 
designers to non-designers as active actors in prototyping should enlarge the broader 
systems of governance and social structures surrounding the context of prototyping. 
In this sense, designers must be increasingly trained with the same soft skills and 
knowledge common among civil servants and social workers. 
 

2) To point out the expertise of designers as only incrementally different from non-
designers and, in parallel, to point out that professional design expertise involves an 
enhanced capacity of reflexively interacting with experimental artifacts, essentially 
means that designers are trained into forms of knowledge connected to materiality. 
The tendency to de-materialise the object of design has hindered one of the main 
tenets of design contribution to the social and public sphere. Dissipating the object of 
design may unwarrantedly suggest that design could contribute to these areas 
through an overly disembodied approach to cognition, leaving outside the importance 
of material culture and aesthetic knowledge (Wetter-Edman et al., 2018). The 
connection between broad governance and political levels and materiality should be 
something that is not only understood in experimental and artistic environments but 
also in rapid prototyping for collective public settings. 
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3) To envision a new theoretical framework on the use of design practices in 
policymaking, which would defend an important degree of autonomy for social actors’ 
agency, while at the same time avoiding to postulate a radical individualist conception 
of agency, as in neoliberal policies (Fraser, 2011). 
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Abstract  
Prototyping is a core phase in the design process. In service design, this activity has been less explored: 
differently from physical products, services entail the representation of complex systems of people, 
contexts, artefacts and interactions. Service prototyping poses a great challenge to designers who have to 
manage a combination of tangible and intangible aspects which spans through time. Drawing on the 
background knowledge available on the topic, this paper discusses a service prototyping case study: 
named Checkd., it concerns the development of an automatic booth for Covid-19 testing. Prior to 
prototyping, a context analysis and user research were carried out and co-design workshops were held to 
refine the idea. Then, two rounds of service prototyping were accomplished. In the first one a service 
encounter (sample collection procedure) was tested with users, adopting the experience prototyping 
technique and low-fidelity props. The second round reproduced the complete service experience, adopting 
a service walkthrough technique and mixed-fidelity artefacts, where participants could understand the full 
journey in a situated way.  
Building upon these prototypes, we elaborated three main considerations. One first takeaway deals with 
the relationship between purpose and fidelity level. Low/mixed fidelity prototypes drove a purpose change, 
from evaluative to explorative, as the ‘unfinished’ nature of the set-up allowed more user interpretation and 
proposal of personal ideas. A second takeaway concerns iterations that must be planned with different 
levels of focus and resolution, keeping the flow of co-design and re-design open allows to fully approach 
service complexity. A third takeaway is about the role(s) of the designer/author. He/she should be more 
than a mere facilitator by enacting mechanisms of the experience itself: continuously shifting roles and 
relating with a variety of users, he/she becomes an advocate of the whole user experience and, more in 
general, an advocate of a broader prototyping culture. 
 
Service design; Service prototyping; Experience prototyping; Service walkthrough; Co-design 
 
 
Background knowledge about prototyping in service design  

Prototyping is a well-established area of the design practice and process (McElroy, 2017; 
Kelley, 2001; Budde et al.,1992; Floyd, 1984). The design research approaches this subject 
in different ways, proposing a variety of perspectives and frameworks (to mention a few: 
Sanders and Stappers, 2014; McCurdy et al., 2006; Kammersgaard, 1983). In addition, most 
of the available studies focus on product (both physical and digital) and interaction design 
(McElroy, 2016).  

Less explored, instead, is prototyping in the service design field (Blomkvist, 2011; Passera et 
al., 2012). Most of the existing knowledge comes from the dissertations of Blomkvist (2011, 
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2014) who explores the difference with ‘traditional’ prototyping and identifies the challenges 
that service designers have to face when approaching such activity. Prototyping services 
entails, in fact, replicating complete, holistic experiences, where highly elaborated systems of 
both tangible and intangible elements come together (Blomkvist, 2011, 2014; Passera et al., 
2012). The intangible nature of a service itself dependent of time and inherently unique and 
personal (Zomerdijk & Voss, 2010) raises the complexity of service prototyping, but at the 
same time it is a promising field of research, where investigation is still largely needed 
(Blomkvist, 2011). 

Blomkvist (2014) considers service prototypes any representation of a future situation, either 
of them being sketched (‘definite’) or enacted (‘ongoing’) and defines them as surrogates that 
exists in a liminal state, that can be tested and explored freely and without time limitation. He 
also addresses other critical aspects of service prototyping (Blomkvist, 2011), such as 
benefits and levels of participation and the connection with the service environment (the so-
called servicescape) and experiences (Blomkvist, 2014). In conjunction with other 
researchers, he also proposes a new technique, the service walkthrough (Arvola et al., 2012; 
Blomkvist, 2011; Blomkvist et al., 2012; Blomkvist & Bode, 2012; Blomkvist, 2014; Blomkvist 
& Arvola, 2014), building upon the already existing experience prototype, bodystorming and 
pluralistic walkthrough techniques (Buchenau & Suri, 2000). The service walkthrough can 
bring to life, in a somewhat realistic way, a service in its completeness (end-to-end) by 
having people physically enacting the sequence of carefully orchestrated steps of the service 
and live the experience as close as possible to the ideal version. 

Finally, and most importantly for the scope of this paper, he outlines a framework for service 
prototyping, highlighting its multiple dimensions: position in process, purpose, audience, 
technique, fidelity and representation (Blomkvist, 2011). Passera et. Al. (2012), building upon 
Blomkvist’s work, propose the ‘Service Prototyping Practical Framework’, which is 
characterised by a more applied perspective. They provide a series of guidelines, defining 
them as an “aid for thinking and asking fundamental questions when prototyping” (Passera et 
al., 2012, p.5) and we believe that they are extremely useful to orient the work and better 
plan the whole process.  

Here is a summary of such framework elaborated by Passera et al. (2012). 

First, like in the original version, the position in the process and the purpose of the prototype 
(exploration, evaluation, or communication) are set, basing on the question ‘what is the 
service hypothesis I am testing? What do I want to learn?’; following, it approaches the 
Author (the person who defines and plans the prototype set up) and the resources (‘what is 
the simplest available way to implement the best possible experiment? To what resources do 
we have access?’), also outlining a set of heuristics (location, users, staff, props) to assess 
them; as a fourth point, they mention the technique (‘which technique? How to plan it? What 
data can I expect?’); then, the fidelity/resolution aspect is approached, by suggesting the 
development of a ‘resolution graph’ that can support in keeping each service dimension 
separate for a better understanding (‘what needs to look and feel verisimilar for the prototype 
to succeed? What needs to be functional, and to what degree?’); then, they analyse the 
validity (‘how generalizable are the results of the experiment? What exactly did I learn from 
what I tested?’); finally, plausibility is evaluated in relation with the audience of the prototype 
itself (‘was the prototype plausible for my audience? Was their feedback reliable?’). 
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Figure 1: The Service Prototyping Practical Framework developed by Passera et al. (2012). 

This paper precisely builds upon the Service Prototyping Framework developed by Passera 
et al. (2012) to discuss the case study of Checkd. This project’s context was an experimental 
master thesis, done in collaboration multiple actors: the Department of Chemistry and 
Applied Biosciences at the Eidgenössische Technische Hochschule (ETH) Zürich (as the 
main host institution), Diaxxo AG, a biotech startup and spin-off of ETH’s Functional 
Materials Laboratory, PD|Z, a group within ETH that focuses on system-oriented product 
development and innovation and the Department of Design of Politecnico di Milano 
supervising the whole thesis. The main objective was to leverage the innovative technologies 
advanced by the startup Diaxxo AG (devices capable of running PCR1 analysis in a very 
small amount of time) to develop an automatic booth for Covid-19 testing, to be placed in 
public spaces, by designing the different elements related both to the product and the service 
experience. 

The Case Study of Checkd 

The design of Checkd. Encompassed 3 main phases: context and user research; co-design 
and concept refinement; prototyping. For the purposes of this paper, we will briefly describe 
the first two phases and we will focus mainly on the third phase, where a prototype was 
made operational in short time, aiming to lay the foundation for a whole product-service 
system solution to be implemented in future.  

 
1 PCR stands for Polymerase Chain Reaction a method widely used to rapidly make millions to billions of 
copies (complete or partial) of a specific DNA sample. 
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Phase 1: Context and user research 

The first phase explored Covid-19 testing options (antigen and molecular). We shared a 
survey with a diverse pool of people: motivations, feelings and behaviours when 
experiencing both solutions were captured and integrated with desk research into ‘testing 
experience maps’, useful to analyse pain and pleasure points. 

 

 
Figure 2: The testing experience map concerning the PCR/molecular test typology. 

 

In parallel, we analysed the rough existing concept for the booth proposed by the startup: we 
expanded on the journey linked to it, highlighting what did work, what did not and future 
opportunities.The outputs of this first phase, discussed with all the stakeholders, created the 
basis for the ensuing co-design stage. 

Phase 2: Co-design and concept refinement 

We held 7 co-design workshops with 16 participants, identified among possible user 
categories. Virtually ‘anyone’ could have been a user, but, building upon the startup’s initial 
work, we decided to focus on travellers as the suggested location for the booths would be 
airports and train stations. 
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The workshops aimed to guide the choices for developing an effective and pleasant user 
experience, as well as discuss structural features of the booth and user interactions with 
technological elements. 

The sessions were structured in three parts: warm-up, intermezzo, and core. 

After introductory activities in the ‘warm-up’, participants’ first impressions about a ‘booth for 
disease testing’ were captured in an individual activity named ‘intermezzo’ (tool shown in 
figure 3). 

 
Figure 3: The tool used in the “intermezzo” phase. 

 

In the core, we presented a draft service journey with multiple paper boards. The participants 
expanded on the contents, completing steps, and filling out blank spots with a deck of cards 
depicting various elements of the service (touchpoints, actors, actions, places). The physical 
dimension (structural features) of the booth were also discussed, through role-playing and 
sketching activities. In the end, we asked participants to re-fill again the ‘intermezzo’ 
template, to gather their renewed impression of the automatic booth. 
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Figure 4: Co-design workshops, users and tools. 

 

Benefitting from the results of the co-design workshops, we developed an exemplar version 
of the user journey and detailed ‘architectural’ requirements for the booth. The latter were 
then translated into a structure concept that took into consideration building complexity, 
forecasted cost (materials and construction), accessibility and aesthetics. 

Phase 3: Prototyping  

As already introduced in paragraph 1, to present the actual prototyping phase, this paper 
adopts as a basis the Service Prototyping Practical Framework proposed by Passera et al. 
(2012) and mainly refer to their terminology and definitions. We tackled Checkd. Through two 
levels of prototyping: as we followed a ‘zoom-out’ approach, we first prototyped one service 
moment only, i.e. the sample collection procedure. Second, as a progression, we prototyped 
the full-service experience. 

Phase 3.1: Prototyping the sample collection procedure 

Position in process and purpose 

The co-design workshops produced an exemplar version of the Checkd. Customer journey. 
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We focused in particular on one service moment: the sample collection procedure (defined in 
this paper “procedure #1”), meaning the main sequence of interactions happening inside the 
booth when the user delivers their biological sample (eg. Sputum) to the machine. 

Despite being in harmony with user needs and behaviours, it still sparked scepticism in the 
stakeholders, and it was deemed critical under an implementation point of view. The status of 
the technology running the PCR tests and its automation level, was, in fact, not advanced 
enough to implement the users’ proposal, especially in a short time. It was, though, still 
considered as a valuable vision for future developments. 

In a discussion with the startup two new procedures (“procedure #2 and #3”), both 
compatible with the current version of the technologies, were outlined.  

Assumptions on possible pain points and problems the users could face were also identified. 
For example, procedure #2 was deemed the fastest and with less risk of contamination, while 
procedure #1 and #2 the most prone to user error. 

What we did was carry out an evaluative prototyping session that included the three 
mentioned procedures. Why, to tackle the need of understanding which one to implement in 
the service-system. The ‘How’ will be described in the following paragraphs. 

Author/resources 

In this case the Author was responsible for both the prototype design and development and 
session management.  

Here below the list of resources involved:  

1. A ‘service prototyping lab’ solution was selected, since the 
servicescape was deemed not immediately fundamental to reach 
the prototyping goals. 

2. Real users were involved, keeping as much diversity as possible, to 
address some specific hypothesis, mainly connected to older users. 
For example, actions in procedure #2 and #3 were judged too 
complex for this user category. 21 people were involved, aged 22 to 
83 yeas old, from both business travellers and leisure travellers, 
with a balanced mix of both genders.  

3. The ‘staff’ heuristic was not present, as Checkd. Can be categorized 
as a ‘self-service’ type of service (Blomkvist, 2011). 

4. A mix of mock-ups and real props were used. Some devices that 
needed to be implemented did not exist yet (eg. Swab collection 
mechanism), so they were ‘performed’ by the Author; others were 
too difficult to get, due to time constraints, or were not crucial 
touchpoints (Passera et al., 2012). Other elements, instead, were 
real, meaning existing biomedical products.  

Technique and process 

As the sample collection procedure is a service moment that entails specific interactions, we 
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decided to adopt the experience prototype technique. This approach, proposed originally by 
Buchenau & Suri (2000), “tries to replicate an existing situation or construct a new one, in 
which participants can understand, in an embodied way, what it feels like to interact with 
something” (Arvola et al., 2012, p.2). It aligns with the need of evaluating this peculiar service 
moment, which is not a singular contact with a touchpoint, but a mini-journey, a sequence of 
interactions with various interfaces and objects. 

In the activity, the Author briefly introduced the meaning and purpose of prototyping, to then 
touch upon the general ‘booth’ concept, its link to Covid-19 and the number of procedures to 
be tested. Secondly, the procedures were simulated one after the other. Finally, an interview 
was carried out, starting with a very broad prompt question to allow ‘free speech’, to 
eventually pointing out specific questions, about steps’ details (safety, hygiene, instructions, 
comfortability). 

Fidelity-resolution 

The prototype resolution was medium-low and the fidelity of distinct aspects mixed. As 
proposed by Passera et Al. (2012) we developed a resolution graph, to frame the fidelity 
dimensions.  

In the low-fidelity range we positioned the look and feel of the props and the technology, 
realism of the location: they did not directly impact the aspects that needed to be observed 
and therefore deemed less relevant. The functionality of the props and the technology, and 
the realism of the experience were medium fidelity. Implementing a good level of 
functionality, for both technology and props, was critical to guarantee the correct timing of the 
procedure. 

 
Figure 5 – The figure represents an adapted resolution graph regarding the prototyping the sample collection procedure. 

We built the prototype set-up scene with cardboard panels and backstage elements (eg. 
Swab containers) with paper. Elements for procedure #2 and #3 were assembled from 
existing biomedical products (eg. Swabs and tubes, figure 6). For procedure #1, since the 
actual object did not exist, it was simulated using a marker (figure 7). 

The Author, placed behind the panels, orchestrated the different elements, simulating the 
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machine mechanics and giving instructions by voice (figure 8). No other video or audio 
support was given on purpose, so it was possible to understand the essential needs of the 
users on the matter. 

Validity  

Validity was limited in the sense that the setting hardly approximated the intended 
implementation context, despite only real users were involved. The servicescape, though, 
was not deemed a priority or for the goal of the prototyping moment.  

Plausibility 

Since the audience was kept into consideration while designing the prototype, as Blomkvist 
(2011) suggests, participants all provided very detailed and extensive feedback and engaged 
organically in explaining their own point of view. 

Results 

For each procedure, both quantitative and qualitative date were collected. On the quantitative 
side we gathered: total time of completion, completions with/without errors, number and type 
of errors. We considered ‘errors’ all the actions that deviated from the correct procedure 
steps (ex. Dropping swab, throw away wrong parts). Qualitative knowledge was gathered 
with open questions, regarding perceived hygiene, easiness of steps, physical comfortability. 

We reviewed each session, as all of them were video recorded and noted following: 
procedure start and end (time), happening of errors, comments from participant, 
facial/physical reaction/behaviour, answers of final interview.  

Insights were extrapolated from the gathered data by comparing the three procedures’ 
completion times and number of errors, but also recognizing recurring errors and their 
causes.  

 

 
Figure 6: On the left elements used and re-assembled during procedure #2 (tube, saliva funnel, preservation solution). 
On the right the element used for procedure #3 (lolliswab).  
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Figure 7: The tool used in procedure #1 to simulate a swab having the same concept of a marker, the red tape signaled 
a “no-touch” zone.  

 

 

Figure 8: The set-up put in place for procedure #2, both front-stage and backstage.  
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Figure 9: User during the experience prototype of procedure #2 and the Author orchestrating the backstage. 

 

 

Figure 10: Users during the experience prototype of procedure #1 and the Author orchestrating the backstage. 

 

Phase 3.2: Prototyping the full-service experience 

Position in process and purpose 

The insights from the prototyping sessions just described allowed to select one procedure as 
the most fitting:  it was procedure #3, as it demonstrated to be the most intuitive for the user 
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and the most feasible form a technology perspective (it entailed relatively simple 
automation). 

As this service moment was now defined, what we did after was a progressive step: 
prototype the full-service experience. This was fundamental to evaluate the experience from 
a holistic perspective, understand the effectiveness of the designed product-service system 
and get concrete recommendations to improve the Checkd. In its entirety. 

Author/resources 

The Author and the responsibilities were the same as the sample procedure prototype.  
Here below the list of resources involved:  

1. In this case, the location is ambiguous. Since Checkd. Can be defined a ‘location-
oriented service’ (Blomkvist, 2011), executing the session in a realistic context 
was necessary. Primary sites for Checkd. Are transportation hubs, which were not 
available. The session was held in a university building, which is an actual 
secondary-choice location for the Checkd. Booths. For scenario purposes, we 
applied modifications to the environment and mainly considered it as an airport, 
but during initial parts of the prototyping, that entailed the user being ‘at home’. 

2. Real users were involved. Due mostly to time constraints, hard-to-reach site and 
length of activities, we had to restrict the user categories and focus mostly on 
younger people, both for business and leisure travel, which were easily reachable 
available to collaborate. 14 people were involved, with a balanced mix of both 
genders, from 21 to 33 years old.  

3. The ‘staff’ was not present, as Checkd. Can be categorized as a ‘self-service’ type 
of service (Blomkvist, 2011). 

4. A mix of mock-ups and real props were used. Physical artefact included real 
objects (booth, computer, screens, suitcase, hand sanitizer, gloves, swabs) and 
mocked elements (mostly the automation system: trays, doors, which were not yet 
developed). Digital artefacts were: Checkd. Website wireframing, two booth 
interfaces (outside and inside), digital receipt (email), digital test results (email).  
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Figure 11: The saliva solution and the swab for sample collection created in a sterile environment and assembled 
with real biomedical products.  

 

Figure 12: Mock-ups used to simulate the automation system of the swab trays: on the left elements before 
assembling, on the right same elements in the prototyping setting. 
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Figure 13: The Checkd. Booth 1:1 scale prototype. In order: front and back, zoom on front (check in interface, 
doors, information panel), interior left wall (hand sanitization, saliva generation slot), interior centre wall (signage, 
procedure interface, sample slots), interior right wall (luggage area).  
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Technique and process 
In this case the idea was to prototype the full-service experience: we adopted the Service 
Walkthrough technique, as it allows to represent the ideal service journey “in an embodied 
and holistic way” (Blomkvist & Bode, 2012, p.1).  

Starting from the ideal customer journey, we selected critical service moments that could 
enact the most basic scenario, with the rule of having at least one from the three main 
service encounters (pre, during and post service), to then create all the artifacts and props 
necessary to give life to the ‘surrogate’ (Blomkvist, 2014) and find ways to coherently and 
smoothly orchestrate all the mise-en-scène.  

All the activities were carried out the same day, while the sessions themselves were 
scheduled along a full week. The participants were first introduced to the practice of service 
prototyping, followed by the proposal of a set scenario (Covid-19 certification needed for a 
travel) and establishment of three main goals (with the main one of obtaining the fit to fly 
certification): understand what the service is about/how it works; book a test appointment; go 
to the appointment. We provided the users with a laptop and an interactive, but wireframe-
level version of the Checkd. Website, where they started the roleplay exploring the website.  

They continued going through the registration procedure, in which they had to deal with 
multiple document mock-ups and spend time typing in real information, to then carry out the 
booking procedure. After they received their personalized booking confirmation (programmed 
email sent by the Author during the prototyping session) the Author would ‘push’ the scenario 
forward in time, at the day of the booking and invite the user to autonomously reach the 
location, by following the instructions on the email, also providing contextual props (suitcase, 
bags, phone).  

Different wayfinding elements were placed along the way to guide the user. Once reached 
the location the participants would ‘check-in’ at the booth, go through the full swabbing 
procedure and receive, on the spot, another personalized email with their fit-to-fly 
certification. 

Finally, we carried out an interview, by initially asking a very broad prompt question to allow 
free speech, to eventually pointing out specific questions, about the different aspects of the 
experience. 

At the end of the interview some brand identity elements related to Checkd. (logo and 
palette) were ‘parallel prototyped’, with participants invited to provide their feedback. 
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Figure 14: Diagram of the service walkthrough: on the top part (service level) are represented the service steps 
selected for the prototyping, while in the bottom part (prototyping level) the parallel breakdown of activities, 
locations and Author’s role. 

 

 

 

Figure 15: Axonometric view that shows the sample collection procedure moment and the relationship between 
author (gray), structure (prop) and user (black).  
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Fidelity-resolution 

The prototype resolution was medium-high with the fidelity of distinct aspects mixed. We 
positioned at the medium-low level the look and feel of the technology and the realism of the 
experience. Medium-high fidelity was kept for the props functionality and look and feel, along 
with the technology’s functionality and realism of the location. In the case of Checkd. The 
servicescape and its elements – ambient conditions, spatial layout and function, sign, 
symbols and artefacts (Bitner, 1992) – were extremely important, as they had a high degree 
of influence on the users, their feelings, their understanding of the service and their 
interaction with the touchpoints.  

 

 

Figure 16: Some of the digital artefacts employed during the prototyping: look and feel were low fidelity, while 
depth and breadth of information and functionality were of higher fidelity. 

Validity 

Despite the larger context and location surrounding the prototype were similar to the 
implementation ones, aspects of the servicescape and other influencing factors could be 
replicated only in a limited manner. Moreover, it was taken into consideration that, although 
real potential customers were involved, they only represented a few user categories, and 
gave feedback only from their perspective. 

Plausibility 

Since the audience was kept into consideration while designing the prototype, as Blomkvist 
(2011) suggests, the participants all provided very detailed and extensive feedback and 
engaged organically in explaining their own point of view. 

Results 

Both quantitative and qualitative date were collected. On the quantitative side we collected 
information about time (browsing, registering, booking, check in, sample collection) and 
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errors (presence and number). Qualitative knowledge was gathered with open questions 
regarding the overall service-system, the single service moments and their experience (pre, 
during, post service) and single elements (digital interfaces, structure/architecture, 
wayfinding/signage and their dimensions – functionality, data/information, interactivity). 

The data were analysed in the following way: for each participant a customer journey map of 
the prototyped experience was made. While reviewing each session (all of them were video 
recorded) we noted in the different service phases the following data: start and end of task 
(time), issues, comments (positive, negative, …), facial/physical reaction/behaviour 
(surprised, annoyed, confused, …). These points were integrated with the answers of the 
final interview. Recurring comments and points of criticality were finally outlined and 
discussed with the stakeholders. Finally, a list of future improvements was elaborated. 

Reflections and conclusions: towards a culture of (service) prototyping 

The employment of the experience prototyping and service walkthrough techniques and the 
application the Service Prototyping Practical Framework (Passera et al., 2012) for the 
prototyping of Checkd. Produced some reflections, that we present here summarized in in 
the form of three main takeaways. 

One first takeaway relates to the relationship between purpose and fidelity level. In both 
prototyping phases the low resolution and their related mixed fidelity did not hinder the right 
execution of the procedures and their correct evaluation. The opposite: low fidelity elements 
helped in leaving space for user interpretation and exploration.  

A missing physical element or functionality, in fact, sparked more comments than a 
working/existing one. Participants proactively engaged with the prototypes and their 
elements, ‘showing’ their perspective (eg. What they would do differently, new ideas) rather 
than only ‘telling’. They used props or role-played situations. Only occasionally participants 
were prompted, for example, with the question ‘what do you think it is supposed to happen 
when you (…)?’. 

It is interesting to highlight that prototypes that were mainly thought with an ‘evaluation’ 
purpose naturally shifted towards being more ‘explorative’, due to the fidelity level of the 
prototypes themselves. This led to a more participatory design dimension, highlighting the 
need of carrying out additional co-design activities about some specific service moments and 
touchpoints. We may argue that in this case the boundaries between co-design and 
prototyping were blurred, as we continuously ‘moved’ between testing activities and re-
designing them with the help of the users-participants. 

Another aspect that supported this prototyping-purpose transformation was adopting a 
technique of usability testing, the ‘think aloud’ protocol, where the user voices what they are 
doing, thinking or feeling while solving a task or a problem (Someren et al., 1994). Applied to 
both experience prototyping and service walkthrough, it gave the ability to participants to be 
more comfortable and empowered in externalizing their own views.  

A second takeaway concerns iterations of service walkthroughs and servicescapes. With 
Checkd. The test situation corresponded to the real implementation context only in certain 
aspects (mainly superficial and related to the ‘look and feel’). Many other different factors that 
usually shape the original servicescape (eg. Airport) were not implemented, despite being 
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highly influential on the service experience and the customer successfully reach their goal.  

From this point emerges the necessity of iteration. Multiple progressive sessions would allow 
to increase each time the level of fidelity and validity. 

For example, in the case of Checkd. It would be interesting to do more service walkthroughs, 
each time adding more variables (eg. Waiting time, random errors and failures, ambient 
sounds or more user categories do the walkthrough simultaneously, implementing the trays 
automation system) that raise the level of realism. In any case, despite the number of 
repetitions, we experienced (by ourselves) that it is vital to prototype as soon as possible to 
advance in the project (Blomkvist et al., 2012), even if the fidelity level is very low. It is better 
to test some crucial service moments and, if needed, come back and co/re-design them, to 
then test them again. The continuous flow between co-design and prototyping that we 
mentioned before should be adopted. 

Finally, a third takeaway relates to the role of the Author. Passera et al. (2012) and Blomkvist 
(2011) provide similar descriptions about the Author and identify he/she as the person in 
charge of designing the service prototype and taking decisions regarding the alternatives.  

During the prototyping phase of Checkd., the Author performed many roles: she was at times 
creator (session design/planning), at others facilitator (supporting/following users) or 
orchestrator (performing backstage actions). This metamorphic nature is essential in 
medium-low fidelity prototypes, where the Author intervention is required to make the service 
mechanisms work. We believe that here there is room for further research: it is important to 
educate and prepare the Author in playing different roles and jumping between them, 
seamlessly. The multiple role situation can, in fact, hinder the prototyping activities when 
sessions are long and services simulated have many different dimensions. Complications in 
recording, frequent interruptions of service flow and incorrect execution of actions can 
happen or user comments/behaviours can go unnoticed. In these cases, the presence of 
multiple ‘Authors’, taking up different roles could benefit the research, as each person can 
focus on one or a few roles, always though collaborating with the others. This means to 
educate and create a prototyping group of Authors, able to intervene at any stage, especially 
in complex and articulated projects as services are in most of the cases. 

Such perspective is strictly connected to what McElroy (2017) suggests at the beginning of 
her book: it is fundamental not only to prototype and have a personal mindset toward 
prototyping, but above all to develop and spread an actual culture of prototyping. This is even 
more important in the service design discipline, in which the combination of tangible and 
intangible elements creates a great complexity and generates the need of setting a constant 
feedback and user testing loop. In this context, the Author is not only a facilitator and an 
orchestrator of the prototyping process, but he/she should also become advocate of a 
broader prototyping culture that allows to better advocate the user within its organisation, 
who should be always placed at the centre of any (service) design actions. 
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Abstract 
The phenomenon of low-fidelity prototyping is mainly discussed in HCI but is practiced in product design, 
architecture and speculative design as well under different terms. In this paper, we provide an overview of 
the disciplinary low-fidelity prototyping practices and discuss the overarching discourses among these 
fields. 
Starting with an expanded understanding of prototypes as tangible and concrete models we investigate the 
tactic of designing a deliberately simpler models for different purposes. Prototyping with simple means with 
high abstraction poses challenges. Yet, the lack of reflection of a low-fidelity tactic holds unexplored 
potential. We investigate whether it is advantageous to prototype with a lower fidelity, even if a higher 
degree of fidelity is possible during the design process. 
We present four discourses to explore low-fidelity prototypes: First, the concept of fidelity is discussed as 
well as whether fidelity and dimensions are a matter of interpretation. Second, the effect of open prototypes 
on communication among the involved people is explored. Framing low-fidelity as open, ambiguous, 
abstract and fuzzy highlights its communicative qualities. Third, low-fidelity prototyping beyond linear 
processes as well as the representation paradigm are scrutinized. Fourth, questions regarding limited skills 
and limiting materials, covering material choice and the application of toolkits, are addressed. 
Overall, we investigate which design skills are needed for low-fidelity prototyping, as we claim that 
designing with low-fidelity implies as many design decisions as with high-fidelity. 
We aim for a better theoretical foundation and reflection of low-fidelity prototyping that is needed for design 
education and the exchange among different design fields across terminological boundaries. This is the 
basis on which to discuss the role of designers and design researchers and how they use their low-fidelity 
prototyping skills for knowledge production in transdisciplinary research. 
 

Prototyping, Low-Fidelity, Model Making, Abstraction, Ambiguity 

 
How can something incomplete and imperfect be better than something complete and perfect? 
Low-fidelity (lo-fi) prototypes are a paradox, more specific and concrete than words due to their 
materiality, but vague and ambiguous in their partly undesigned form. It can be seen as 
“counterintuitive” (McCurdy et al., 2006) that simple prototypes with lo-fi can provide the most 
valuable insights. Prototyping is gaining new attention as a fundamental design practice. We 
assume that lo-fi prototyping is a common phenomenon in many design fields, 186uti s unequally 
labeled and discussed under different terms.  
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The term lo-fi prototyping emerged in human-computer interaction (HCI) and is up-to-date; mostly 
discussed in HCI-related design research. To advance the discourse on fidelity in design, we 
expand the discourse by exploring the lo-fi phenomenon across multiple design fields. We will 
therefore shortly explain various concepts of lo-fi prototyping and their respective synonyms in the 
design fields of HCI, architecture, product and industrial design, as well as critical and speculative 
design based on a literature review. 

Through an iterative clustering approach, we derive four discourses about low-fidelity, following 
specific criteria for their relevance for design research. Our thesis, that lo-fi prototyping, even if 
named differently, occurs in the different design areas, shall show which similarities exist, but also 
where differences exist. This should help design researchers make conscious decisions regarding 
the fidelity of prototypes for different purposes. We aim at exploring the prototyping skills 
necessary for designing prototypes adequately and explore the tactic of using a deliberately 
simpler way.  

Before we start, we need to define two key terms in the form of an experimental preunderstanding 
(Wendler, 2013), to enable a discussion beyond terminological boundaries. 

 

Prototypes and Prototyping 

Scholars stay vague when defining prototypes (Dickel, 2019; Gengnagel et al., 2015) because of 
their flexible and heterogeneous nature. We still observe, as Houde and Hill (1997) stated, that 
different design disciplines have different notions of prototyping and different expectations of 
prototypes. 

There are a few works that look at prototypes in a general way and across the boundaries of 
different design fields (Adenauer & Petruschat, 2012; Buchenau & Suri, 2000; Camere & 
Bordegoni, 2016; Exner et al., 2015; Lim et al., 2008). In addition to these overviews originating 
from design itself, other works from STS (Science and Technology Studies), anthropology, and art 
history take a look at prototyping practices as well (Ewenstein & Whyte, 2010; Janda, 2018; 
Schrage, 1999; Wendler, 2013; Yaneva, 2013). Lo-fi prototyping is discussed as a practice that 
enables exploring several alternatives at once and many iterations along the process (Yang & 
Epstein, 2005). Kannabiran & Bødker (2020) emphasize, “different prototyping techniques enable 
different modes of inquiry with varied intentions and outcomes” and “allow us to ask different sets 
of questions”. Regarding its purpose, the prototype takes on different roles in different situations for 
different audiences. 

Prototypes are understood as “an incomplete portrayal of a design idea” (Lim et al., 2008), 
“physical manifestations of ideas or concepts” (Sanders & Stappers, 2014°), or “representations of 
a design made before final artifacts exist” (Buchenau & Suri, 2000). Other scholars like Adenauer 
and Petruschat (2012) show the processuality of prototypes and therefore prefer to speak of 
prototyping rather than prototypes.  

In our expanded understanding, we regard prototypes as artifacts created in 
the design process. They are specific forms of tangible and concrete models 
serving various purposes. 
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Fidelity and Low Fidelity Prototyping 

The fidelity of prototypes is a specification that HCI practice and research traditionally uses. It is 
either described as the “precision of a prototype” (Beaudouin-Lafon & Mackay, 2007), the “level of 
realism” (Yang & Epstein, 2005), the “level of refinement or degree of detail displayed by a 
prototype“ (Blomkvist & Holmlid, 2011) or the “level of correspondence with the product-to-be, i.e. 
the quality of the representation that the prototype offers” (Camere & Bordegoni, 2016).  

To approach a definition, the notion of the prototypes as a “filter” (Lim et al., 2008) is useful. As one 
of the central images to understand fidelity, the filtering of prototypes describes that some 
dimensions of the future product (such as form, function, experience, symbolism, needs, etc.) are 
filtered out in the prototype whereas others are manifested. The fidelity is often quantified in 
comparison. A lo-fi prototype has filtered out more dimensions compared to a hi-fi prototype.  

Lo-Fi Prototyping appears under different terms in the design fields selected for this paper. Some 
are synonyms, others are specific examples of the phenomenon: quick and dirty prototyping, 
props, mockups, dummies, paper prototyping, throw-away prototyping, proportion models, 
wireframes, or assemblies. 

We see lo-fi prototyping as a decision to intentionally use or even create 
ambiguity in artifacts to gain an advantage for the ongoing process even though 
a higher degree of fidelity would be possible. 

 

1. Overview  
We explore the phenomenon of lo-fi prototyping 
across four design fields to provide an overview of 
the similarities but also the differences of 
prototyping practices. 
Methodologically, we chose the fields of HCI, architecture, product design and speculative design 
based on the following criteria:  

● They are among the fields with the most intensively practiced prototyping.  
● They represent design study programs and have their own specialist conferences.  
● They cover digital as well as physical artifacts in different scales.  
● They cover opposing ends on the axis of applied versus artistic design practices, therefore 

serving different purposes of prototyping. 

Regarding the question of which fields to include and exclude, we considered participatory design 
as a relevant practice, yet more as a methodology, and therefore decided to include it in the fields 
of their respective design outcomes.  
 
1.1 Human-Computer Interaction (HCI) 
The concept of the fidelity of prototypes is rooted in HCI. Common synonyms for lo-fi prototypes 
are “mockups [or] paper prototypes” (Beaudouin-Lafon & Mackay, 2007) (see Figure 1), 
“wireframes” (McCurdy et al., 2006), “low-tech prototypes” (Barati et al., 2019), or simply “artifacts” 
(Flechtner et al., 2020). Following a technical and pragmatic approach, low-fidelity prototyping is a 
“matter of cost” (Lim et al., 2008) and is associated with “quick and dirty” (Coughlan et al. 2007). 
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Often, fidelity is linked to the degree of interactivity in HCI (Rudd et al., 1996), and technical 
functions are simulated as such in “wizard of oz prototypes” (Beaudouin-Lafon & Mackay, 2007). 

 
Figure 1 Paper prototype of a food sharing app by Schmitz, design course taught by Schuster, FH Potsdam (2017)  
The central image Lim et al. (2008) use to describe the prototype-product relation is the prototype 
as a “filter”. “The designer screens out unnecessary aspects of the design so that they can extract 
knowledge about specific aspects [...] more precisely and effectively.” (Lim et al., 2008). Wong 
(1992) describes “rough and ready prototypes” where issues not for discussion are represented in 
a low-resolution form and thus allow to focus on one question. An increased fidelity does not result 
in increased insight (Diefenbach et al., 2013). Surpassing the well-discussed evaluating role of 
prototypes, Lim et al. (2008) argue for a diversification of their roles towards “evolutionarily learn, 
discover, generate, and refine designs” with prototyping. 

With service design growing as a field, the use of design methods has increased (Blomkvist & 
Holmlid, 2011). Lo-fi prototyping is embedded in structured design methods in Human-centered-
design and influenced by Design Thinking. When designing complex systems, prototypes not only 
manifest physical or digital artifacts. They expand to processes, interactions and experiences. The 
“experience prototype” (Buchenau & Suri, 2000) includes “body storming” (Oulasvirta et al., 2003), 
incorporating the body in form of role-play into the lo-fi prototype (see Figure 2). 

 
Figure 2 Lo-Fi prototype of a wearable soft robotics orthosis from a participatory workshop using body storming, project: 
PowerGrasp (Flechtner et al. 2020) 
 
Lo-Fi is often used with toolkits as a participatory design strategy to include people from non-
design backgrounds without technical skills. Khan & Matthews (2019) use a “constructive 
assembly” as a toolkit: a reconfigurable, modular physical set of basic materials. Following the 
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authors, the assembly ensures to “never start from nowhere”. Imperfect low-fidelity is a 
fundamental tactic since perfection and hyper realism are impossible to achieve (Khan & 
Matthews, 2019) 
 

1.2 Architecture  
While the term lo-fi prototyping is not common in architecture and “models” are more common, the 
tactic of voluntarily simpler models has long been in practice. A well-described example is the 
models used for the construction of St. Peter's Cathedral in the 16th century (Lepik, 1995). In 
opposition to his predecessor, Michelangelo denounced the "fetishistic" obsession with detail in 
Sangallo's model, since the constant increase in fidelity meant that the scope for action was lost 
(Bredekamp, 2008). Michelangelo’s simplified models (see Figure 3) allowed for a more organic 
building process and, as Bredekamp (2008) outlines this "minor forma", emphasized his superior 
artistic judgment. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 Michelangelo showing his model. Painting by Passignano (1618/1619) 
Recent architectural scholars have addressed low-fidelity in two ways: a deliberate choice of 
simple materials to enable the exploration of spatial issues through the materials´ ambiguity and 
resistance (Cannaerts, 2009, Henderson, 2016), as well as a necessary abstraction to represent a 
building on a smaller scale and focus on its essentials (Yaneva, 2005).  

The limiting factor of materials in model making has often been highlighted as problematic, see 
Rittel (1973) who calls the model itself a wicked problem, or Benisch who claims that toy bricks can 
only create toy-brick architecture (Benisch in Wendler, 2013). Analog models made of cardboard, 
foam, or wood are used to quickly and inexpensively clarify spatial questions and to gather initial 
impressions (see Figure 4). These can be seen as a supplement to sketches, axonometrics, or 
CAD drawings and allow for quick collaborative design (Ammon, 2013). 

More recent studies show models that go beyond these traditional materials. For instance, 
Bernhardt shows how the ideas of the people involved can be strengthened through the clever 
choice of the simplest materials, like foldable vegetable crates (see Figure 5), pebbles, or blankets, 
thus facilitating participation(Bernhardt, 2016). 
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Figure 4, left -  Participatory Project for Student Apartments by Martini, Brändle and Maroke, project: Eckwerken, FH 
Potsdam. (2014) 

Figure 5, right -  Workshop with foldable vegetable crates by Bernhardt, BeL & urban catalyst studio, project: Gärtnerhof 
Overmeyer Organic Farm, Seevetal. (2014)  
Yaneva (2005) describes the oscillating between scaling up and scaling down. Scaling down refers 
to a voluntary smaller-scale model to “evoke things and make broader assumptions”, while their 
larger counterparts visualize sizes, shapes and precise positions (Yaneva, 2005). 

 

1.3 Product and Industrial Design 
According to the typology of models in traditional industrial design by Busse (Busse in Adenauer & 
Petruschat, 2012), several types of models can be considered low-fidelity. Particularly, these are 
early-used models such as proportion models or functional models that serve the development 
process. In these processes, the fidelity increases from model to model and only the final model is 
called a prototype. In the English-speaking world, the term prototype is also used earlier in the 
process, mostly known as quick and dirty prototyping. Mockups are used in a similar way to 
architecture, as props for presentations. Derived from the French term “maquette”, meaning 
unfinished draft or sketch (Colonnese, 2016), mockups are imitations that, depending on their 
execution, can be quick dummies or demonstration models with a greater degree of detail. It 
seems to be common knowledge among product designers that an overly finished representation 
can block productive critique of a design. 

Two current developments favor the low-fidelity character of the prototypes.  
Firstly, the shift from processes where products are planned according to an initial specification list, 
to processes in which early models are used to find new requirements in the first place (Sanders 
and Stappers,2014b). The advantage of lo-fi prototypes is, therefore, that their unfinished nature 
can be seen as an openness to other stakeholders.  

Secondly, the process that leads to a product plays a much greater role today. The process itself 
becomes part of communication (Frye, 2017). Featured Making-Ofs by author-designers 
emphasize the organic process of designing a product and thus show early unfinished models that 
used to be hidden (see Figure 6+7). This can even lead to low-fidelity deliberately ending up as a 
stylistic device in finished products (see Figure 8), as Frye shows through the work of van Eijk 
(Frye, 2017).  
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Figure 6 Gricic, Paper Models for the Krups kitchen appliances project. Prominently shown on Gricic’s Website. (2005) 
Figure 7  Model process by the Bouroullec brothers, featured in a workplaces Story by friends of friends, Photograph: 
Chéné (2016)  
Figure 8 van Eijk’s Floating Frames Sculptures (2010-2013) 

 

1.4 Critical and Speculative Design 
In contrast to the previous three design fields, the focus of speculative design is on debate and 
provocation, rather than on products to be invented and manufactured (Dunne & Raby, 2013). A 
permanent increase in fidelity is not necessary per se. Objects of design fiction are “props for 
nonexistent films”(Dunne & Raby, 2013) or so-called “diegetic prototypes” (Kirby, 2010). Lo-fi 
prototyping, therefore, shows itself in two ways. A carefully crafted abstraction and the use of 
models to quickly visualize futures with participants. 

Dunne and Raby (2013) describe Aesthetics of the Unreal as a visual language that can 
simultaneously represent the real and the unreal. The approach of addressing an audience 
through ambiguity, and thus promoting multiple perspectives, seems to be a respected effect of this 
aesthetic (Dunne & Raby, 2013; Gaver et al., 2003). Speculative objects, in this sense, are 
prototypes of futures. Whereas a high level of refinement is commonly used to simulate a real 
scenario, the tactic of low-fidelity is used as well and discussed less. Abstract prototypes 
consciously avoid a too-high realism through skillfully crafted ambiguity to protect themselves from 
criticism of feasibility and to create spaces for interpretation (Dunne & Raby, 2013). The “reduced 
physical design languages devoid of details” (Dunne & Raby, 2013) of these prototypes and their 
deliberately chosen model aesthetics can be considered low-fidelity (see Figure 9).  



 

193 
 

 
Figure 9 Prototypes of smart objects in a film, showing abstraction through monochromatic design, project: Uninvited 
Guests, by Superflux (2015) 
Aside from these artifacts used mostly in exhibitions, speculative designers use lo-fi prototyping for 
participation (Bardzell & Bardzell, 2013). Here, the low-fidelity is apparent in the easy-to-process 
inclusive materials that participants can use to quickly make their visions tangible (see Figure 10). 
It is about the process of designing artifacts rather than interacting with finished – but intentionally 
unfinished-looking – artifacts. This speculation, through the making of rapid visual and physical 
prototypes, not only stimulates the imagination of participants but can also expose deeper personal 
desires or fears (Andersen & Wakkary, 2019; Tost et al., 2022).  

 
Figure 10 Participatory lo-fi prototyping in a lab setting with a range of accessible materials, project: sense objects, by 
Extrapolation Factory (2018) (left); Lo-fi prototype created in a participatory workshop in the project: pawn tomorrow, by 
Extrapolation Factory (2014) (right) 
 

2. Discourses 

Based on the literature review of the prototyping practices in the four design fields, several 
discourses emerged. Through iterative clustering, we derived four main discourses that are 
relevant for design research, along these criteria: 

● Brings forward the prototyping discourse and scrutinizes the rigid central concepts of 
fidelity, dimensions, the representation paradigm and linear evolution 

● Covers several design fields to provide an interdisciplinary point of view 
● Is relevant for further exploration in design research, such as open-ended artifacts and 

processes, and tackling complex challenges 
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● Grasps the prototype as a medium as well as a material, and includes the prototyper’s 
perspective 

 

2.1 Fidelity and Dimensions are an Interpretation 

The “high-vs-low-fidelity-debate” in HCI revolved around the question of whether a low, a high, or a 
medium fidelity is appropriate for a prototype, by contrasting their advantages and disadvantages 
(Houde & Hill, 1997; McCurdy et al., 2006; Rudd et al., 1996; Wong, 1992; Yang & Epstein, 2005). 
To advance the discourse we concentrate on the applicability of the concept of fidelity. 

HCI divides the phenomenon into much smaller parts than the other disciplines. Lim et al. (2008) 
distinguish the “scope” and the “resolution”of a prototype corresponding to “the breadth and the 
depth in fidelity” (McCurdy et al., 2006). The problem with a binary distinction between low and 
high-fidelity is also discussed (Lim et al., 2008). Occurring “mixed fidelity” is emphasized to 
describe that fidelity is high in some dimensions and low in others (McCurdy et al., 2006).  

The challenge of deciding on the right dimensions to direct the focus lies in “fidelity trade-offs” 
(Barati et al., 2019), e.g. using visual qualities versus performative qualities. This decision which 
dimensions are favored is frequently informed by routines and accessible tools, rather than an 
actual reflection (Diefenbach et al., 2013). To deal with the limited scope and purpose of a specific 
prototype, Barati et al. (2019) propose the combination of several prototypes to depict different 
dimensions. Which dimensions are manifested as low- or high-fidelity is therefore also a question 
of the designers' skills of abstraction, how they assess the audience’s ability to read the prototype 
(Blomkvist & Holmlid, 2011), the “transfer to product” (Buchenau & Suri, 2000), and precise 
communication of which dimensions are not addressed by a prototype (Houde & Hill, 1997). A 
vague lo-fi prototype needs even more framing than prototypes of higher fidelity.  

In model theory, Wendler (2016) emphasizes that the identity of a thing as a model is a 
consequence of people perceiving the thing as a model. Whether a sketch or a “brick” (Houde & 
Hill, 1997) is a prototype depends on whether or not it is agreed on. This perceptual dependence 
applies to its fidelity as well. Lo-fi prototypes have a “low perceived finishedness” (McGrath et al., 
2016), yet fidelity is not an objective property of an artifact that is clearly readable by its 
appearance, but as an interpretation depending on the context. Materials, aesthetics and shape 
give hints in regard to seeing traditions, e.g. of a frequently used paper, card, foam core (Coughlan 
et al., 2007) as prototyping material. Similarly, wireframes in user interface design communicate a 
prototypical low-fidelity state by the black outlined boxes with system fonts. Yet, without an 
explanation about the future product, the fidelity is not clearly identifiable. Imagine a paper 
prototype for a paper product–the paper itself could seem low-fidelity but is high-fidelity in this 
example. 

 

2.2 Openness Fosters Communication 

Understanding lo-fi prototypes as open, abstract and fuzzy allows for new conclusions. Instead of 
limiting the understanding of low-fidelity to the notion of simplification and filtering, there is an 
enriching effect through the prototype’s incompleteness. The higher the degree of abstraction, the 
more open the prototype becomes. Dickel (2017) describes the prototype as a medium that 
communicates since the message itself is a message (McLuhan, 1964). Low-fidelity 
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communicates, therefore, that the artifact is only “a proposal–provisional and open to change” (Lim 
et al., 2008). 

The fidelity of a prototype strongly influences whether a prototype is read as a template to be 
transferred or as an open basis for discussion (Buchenau & Suri, 2000; Rudd et al., 1996). As an 
interesting parallel, the authoritarian effect of Sangallo's model of St. Peter's seems to be the same 
as that of a frontend developer who uses the hi-fi prototype of a user interface as a design guide 
(Bredekamp, 2008; Rudd et al., 1996). The corresponding low-fidelity counterparts of these 
examples open up a communicative space which is the central purpose of low-fidelity (Bähr, 2012; 
Buchenau & Suri, 2000), especially communication “on high level issues” and concepts (Wong, 
1992). Prototypes communicate to various stakeholders for various purposes, such as ideating or 
testing (Lim et al., 2008). Prototypes are also used to facilitate discussions (Sanders & Stappers, 
2014a) or to argue for their plausibility (Dickel, 2019). Bähr (2012) describes how architects show 
sketches instead of renderings, since “a perfect model seems to be complete and somehow locked 
to suggestions”. 

In research and participation focused as well as speculative design, the communicative purpose of 
lo-fi prototyping is even more central and diverse. On one hand, it is used as a consensus building 
strategy (Khan & Matthews, 2019) and to develop a shared vision (Kannabiran & Bødker, 2020). 
On the other hand, it is used to juxtapose multiple visions (Kannabiran & Bødker, 2020), to 
provoke, or as a “hyperstition” (Schmeer, 2019).  

The openness of prototypes can lead to productive misunderstandings thanks to their ambiguity, 
as it gives rise to multiple interpretations (Gaver et al., 2003). Based on Star and Griesemer’s 
(1989) concept of “boundary objects”, Khan and Matthews (2019) regard “different disciplinary 
‘readings’ of the artefacts” as “a feature” during participatory sessions. This is conceptually 
preceded by Eco’s (1989) notion of the “open work” which describes that authors can render 
modern artworks open to be further completed by the audience. The prototype has no static 
meaning inscribed but is constructed by interpretation. “The materiality of prototyping” brings forth 
“creative sites for the reinterpretation and ascription of meaning to constructions." (Khan & 
Matthews, 2019). Prototyping constructs the product as well (Adenauer & Petruschat, 2012) and 
low-fidelity makes this process more open-ended. 

Concerning epistemic discourses, prototypes in the sense of “epistemic things” in experimental 
systems have a specific vagueness that incorporates what people do not know yet (Rheinberger, 
1997). Epistemic things are unstable and a source of questions (Rheinberger, 1997). Knorr-Cetina 
(1998) sees epistemic things (“Wissensobjekte”) in contrast to mere instruments as “unfoldable” 
artifacts that can be opened and explored since they contain more possibilities. The prototype 
creates uncertainty about the “taken for granted” status quo, states Janda (2018), based on Dewey 
(1929). A low-fidelity amplifies the effect, as Oder (2020) also describes this tangible but vague 
character of models as a key aspect in knowledge-generating through design processes with the 
term "entwerferische Dinge". 

Following these arguments, the low resolution of lo-fi prototyping is a tactic of using and producing 
fuzziness intentionally. This tactic of carefully crafted uncertainty embedded in artifacts gains more 
importance as design is increasingly used for research purposes. 
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2.3 Beyond linear processes 

In many cases, lo-fi prototypes favor the earlier use of prototypes in the design process. (Camere 
& Bordegoni, 2016). This shift to prototyping earlier in the process comes along with increased 
embeddedness in ideation methods and use in exploratory spaces (Sanders & Stappers, 2014a) 
for “exploration-through-prototyping” (Camere & Bordegoni, 2016). The prototype is no longer seen 
only as an object, but as a performative practice (Suchman, 2002). Co-Prototyping has included 
new stakeholders (Kimpel, 2016) and “slow prototyping” is called for (Pfeffer, 2014). However, as 
the overview has shown, low-fidelity prototyping is not to be understood only as the initial 
counterpart to high-fidelity prototypes at the end. Fast iterations and saved material costs are 
desirable effects of lo-fi prototyping and not prerequisites.  
Whether prototypes are considered “throw-away prototyping” and “evolutionary prototyping” is 
discussed in HCI (Bähr, 2012; Kordon & Luqi, 2002). Throw-away prototypes, mostly described as 
low-fidelity, are less complex to make so that the loss of the invested effort can be better tolerated. 
Contrasting this temporary use, evolutionary prototypes allow for future iterations. In HCI, this is 
often realized by choosing a medium close to the envisioned final product so that prototypes can 
be reprogrammed and iterated without starting over. Adenauer and Petruschat (2012) emphasize 
the cumulative effects of prototypes and show such evolutionary prototyping in other design fields 
too.  

The demonstrative showcasing of the process with lo-fi prototypes, the mixed fidelity debate, a 
carefully crafted aesthetic of the unreal, or the repetitive scaling down, are all signs that low-fidelity 
can occur at any point in the process. This opens up the question of whether fidelity is a “linear 
increase within the process” (Beaudouin-Lafon & Mackay, 2007) and not rather a fundamental 
design tactic that keeps reappearing when applied to different dimensions. This non-linear 
understanding of prototyping reflects what is discussed in model theory as overcoming the 
representation paradigm. In classical model theory, each model is seen as a representation of an 
original (Stachowiak, 1973). Emerging simplifications are necessary factors of an objective 
representation relation (Stachowiak, 1973). From this view, the better a model can represent an 
original, the more it fulfills its purpose (Hertz, 1894; Wendler, 2013). By this way of thinking of the 
model as an objective reduction, only what is already known can be learned about the original 
(Knuuttila, 2011; Mahr, 2012; Wartofsky, 1979). Applied to prototyping in design, this means lo-fi 
prototyping is not a necessity where high-fidelity is not yet possible, but a deliberate choice. If we 
do not minorize models or prototypes as objective representations of the original or finished 
product, this opens up space for new insights. 
Seeing something as low-fidelity is a practice on its own that evolves around the individual skills of 
the actors, the materiality, and media involved. The detachment of prototypes from their relation to 
a future product becomes especially relevant when no traditional products exist, like in speculative 
design. Moreover, it allows prototyping e.g. to address the needs and questions in research 
through design.   

 

2.4 Limited skills and material as a limitation 

Most lo-fi prototyping works with the simplest materials, such as paper, foam, wire, etc. The 
materials are quickly shaped and inexpensive. Nevertheless, lo-fi prototypes cannot be narrowed 
down along a boundary of the materials used, nor can they be defined by economic aspects alone. 
As Adenauer and Petruschat (2012) put it, these materials are good for “playing theater”. The 
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materials are aesthetically exaggerated, sometimes even seen as craftsy or ordinary tinkering. This 
is obvious in the early stages of the project, but mockups or speculative objects show that, later in 
the process, prototypes are also made of materials that are meant to be more than they are. The 
ease with which a material can be deformed should not be confused with the degree of detail a 
material can display. The perceived fidelity of a material or technology can only be determined in 
relation to the actors involved and the specific context. There is a debate in HCI about the extent to 
which electronic or digital elements can be part of lo-fi prototyping (Barati et al., 2019), e.g., in the 
“blended prototyping” approach (Bähr, 2012) (see Figure 11).  

 
Figure 11 Blended prototyping is a tool to translate paper prototypes (left: Bähr et al., 2010) to experienceable click-
dummies to foster quick iteration (right: Bähr, 2012) 

That the limiting factor of the material is an advantage of lo-fi prototypes seems to be generally 
accepted (Tost et al., 2022; Frye, 2017). Khan and Matthews (2019) observed this in the context of 
participatory design: “The shape limitations forced participants to think of ways to share their ideas 
by relying only on rigid structures to help articulate their thoughts and ideas, and in doing so 
became more expressive”.  

Since this limitation depends on the skills of the actors, the decision of which material to use for 
which purpose in prototyping plays a crucial role. Partly, material selection is the result of what is at 
hand in a situation, fostering improvisation (Frye, 2017) in the sense of a “bricolage” (Lévi-Strauss, 
1973). In participatory workshop formats, someone else usually selects the raw or predefined 
materials, such as in “Lego Serious Play” (Khan & Matthews, 2019), for the participants, depending 
on their presumed skills. At the same time, companies have their standardized prototyping 
methods and hire people with appropriate skills.  

Using lo-fi prototyping as toolkits (Sanders & Stappers, 2014a), (see Figure 12) and as methods 
brings both economic advantages and the belief in transparent and democratic processes. It is “a 
lever that lowers the barrier to participate” (Khan & Matthews, 2019). However, other scholars 
show that no process can ever be unbiased and equal for all (Mareis, 2016). It's the designer’s role 
to design and manage specific toolkits or shared spaces to enable others to co-create with their 
competencies (Sanders & Stappers, 2014b; Schrage, 1999). This expertise cannot be replaced by 
patterns alone and requires a high degree of “knowing-in-action” (Schön, 1984), “tacit knowing” 
(Polanyi, 1985), or "knowing how" (Ryle, 1945). Following Niedderer (2009), tacit knowledge and 
reflective practice with materials help to anticipate how artifacts can be used in a variety of ways to 
generate knowledge. 
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Figure 12 Toolkit of the hybrid participatory workshop “the other city 2” by Tost, Schuster, Flechtner, Budinger & 
Heidmann, project: PROTOTYP, FH Potsdam (2021) (left) and a resulting prototype showing a slow bus concept in a 
speculative city of the future by Thomet (right) 
  

3. Conclusion 

As we have shown, in many design practices the prototyping of deliberately simpler models is used 
to gain advantages. There is a consensus that this lo-fi prototyping is a valuable design skill. While 
the phenomenon of taking advantage of these simpler models has long been known, the debate 
concerning lo-fi prototyping is most extended in HCI. Nevertheless, HCI can learn from other 
traditions, just as these design fields can benefit from a transfer of the well-discussed concepts 
and designations in HCI. In addition to a terminological and conceptual discussion of fidelity, we 
are particularly interested in the implementation of fidelity in practice. Low-fidelity is more than just 
an attribute of prototypes and becomes a general design tactic. In these practices, the perceptual 
dependence of lo-fi prototypes and reframing low-fidelity as productive fuzziness and openness 
are essential perspectives. 

Our key finding is that the prototyper’s practices are at the heart of lo-fi prototyping. Lo-fi 
prototyping needs to be a reflective practice of carefully crafted ambiguity. Prototyping something 
consciously as low-fidelity is not easier than designing high-fidelity. Prototypers must be conscious 
of the effects of prototyping more openly or designing open prototyping formats for others. Due to 
perceptual dependence, this is particularly evident in the discourses around materiality and the 
necessary skills, as well as against the background of model theory. 

With the focus on the prototypers, the emphasis is on their perception and their implicit and explicit 
knowledge. At the same time, as we have shown, lo-fi prototypes are mainly used in a knowledge-
generating manner. This distills our overview down to knowledge questions. We, therefore, see 
prototyping, and lo-fi prototyping in particular, as an epistemic design practice. 

 

As an outlook on the future of lo-fi prototyping and as further desiderata concerning this epistemic 
praxis, we see three interrelated challenges:  

1. Learning Low-Fidelity 
How can lo-fi prototyping be taught in design education? We advocate that the indispensable 
practical experience of "knowing how" (Ryle, 1945) in materials is complemented by theoretical 
reflection on one's prototyping. Prototyping should be taught at every step of the design 
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process, and fidelity critically assessed by the teachers themselves. Students should develop 
the skill of designing the prototype with the right amount of abstraction appropriate for different 
purposes while ensuring minimal readability. 

2. Prototyping as an Epistemic Practice in Research Through Design 
How can the designerly epistemic practice of lo-fi prototyping be applied in research through 
design? Moreover, we ask about the role that designers can play in transdisciplinary research 
projects through these practices. How can collaborative research with other disciplines be 
conducted without substituting the designer’s skills with standardized methods or marginalizing 
their tacit knowledge? When (co-) prototyping for knowledge production, material selection, an 
inclusive process, as well as facilitating fruitful discussions are part of research design 
decisions. For transdisciplinary research, transparent documentation and communication of the 
lo-fi prototyping practices are essential. Further research is required on how to craft the fuzzy 
parts of lo-fi prototypes as “epistemic things” to show what people do not know yet.  

3. A Sustainable Way of Lo-Fi Prototyping 
The problem with throwaway prototypes, apart from their material waste, is the untapped 
potential that these prototypes can play in an evolutionary understanding elsewhere in the 
process. To make prototypes accessible beyond their processes as a source of knowledge 
lacks a forum. While hi-fi prototypes sometimes find their way into exhibitions and archives, 
there is little wider dissemination for lo-fi prototypes. We would like to see the same access for 
modeling as primary sources as there is for natural science data sets and the original textual 
sources of the humanities, according to the claims of design as third knowledge culture (Archer, 
1979; Cross, 2001). The lo-fi “prototypes as instruments of knowledge for research” 
(Kannabiran & Bødker, 2020) become an object of study regarding sociological questions of 
knowledge, as well. We, therefore, wonder what knowledge could be found if prototypes sustain 
for longer and were accessible beyond one's stakeholders and peers.  
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Abstract  
 
Designing for bodily engagements requires cultivating and eliciting felt experiences that are related to the 
embodied concepts in question. Cultivation provides a source of bodily information through enabling and 
exploring bodily experiences, whereas elicitation renders that information in a form that can be analysed 
and articulated for use in design. In this paper, we present two projects, Squeaky/Pain and Intimacy with 
Far-Away Bodies, that start the design process with movement-based practices to harvest felt experiences 
by applying soma design and embodied design approaches. We analyse the cultivation and elicitation tools 
that are applied in these projects. As a result of the analysis, we offer a toolset for possible ways to 
cultivate and elicit the first-and-second-person felt experiences for design use. This toolset is intended to 
invite designers to employ and reflect on the translation of abstract bodily concepts into design prototypes. 
 
Embodied design; Soma design; Cultivation; Elicitation; Prototyping 
 

Traditionally, prototypes serve as tools for bringing ideas to life to communicate, validate, 
and refine them. Conventional prototyping begins with ideation followed by user research 
that is oriented towards solving wicked problems with a positivist approach. Such an 
approach typically disregards the felt bodily experience and the first-person perspective of 
the designer who may wish to challenge the positivistic design process by inviting ambiguity. 
Schön (1984) argues that “uncertainty, uniqueness, and value conflict are troublesome for 
positivist epistemology of practice” (pg. 42). A positivist approach may be more efficient for 
tackling a problem that is on firm, clearly defined, ground; however, situations that occupy 
the confusing and swampy lowlands tend to play havoc with purely technical solutions 
(Schön, 1984). In other words, technical solutions and positivist epistemology fail to 
accommodate the subjectivity of felt bodily experiences and first-person perspectives. 

Working with bodily phenomena requires “staying with the trouble” (Haraway, 2016); it 
involves designing with uncertainty, uniqueness and subjectivity. Ambiguity thus becomes a 
“resource for design”’ (Gaver et al., 2003). Various approaches have been proposed to 
enable the design of close-to-body artefacts that engage with felt bodily experiences and with 
first-person perspectives (Höök, 2018; Loke & Robertson, 2013). Such approaches suggest 
engaging with unhabitual bodily experiences to gain insight for designing for bodily 
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interactions, such as move-to-design/design-to-move (Höök, 2018; Loke & Robertson, 2013; 
Wilde, 2011). These approaches do not focus solely on solving problems, but rather aim to 
extend our understanding of bodily experiences and to develop new ways of designing for 
bodily engagements with materials or objects. Thus, these approaches provide insight into 
bodily concepts in relation to the self, others, materials and technologies located immediately 
on and around the body.  

In this paper, we present two projects that provide an embodied perspective on designing 
with and for difficult bodily concepts. Rather than solving defined problems through a 
positivistic approach, we aim to extend ours and our users’ understanding of bodily 
experiences through our prototypes. Specifically, we explore the concepts of chronic pain 
and of intimacy in remote communication. Our design processes set out to explicate difficult 
and evasive abstract concepts through prototypes to discover ways of thinking and living with 
these bodily concepts. Such design processes require a first-person understanding that is 
developed through the in-depth cultivation and elicitation of the bodily experiences in 
question. ‘Cultivation’ provides a source of bodily information through enabling and exploring 
bodily experiences, whereas ‘elicitation’ renders that information in a form that can be 
analysed and articulated for use in design. By reviewing the two design projects we aim to 
offer a toolset for the further cultivation and elicitation of felt experiences for design use. 

The body as the locus of the design process 

The projects that are presented in this paper are situated in embodied design (Wilde et al., 
2017) and soma design (Höök, 2018), wherein the body is seen as the locus for the process 
of designing for close-to-body interactions. These approaches aim to improve our skills of 
sensory appreciation and knowledge of our bodies by accessing our lived experiences 
through bodily movements. Defamiliarization, in other words, engaging with unhabitual bodily 
movements can enable the acquisition of felt experiences (Bell et al., 2005; Crawford, 1984; 
Höök, 2018; Loke & Robertson, 2013) that triggers imagination in the design process (Wilde, 
2011). To initiate defamiliarization, Höök (2018) suggests applying somatic practices i.e., 
yoga, dance or tai chi and offers ‘somatic connoisseurship’ that is consulting a somatic 
expert where the designer is not skilled in any somatic practice. On the other hand, 
designers may include materials into these unhabitual bodily engagements such as body 
sketching with the materials (Márquez Segura et al., 2016) that will sensitise to the bodily 
phenomena (Wilde et al., 2017) as well as to lived qualities of the materials.  

These cultivated experiences are often tacit sensations that need to be made graspable 
through elicitation to be transferred into the design use. Elicitation provides access to felt 
experiences that may remain hidden otherwise. In other words, elicitation explicates the 
cultivated lived experiences through visual and textual tools. It has been suggested that 
visual and textual tools for eliciting felt experiences are combined to unpack the diverse 
aspects of the felt phenomena (Demir et al., 2022b). In this paper, we employ body maps of 
the human form to give visual expression to somatic experiences (Cochrane et al., 2022; 
Gastaldo et al., 2018; Ståhl et al., 2022). For textual elicitation, we employ semi-structured 
interviews (Frances et al., 2009), a lived-experience diary (Bolger et al., 2003) and a 
research diary (Given, 2008). These elicitation and cultivation tools are exemplified by the 
two presented projects, which thus provide the basis for our discussion of those tools.  



 

208 
 

Related works  

Through employing embodied and/or soma design, various researchers have been cultivated 
first-and-second person lived experiences while bringing bodily concepts into the sphere of 
the physical being in the form of prototypes. For example, a designer’s autobiographical 
exploration of neglected body parts informs the design of Breathing Wings (Tsaknaki, 2021); 
a group of designers’ first-person exploration of menstruation manifests in shape-changing 
artefacts (Søndergaard et al., 2020); and a designer’s examination of her breastfeeding 
experiences manifests in various wearable artifacts (Helms, 2021). Similarly, a first-person 
exploration of the pelvic floor area is materialized in Pelvic Chair (Ståhl et al., 2022) and a 
researcher’s inquiry into her own research process inspired the work Armour of Researcher 
(Beuthel, 2022). These projects exemplify how first-person bodily explorations can inspire the 
design of prototypes. In general, soma and embodied design processes begin with 
designers’ first-person investigations, which may then be combined with second-person 
explorations. For instance, informed first- and second-person accounts regarding the 
negative aspects associated with two people living far apart are materialized as wearable 
textile artefacts (Beuthel et. al., 2021). In WORM-E, its designers’ personal somatic 
understanding, which inspired the form of their design, is then enhanced and broadened by 
the inclusion of design students, children, adults and a dancer, which in turn further develops 
and enhances their design process (Yavuz et. al., 2021).  

To be informed by first-and/or-second person perspectives, these projects apply various 
methods for cultivating and eliciting felt experiences. Often, they start the design process 
with kinesthetic explorations for cultivating felt experiences. For example, the projects Pelvic 
Chair (Ståhl et al., 2022) and Soma Mat (Höök et al., 2015) use Feldenkrais exercises (a 
form of exercise therapy). On the other hand, for elicitation, many of these projects also 
employ body maps and interviews with participants (Anne Cochrane et al., 2022; Núñez-
Pacheco, 2021; Beuthel et al., 2021) that serve the purpose of reflection, documentation, and 
to inspire further ideas. The two projects presented in this paper take inspiration from these 
previous works, by applying a similar approach to the design of bodily interactions in the 
context of bodily experiences of intimacy and pain.  

From abstract bodily experiences into physical manifestations 

 

In this section, we illustrate two design inquiries Squeaky/Pain and Intimacy with Far-Away 
Bodies that design with/for/through the bodies, translating abstract bodily sensations into 
concrete prototypes. The first project is situated in the context of chronic pain whereas the 
second focuses on intimacy in remote settings. The projects aim to extend our understanding 
of these concepts and alter the ways in which we experience chronic pain and intimacy in 
remote settings. Through each project, we discuss the cultivation and elicitation tools that we 
employed to inform the toolset for harvesting bodily felt experiences for design use.  
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Squeaky/Pain: The physical manifestation of chronic pain 

Chronic pain is an invisible phenomenon that is woven into the fabric of everyday life, 
disrupting its daily flow and altering body perception. In experiencing chronic pain and to 
prevent possible pain triggers, people tend to develop a fear of movement (Singh et al., 
2014) that prevents them from enjoying the things that they can do without triggering the pain 
alienating people from their bodies. Based on soma design (Höök, 2018), Squeaky/Pain 
considers engagement with pain in terms of an unhabitual bodily experience, suggesting that 
people may be able to develop somaesthetic awareness through a defamiliarized experience 
of their pain.  

Squeaky/Pain (Demir et al., 2022a) facilitates mutual conversation between the pain and the 
body through movement-based interactions, to support somaesthetic awareness 
encouraging people to move and communicate with their pains. Squeaky/Pain’ is the name 
given to the interactive wearable artefact that is a somatic extension designed to mimic the 
experience of pain and ranging from agony to relief. The project considers pain as a design 
material and designs with/in/through the bodies in pain. The project is informed by the felt 
experience of the designer, and participants who have upper-body musculoskeletal chronic 
pain. It employs first- and second-person perspectives in tandem to cultivate the pain 
experience for design use. The project unfolds in three phases: 1) the designer’s bodily 
investigation; 2) participant study; and 3) the designer’s engagement with the final prototype. 
Two iterations of Squeaky/Pain (Figure 1) were designed during the first and second phases 
of the project, while the third phase included testing of the final iteration. In this paper, the 
first two phases of the project are explained in order to illustrate how abstract bodily 
experiences can be converted into prototypes (Table 1).  

 
Figure 1: The left image is the result of the first iteration of Squeaky/Pain and the right image is the result of the second 
iteration. Photograph by Mehmet Can Boysan. 
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Table 1 shows the design process of Squeaky/Pain, setting out how each step informs the creation of the prototypes. 
The text below the table explains how each method applied. 

Squeaky/Pain 

Phase 1: 
exploring 
with bodily 
movements 

 -Designer’s 
bodily 
exploration of 
pain through 
yoga  

Phase 1: 
textual 
elicitation 

 -Designer’s 
documentation 
of the 
sensations 
emerged 
during the yoga 
practice into 
her lived 
experience 
diary 

 
 
 

Phase 1: 
visual 
elicitation 

 -
Designer’s 
diary 
writings 
converted 
into a 
somatic 
experience 
map 

Phase 1: 
material 
elicitation 

 -Designer’s 
life-size body 
map drawing 
onto a fabric 

 -Exploration 
of different 
textile 
material and 
techniques 
resulted in 
the first 
prototype 

Phase 2: 
exploring 
with 
movement 
through 
materials 

 -Testing the 
first 
prototype 
with 
participants 

Phase 2: 
textual & 
visual 
elicitation  

 -Semi-
structured 
interviews 
and body 
map 
drawings 
conducted 
with 
participants  

Phase 2: 
material 
elicitation 

 -Design of 
the second 
prototype 
informed by 
participants’ 
reflections 

 

The first phase started with a three-week long first-person exploration of pain where the 
designer –who is also a certified yoga instructor– practiced a yoga sequence that she had 
designed specifically to help relieve her own pain. Every day, after each practice, she 
recorded the experience in a diary that was later translated into a somatic experience map 
(Figure 2) and informed the interaction and design qualities of the prototype soma extension. 
For example, the designer wrote about the squeaky wood sounds that were coming from her 
body as she moved and this is illustrated as the sound of the pain in the somatic experience 
map. This aspect of her experiences also inspired the interaction modality of the prototype as 
she decided to use sound to trigger movement interaction. Following this she began material 
experimentation in order to construct a soma extension that represents the location of the 
pain experience visually. As a result, the first prototype mediates sound-motion interaction for 
the wearer. It creates a squeaky wood sound that mimics the agony of pain. When worn 
there is no way to turn the sound off completely; however, by moving very slowly the wearer 
can reduce the volume of the sound.  
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Figure 2: The somatic experience map illustrates the repeated aspects of the designer’s yoga practice in relation to her 
pain that are recorded in her diary. Illustration by Arife Dila Demir.  

The second phase was the testing of the prototype with three people, the design could thus 
be further informed by their experiences of pain in relation to the soma extension. The testing 
took place in one-on-one sessions that lasted one and a half hours each. Each session had 
four stages: 1) first interview; 2) guided breathing and moving exercise; 3) moving with soma 
extension; and 4) second interview. Both interviews were conducted as semi-structured 
interviews that were prompted with the body map drawings and were voice recorded for later 
analysis. The first interview provided insight into the participants’ pain experiences in general 
whereas the second interview revealed their experiences with Squeaky/Pain, the soma 
extension. During the first interview, they visualised their pain experience in general on the 
body maps and in the second they illustrated their experience with the soma extension. 
These drawings were performed at the beginning of the interviews and participants began 
the conversation by explaining their drawings. To focus the participants’ attention on their 
bodies in order to experience the prototype fully, the designer guided them to move and 
breathe during the second stage.  In the third stage, while wearing the soma extension, the 
participants were invited to move as they wished. During the final interview, two participants 
revealed how relief from pain is itself part of the painful experience. This insight was brought 
to the second iteration, which was designed to represent the range of pain from agony to 
relief. To do so, it begins with the sound-motion interaction just as with the first iteration, and 
after that a pleasant sound feedback begins. Again, the wearer is required to move slowly, 
but this time to try to keep the volume level up. 

This project showed that first-person exploration may result in design artifacts that may 
resonate with other people’s bodily experiences. Similarly, second-person perspectives 
provided an insight into the somaesthetic affordances of the soma extension and brought 
forth new insight into the understanding of pain, showing that relief is itself also a part of the 
pain experience. Hence, it informed the designing of the second iteration of the artifact. 
Finally, while ‘Squeaky/Pain’ showed promise in providing interactions to facilitate 
somaesthetic awareness and relief, the qualities of bodily engagement provided by the soma 
extensions should be further explored in order to improve somaesthetic interactions.  
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Intimacy with far-away bodies: Physical manifestation of 
intimacy in remote connections 

In the context of human relationships, the body plays an essential role in building and 
maintaining intimacy. However, in remote settings, intimacy is experienced without the 
physical closeness of the bodies. In Intimacy with Far-Away Bodies, the designer aims to 
create a bodily awareness of the far-away body in remote intimacies while designing for 
close-to-body engagements in remote settings. 

Intimacy with Far-Away Bodies is an ongoing project, working with the sensory body as a crea�ve 
material to design for people who are close by heart but physically apart. In this sec�on, we show 
how soma�c knowledge guided the designer during an embodied design idea�on (EDI) process in 
developing new understanding and suppor�ng the crea�on of a set of prototypes. The idea�on 
session was built on a cultural probe study (Gaver et al., 1999) that collected personal insights 
about remote communica�on experiences from five par�cipants. The par�cipants were people 
who experience being physically apart from their loved ones for a period of �me (Oktay, 2022). 
During this study, the par�cipants were asked to observe and document their own experiences of 
remote communica�on with their loved ones. The study lasted for a week, resul�ng in eight 
keywords and three objects (Figure 3) that served as the input for idea�on for In�macy with Far-
Away Bodies. The keywords were: loved, alone, relieved, not free, playful, energe�c, caring, 
curious.   
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Table 2 shows the design process of Intimacy with Far-Away Bodies, illustrating how each step informs the creation of 
the prototypes.  

Intimacy with Far-Away Bodies 

Cultural 
Probe Study 

QiGong Somatic connoisseurship Prototyping Testing 

Pre-step: 
gathering 
input for 
bodily 
movements 

-Dancer 
gathering 
keywords 
from 
participants 
to inform 
Phase 1 

 

 

Pre-step: 
exploring 
with bodily 
movements   

-Dancer 
introducing 
QiGong 
practice to 
the designer 

Phase 1: 
exploring with 
bodily 
movements 
through 
materials 

 -Dancer 
conducting 
embodied 
sketching with 
objects and 
keywords 

Phase 2: 
Visual 
elicitation  

 -Designer’s 
visual analysis 
of the visual 
documentation 

Phase 3: 
Textual and 
Visual 
elicitation 

 -Dancer’s 
semi-
structured 
interview 
that was 
voice 
recorded by 
the designer 

 -Dancer’s 
body maps 
on the 
photos of 
the moving 
body from 
Phase 1 

 
 
 

After-step: 
material 
elicitation  

 -Designer’s 
design mood 
boards 

 -Designer 
experimenting 
with materials 

After-step: 
exploring with 
bodily movements 
through materials 

 -Designer testing 
the prototype with a 
participant 

Phase 1:   

Textual and 
Visual 
elicitation 

 -Designer’s 
observation 
notes on 
research diary 

 -Designer’s 
photo and 
video 
documentation 

After-step: Textual 
and Visual 
elicitation 

 -Designer’s 
observation notes 
on research diary 

 -Designer’s photo 
documentation 

 -Participant’s semi-
structured interview 
that was voice 
recorded by the 
designer. 

 

In this project, the designer lacked expertise in somatic practices, therefore, she adopted the 
somatic connoisseurship method by collaborating with a dance artist who employs Qigong 
for improvisational dance. The somatic connoisseurship unfolded in three phases: 1) 
embodied explorations with a dancer; 2) analysis of phase one by the designer; and 3) a 
semi-structured interview and body mapping with the dancer (Table 2). Phase 1 began with a 
pre-step of movement-based explorations initiated with Qigong, a gentle movement practice 
that cultivates subtle energy by working with the moving body (Hung, n.d.). To familiarise the 
designer with the movement practices, the somatic expert led a QiGong session where the 
designer gained a first-person somatic experience, bringing the designer into closer contact 
with her body. Following that, the dancer performed body sketching using the objects and 
keywords that were generated during the cultural probe study (Figure 2). In Phase 2, the 
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designer analysed the video recordings, photographs, and notes taken during Phase 1. In 
doing so, she prepared topics to discuss during the semi-structured interview and generated 
photos for body map drawing that is used as a visual complementary tool with the interview. 
In Phase 3, the designer conducted a semi-structured interview with the dancer and 
incorporated a drawing exercise making the dancer’s experiences graspable for the 
designer.  

 
 

 
Figure 3: The somatic connoisseur, in this case the dancer, explores with bodily movements through engagement with 
three objects provided by the designer. Photographs by Nesli Hazal Oktay. 

This process of somatic connoisseurship resulted in a mood board (Figure 3a) then a set of 
prototypes. The prototypes had different forms, but the they all had the same function: they 
limited the bodily movements of the wearer in an attempt to disrupt habitual perceptions and 
ways of thinking (Loke & Robertson, 2013) in video calls: 1) A pillow placed on a chair during 
a video call mimics the ability to turn off the call when the person sitting on the prototype 
moves (Figure 4b); 2) a macramé piece that is placed on the wearer’s back in alignment with 
their spine mimics the ability to turn off the video call when its wearer moves (Figure 4c); 3) a 
ball-shaped piece that is placed on the upper and lower body mimics the ability to turn off the 
video call when the person drops the prototype on the floor (Figure 4d). In sum, the 
prototypes were unhabitual objects, inviting their users to be more engaged with their bodies 
during video calls so that they have new opportunities to shape experiences with their loved 
ones when communicating that way. 
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Figure 4: The mood board and the three prototypes created during Intimacy with Far-away Bodies. Illustration by Nesli 
Hazal Oktay. 

 

The designer and her close circle interacted with the prototypes and provided feedback. After 
these experiences with the prototypes, the designer realised that prototype 3 (Figure 4d) had 
the most potential for creating bodily awareness because of its’ closeness to the body and for 
its’ potential for sensors to fitted if making it interactive. Next, an open call was made so that 
prototype 3 could be tested. A participant who experiences intimacy in remote connections, 
tested the prototype while having a video call with their mother who lives far-away. The call 
lasted for about 40 minutes and was conducted in a language that the designer does not 
understand in order to create a more comfortable environment for the participant. The 
designer observed the participant’s interaction with the object, and recorded notes in her 
research diary and took photos. After 40 minutes, the designer interviewed the participant 
and audio-recorded the interview. The testing of prototype 3 provided insights into the 
emotional qualities and the material quality of this object. 

The design process of Intimacy with Far-away Bodies unfolded with the designer’s new 
understanding of how to design for people who are close by heart but physically apart. 
Additionally, it revealed how a second-person perspective may inform the creation of mood 
boards and ideas for design use. Cultivation and elicitation of the second-person felt 
experiences supported the designer in her attempt to transform the abstract embodied 
experiences of others into tangible sets of prototypes. The next step is to implement the test 
results and to iterate on the prototype. 
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Toolset for cultivating and eliciting felt experiences 

The two presented projects exemplify how bodily experiences can turn into design prototypes 
informed by the felt experiences of pain and intimacy. They apply various cultivation and 
elicitation tools to inform the design process. Cultivation of bodily experiences provides rich 
data to be reflected upon whereas the elicitation methods explicate these subjective 
experiences, and make them more easily grasped by the designer. In analysing these two 
projects, we propose a toolset (Table 3) for cultivating and eliciting felt experiences for 
design use.  

 
Table 3 presents the toolset for cultivating and eliciting the first- and second-person felt experiences for design use.  

Cultivating Felt  

Experiences 

Eliciting Felt  

Experiences 

Exploring 
with Bodily 
Movements 

Exploring with 
Bodily 
Movements 
through 
Materials 

Visual 
elicitation* 

(see Table 4 for 
the illustrations 
of below listed 
elicitations) 

Textual elicitation Material elicitation 

-Bodily 
explorations 
through 
somatic 
practices i.e., 
Yoga or 
QiGong 

-Bodily 
explorations 
through 
materials i.e., 
prototypes or 
design props  

-Body map (BM) 
drawings: 1) BM 
on the photos of 
the moving body; 
2) standardised 
black outlined 
BM; and 3) life-
size BM 

-Semi-
structured 
interviews  

-Lived 
experience 
diary  

 -Research 
diary 

-Experimenting with 
materials/making/prototyping  

- Design mood boards 

 

Designing for bodily experiences entails ‘cultivation of felt experiences’ at the beginning of 
the design process to gain deeper insight into the relevant bodily phenomena. This stage can 
begin with of first- and/or second-person engagements, however, we suggest that designers 
to first cultivate with first-person accounts. For this stage, we propose exploring bodily 
movements and with bodily movements through materials. The former tool can include 
engaging with somatic practices such as Yoga or QiGong. This will help designers and/or 
participants to experience their bodies in different shapes, forms and movements that are not 
habitual, thus, they can acquire new bodily realisations. The latter tool includes movement 
through the use of materials i.e., prototypes, design props or any material that is meaningful 
for the specific design project. In applying this method, designers can organise 
improvisational sessions where the movement with the materials has no strict rules, or they 
can integrate materials into somatic practices e.g. practising yoga while wearing the 
prototype. Both tools can be employed to cultivate combined first- and second-person 
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experiences. If the designers are experts in any somatic practice, they can use their 
expertise to lead these sessions. Otherwise, they can consult a somatic expert in a method 
called ‘somatic connoisseurship’.  

On the other hand, elicitation methods make lived experiences graspable and communicable 
for others. We offer three ways of elicitation that work as complementary tools 1) visual, 2) 
textual, and 3) material elicitation. For visual elicitation we offer body map (BM) drawings; 
BMs are tools to visually illustrate the felt experiences and they reveal aspects of such 
experiences that are otherwise difficult to communicate (Cochrane et al., 2022). BMs are 
generally applied as drawings on black-outlined human figures. In addition, we exemplify two 
other ways of approaching to BM method (Table 4). The first approach is to generate 
drawings on the photos of the moving bodies that are captured during the cultivation 
sessions. This kind of BM can be done by using drawing tablets. In this approach, people 
may better connect with the visual as it will involve photographs of their bodies and the 
photography may evoke their past experiences (Harper, 2002). Additionally, we propose 
exploring life-size BM drawings: this approach may capture the location of the felt sensations 
that are explored as well as the patterns that are generated and that can inform the visual 
design of the prototypes. Finally, we also see value in using standardised BM, especially, for 
example, when working with multiple participants and where the possibility of preparing 
photographic images for drawing is not possible or is not necessary for the investigation.  

 
Table 4 shows three different ways of approaching the body map drawing: body maps on the photos of the moving 
bodies’ life-size body maps; standardised black-outlined body maps.  

Body Maps on the Photos of the Moving Bodies 

 

Life-Size Body Maps Standardised Black-Outlined Body Maps 
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As textual elicitation tools, we propose lived experience diary and research diary. The lived 
experience diary can be used when the cultivation of felt experiences lasts for a longer 
period (e.g. a week or a month) so that the detailed nuances of the experiences in question 
can be logged. This tool can be applied both for first-and second-person elicitation. If the 
lived experience diary is used to document emerging sensations of particular embodied 
activities e.g. yoga or a dance session, we suggest writing the diary entries directly after 
these activities are undertaken and when the influence of the experience is still fresh in the 
memory. We suggest a research diary for taking observation notes when the cultivation 
sessions of second-person explorations happen in the presence of the researcher. Hence, 
they can document their interpretations of the other people’s experiences to explicate them 
later in the elicitation sessions. We propose material elicitation as the final stage of the 
elicitation phase. At this stage, the explicated felt experiences come to a being through 
material investigation. This process may begin with design mood-boards (see Project 2) that 
are informed by the visual and textual elicitation to gather visual inspiration, or it can start 
directly with material engagement (see Project 1). For instance, engaging with various textile 
materials and techniques to ideate the forms and shapes of the prototypes. This dynamic 
process of material encounters will lead the design of prototypes that can be iterated as 
much as necessary according to what the projects entail.  

In this section, we illustrated a toolset to articulate first-and-second-person felt experiences 
for design use. We offer this toolset for designers who wish to work with bodily topics and 
gain an in-depth understanding of the embodied phenomena that they want to study. This 
toolset is generated by the analysis of two presented design projects which shows that there 
is no one correct way of applying this toolset. Design processes are never linear; rather they 
circle back where some points of the process are entangled. As we have discussed, these 
tools can be applied in different orders as they make sense for the specific design inquiry 
with as many iterations as needed. In Figure 5, we illustrate how these tools are employed 
and shape the design process of two presented projects. Accordingly, we suggest that 
designers engage creatively and extend this toolset for designing for/with/through the 
sensory moving bodies.  
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Figure 5: Cultivation and elicitation processes of Squeaky/Pain (left) and Intimacy with Far-Away Bodies (right), 
highlighting the non-linear nature of these processes. Illustration by authors. 

Reflections on the toolset 

We presented two design projects focused on chronic pain and intimacy in remote settings 
aiming to extend our perception and understanding of these embodied topics. Thus, they 
open up discussions on finding new ways of being and living in relation to these abstract 
bodily concepts. Through presenting these projects, we illustrated how felt experiences can 
inform the creation of prototypes. Additionally, we created a toolset for cultivating and 
eliciting the first- and second-person felt experiences for design use. This toolset provides a 
set of design methods that can be applied creatively according to the particularities of each 
embodied design inquiry. In this section, we will discuss the challenges that emerged in 
application of this toolset during the presented projects. These challenges bring out two 
notions to be considered when applying this toolset 1) being silly together; and 2) creating a 
safe space for all the parties involved.  

To start the cultivation of felt experiences we suggest engaging with bodily practices. As we 
have illustrated in both projects this can happen through the designer’s own engagement 
with somatic exercises, leading participants into such practices or by observing a somatic 
expert in their movement practice. Cases where designers lead a session while observing 
participants or observing the somatic expert may create uncomfortable situations for the 
ones being observed. To break this social awkwardness, we suggest being silly together with 
participants or the somatic experts involved in our design processes. By making unhabitual 
bodily movements together, all parties involved can feel equal in terms of social relations and 
this may help the ones being observed to better relax and focus on the activity of the 
cultivation session. The two projects we have described also illustrate how to practise being 
silly together: Firstly, in Squeaky/Pain, before the participants tested the artefact, the 
designer led them into a breathing and movement session where she also moved with the 
participants. They moved together and saw each other moving in strange positions, thus 
breaking the ice and helping participants to become more relaxed and comfortable wearing 
the artefact and moving by themselves. Similarly, in Intimacy with Far-Away Bodies, the 
designer first entered the world of movement through a QiGong session led by the somatic 
expert before the designer observed the expert while the expert conducted embodied 
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sketching. In entering each other's world, they became familiar with each other and the way 
each other moved. In this way, the designers of both projects realised the value of being silly 
together with their participants and collaborators.  

Our second point of discussion is the creation of a safe space for our participants, somatic 
experts and ourselves in the design-research process of bodily interactions. When we design 
with/for/through the body, we open what is private, intimate and personal to the public, 
thereby becoming vulnerable. In our attempts to gain insight into felt experiences we may 
find ourselves in a position where we risk invading personal privacy. On the other hand,  
purposeful vulnerability can also inform design works that focus on exploring unfamiliar 
experiences (Popova et al., 2022); it may trigger the formulation of on-the-spot responses for 
ethically grounded design processes. Working with bodies is working with the unknown and 
may require immediate alterations in the pre-structured design processes. We discuss that 
bodily design works should move beyond a consent-based ethical approach –without thereby 
abandoning consent procedures– and must create safe spaces for all parties involved in the 
study including ourselves and ready to take new actions as our design processes unfold. In 
terms of safe space, in Intimacy with Far-Away Bodies, the designer tested the prototype 
with a participant wherein the participant would engage with the prototype while having a 
video call with their loved one. The designer recruited a participant who would speak with 
their loved one in a language that was unknown to the designer. This way, she aimed for a 
safe space for the participant to speak out loud and have a conversation without the feeling 
of being listened to.  

In summary, we propose being silly together and creating a safe space as necessary 
elements that should be considered in design works that aim to create bodily interactions and 
tackling sensitive personal topics. We have discussed how both of these elements can be 
employed in consideration of ethical and caring design processes, thereby providing comfort 
even while participants may experience potential discomfort in being vulnerable when 
sharing what is intimate, i.e., bodily sensations, emotions, feelings etc. In this way, we 
believe our design works may lead to caring prototypes and bodily interactions.  

Conclusion 

In conclusion, we regard prototyping as an ongoing procedure that is embedded in the open-
ended process of design through a series of embodied actions. When working with the 
embodied and soma design processes, prototyping becomes imprinted into the designers’ 
own bodies whereby our bodily awareness shapes our making and vice versa. In this way, 
our prototypes become physical manifestations of abstract bodily experiences. To thoroughly 
inform such design studies through the bodily experiences we need to develop better 
embodied insights. To do this, we offer the presented toolset in this paper anticipating that it 
can guide design inquiries that focus on bodily engagements. Designers can use this toolset 
to study the specific bodily concept that they aim to explore in their research or apply it to 
gain a general understanding of felt sensations to inspire their designs. We have illustrated 
the application of this toolset for explorative design studies that aim to extend our 
understanding of the specific bodily phenomena and to influence our perception. Moreover, 
we foresee that this toolset could also be used for designing prototypes that will reach end 
users. For instance, a design work that requires the bodily engagements of the users can 
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benefit from this toolset by learning the diverse ways that how bodies move and feel. 
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Abstract  
This paper explores the role visual prototyping by visual communication designers can play in the 
navigation and communication of textile design research. Typically, visual communication is only applied to 
dissemination of research activities – which happens at the end of a project. The authors argue that visual 
communication has more to offer when it is included as core element of the research process supported by 
visual prototyping. Using an illustrative case study of the Bio-Inspired Textile research project at University 
of the Arts London in collaboration with students from the Graduate Diploma Graphic Design course, the 
authors discuss how this was explored in practice and the benefits of such an approach. Here the project 
was conducted between textile design researchers and graphic design students who took on a student-as-
researcher role. The Bio-Inspired Textiles research explores how eight different structures found in nature 
can be applied by textile designers. The communication designers were asked to explore these structures 
and communicate them through physical and digital typographical prototypes. Using an after-action review 
method, the paper discusses the insights of the project from both researchers and student perspectives. 
The authors conclude that visual communication designers can play a vital role within a research process 
and their methods, such as prototyping, enables the creation of new translational knowledge and its 
application into design practice. 
 
Visual communication design; Prototyping; Student-as-researcher; Textile research; Knowledge exchange; 
Translational Knowledge 
 

Traditionally, Graphic design has focussed on developing visual communications in response 
to client-needs (Wragg & Barnes 2016). In research, this role is often restricted to the 
dissemination of results. However, there is now a growing demand within industry and 
academia for a new type of designer. One with the ‘expanded capacity’ to undertake and 
participate in research (Vaughan 2017). In our world full of challenges and ‘wicked problems’ 
(Rittel and Webber, 1973), the research space is expanding to encompass interdisciplinary 
teams that could benefit from the integration of visual communication into the research 
process as part of the creation of new knowledge.  

This paper explores the potential of the role of visual communication designers as 
researchers, rather than solely as a disseminators of results. The paper describes a 
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knowledge exchange collaboration between visual communication students at University of 
the Arts London (led by Author2) and Bio-Inspired Textile team (Author1 and Author3), 
working on an interdisciplinary research project. The Bio-Inspired Textile research aimed to 
translate knowledge from the field of material science (Naleway et al., 2015) regarding the 
ways biological structures create extraordinary properties compared to the simple materials 
that they are made of. Fundamentally, the research focused on how the structural lessons 
found in nature could be applied to textile design and practice. 

Working with Bio-Inspired Textile researchers, the students on the Graduate Diploma 
Graphic Design course received a live brief providing them with the unusual student-as-
researcher role rather than a more typical student-as-professional role. Through a six-week 
collaboration, the students created 15 typographical prototypes which were used to explore 
how the biological structures could be translated for a textile design audience. Reflection-in-
action (Schön, 1983) followed by an after-action review (Morrison and Meliza, 1999) was 
used to establish what had happened and what role visual communication had played in the 
process of creating new knowledge. 

The paper concludes that working with visual communication designers and their prototyping 
methods helped to bring a different perspective – as non-textile experts - and clarity over the 
key messages needed to translate the biological structures from the material science field for 
designers. In doing this, the visual communication designers played a vital role in the 
research process, allowing the Bio-Inspired Textile researchers to create new translational 
knowledge about the structures for their application into textile design. In exchange, the 
students gained an advanced level of experience, not only with information regarding the 
biological structures, but as active participants (students-as-researchers) in the research 
process through prototyping.  

Visual Communication & Research   

In academic research, visual communication is generally employed to disseminate outcomes 
and findings, which happens at the end of a project. Outcomes, outputs and dissemination 
are all common terms that describe visual communication activities in their relationship to 
research. This suggests that visual communication happens in service of the research. This 
is consistent with commercial practices in visual communication where the goal is to achieve 
communicative efficiency of given content (Frascara, 1988). The knowledge created in the 
process of developing the communication is rarely discussed, as such designers have faced 
epistemological and methodological challenges in establishing an evidence-base for visual 
communication (Wragg & Barnes, 2016). Where visual forms of knowledge production are 
seen to lack the ‘unambiguous capacities’ of numerical and textual representations (Drucker, 
2014), it is contested whether these processes can generate knowledge (Renner, 2017). 
However, Hinrichs et al (2018) counter this by suggesting that visual communication can 
serve more than one purpose in research. Apart from its role in communicating already 
existing insights and knowledge, it can also ‘facilitate exploration’ in order to arrive at ‘new 
discoveries’.  

To understand how this might happen, practice-led approaches provide a theoretical frame to 
establish how images can generate meaning in research, particularly through prototyping 
(Renner, 2010). This paper argues that the exploratory processes of prototyping, reflection, 
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and critique (Poggenhohl, 2018) that designers use to develop their understanding of a 
problem have something to offer when included as a core element of the research process.  

Prototyping in Research  

Prototyping is generally exploratory and iterative; a process used to generate knowledge to 
inform a larger system. O’Leary (1998) notes that prototyping is a particularly useful and 
flexible tool for investigating nonnumeric and symbolic information. Normans' theory of the 
‘cognitive artifact’ (1991) offers a useful frame to understand how this process might work. 
He proposes that all design can be understood as an act of representation and therefore, is 
concerned with cognitive artifacts. Normans defines the cognitive artefact as an ‘artificial 
device’ that ‘serves a representational function’ affecting human cognition. In this view, a 
prototype can be thought of as both a form of cognitive support and as feedback in a 
research process (Boyd Davis & Vane 2019) as they capture and ‘externalize’ a design, and 
thinking in process. 

There is a growing body of literature discussing the role of visual prototyping, specifically in 
interdisciplinary research. For example, in the field of Digital Humanities, designing and 
prototyping are considered ‘core activities’ by Galey and Rueker (2010). In their paper, which 
explores prototypes as theories, the authors explore whether the arguments embodied by 
prototypes are ‘contestable, defensible, and substantive’, and further question whether the 
prototypes themselves might be considered original contributions to knowledge. Galey and 
Ruecker suggest three broad functions of a prototype.   

• Prototype as tool: functions as an affordance that is used to carry out a given task 

• Prototype as experiment: functions as a process that is used to test a theory 

• Prototype as theory: functions as an externalisation that is used to communicate an 
interpretation 

However, as Hinrichs et al (2021) note, each of Galey and Rueckers definitions present 
prototyping as a means-to-an-end. They argue that a prototype can in fact function as ‘an 
object of inquiry with its own mediating characteristics’. The idea of a design as mediation or 
translation is particularly relevant in interdisciplinary research, where researchers bring 
different knowledge, understandings and languages to a project (Ribul & de la Motte, 2018). 
Specifically in the field of Design, Poggenhohl (2018) suggests that prototypes can play a 
vital role in making visible to everyone involved what is ‘known, half-baked and faulty’ about 
an emerging design problem. This paper builds on the idea that prototyping in design can be 
used as a form of translation but rather than focussing on exploring a design problem, we 
investigate this in the context of research. 

Visual Communication & Education 

Visual communication as a subject is ‘more typically associated with vocational training than 
knowledge-production’ (Nelson, 2013:3). The focus of the practice is often to address and 
solve an articulated problem. Consequently, studio-based pedagogies in design education 
are structured to emulate professional practice (Motley, 2017). These ‘signature pedagogies’ 
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are defined by Shulman (2005:52) as the ‘types of teaching that organise the fundamental 
ways in which future practitioners are educated for their new professions.’ For example, the 
‘live brief’ is a signature pedagogy in design education.  Here, an external client sets a 
creative brief for students and the student-designed responses generate creative visual 
‘solutions’ for the client. This type of project-based learning positions the student-as-
professional, requiring them to work as ‘design experts;’ employing implicit knowledge to 
‘conceive and develop original products, services, and communicative artefacts’ (Manzini, 
2015:65). The outcomes of such projects are discussed through critique, where the focus of 
the discussion is generally on their ‘appropriateness’ as a ‘solution’ to the given problem 
(Cross, 1999, Norman, 1991).   

Yet, Drucker (2014) speculates that as visual communication programmes are required to 
respond to more sophisticated problems, they will require a corresponding sophistication of 
analysis and knowledge production. Therefore, there needs to be a shift in focus from solely 
problem solving, where students communicate knowledge that is embedded in their visual 
design solutions (student-as-professional) to an additional focus on the student-as-
researcher. In this new researcher role, students communicate explicit knowledge through 
process and prototyping to create design knowledge (see Table 1). Therefore, to focus on 
knowledge production in visual communication, the case study outlined in this paper 
considers the student-as-researcher and their methods (prototyping) where the design 
process is viewed not just as one of problem solving but one that aims to ‘produce 
knowledge useful to those who design’ (Manzini, 2009:5). 

 
Table 1.  Defining the two different roles: student-as-professional and student-as-researcher 

Role  Focus  Communicati
on 

…in order 
to produce  

student-as- 
professional  

address and 
solve an 
articulated 
problem  

implicit knowledge 
embedded in outcomes  

creative visual 
solutions  

student-as- 
researcher  

prototyping  explicit knowledge 
communicated through 
process  

design knowledge  

  

Bio-Inspired Textiles  

Bio-Inspired Textiles (BIT) is an Arts and Humanities Research Council funded research 
project that combines the fields of biology, material science and design (specifically textile 
design but also visual communication design as this paper discusses). One of the aims of the 
research was to develop a practical framework to help textile designers access relevant 
lessons concealed within the field of material science regarding the extraordinary mechanical 
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properties observed in biology that are the result of structural design.  

For example, nacre otherwise known as mother of pearl, is found in the lining of the Abalone 
shell. Nacre is primarily composed of chalk, a substance known to be brittle, alongside a 
nominal amount of protein. It follows that one would expect nacre to be quite brittle, but it can 
be up to one thousand times more resistant to cracking than chalk alone because of the way 
the chalk and protein is structured (Barthelat et al., 2007).  

As with any scientific discipline, designers find the knowledge from material science, with 
their mathematical equations, microscopic imagery and discipline specific language, difficult 
to engage. The gap between the knowledge presented in material science field exploring 
relationship between the structure (layers) and function (strength and crack resistance) of the 
Abalone shell and textile practice is wide. This is evident in the limited examples of textile 
designers drawing on biological structural design from the literature. Such activities tend to 
be research centred and niche in design (Kapsali and Hall, 2022), but commonplace in 
material science. Bridging this gap constituted one of the main challenges for the BIT 
researchers.  

Bio-Inspired Textiles and Communication  

In order to translate the relevant lessons from biology for textiles designers, BIT researchers 
drew on the work of Naleway et al. (2015) whose review of the relationship between structure 
and function in biological materials that demonstrate advanced mechanical behaviours 
revealed eight recurring structures. The consolidation of such a vast body of knowledge into 
eight biological structural design elements provided a more consistent framework of 
terminology for the material science community. However, Naleway at al. took this one step 
further by providing graphical representations of each biological structural design element 
offering greater clarity to his audience (Figure 1) and in doing so, created a visual language, 
accessible to designers and set the scene for non-specialist audiences to engage with this 
information.  
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Figure 1. Naleway et al.’s (2015) graphical depiction of the eight most common biological structural design elements.    

Typically, in the scientific disciplines, photographic images, such as those from under a 
microscope are presented to aid understanding. Comprehending the meaning of these 
photographic images involves experience and specialist training, skills designers do not 
typically possess. This makes it easy for the information encoded within the photographic 
image to be misunderstood by the designers. The translation by Naleway et al. (2015) of a 
photographic representation into a graphic representation (more commonplace in the design 
disciplines) provides a more accessible way for design researchers to access and apply the 
knowledge.  

In addition to the graphic representations, Naleway et al. (2015) used a combination of 
photographs from under the microscope and literal photographs of the source of the example 
to fully communicate the structures. The three visual elements were the key to the translation 
for the designers (figure 2). Figure 2 demonstrates the layered structure, described in the text 
as “composite materials that consist of multiple layers or interfaces and are often employed 
to improve the toughness of otherwise brittle materials” (Naleway et al. 2015:5461). This is 
first, visually, explained using a graphic representation of the structure followed by a 
photograph of a biological specimen, in this case the Abalone shell (mother-of-pearl). Finally, 
physical details of the layered structure are presented with accurate microscopic imagery 
revealing the layers found in the lining.  

 
Figure 2. Naleway et al.’s (2015) three types of imagery used to explain biological structural design elements (Top: 
Naleway et al.(2015), Bottom: adapted by Naleway et al (2015) with permission from Barthelat at al. (2007), Copyright 
2007, Elsevier) 

The combination of all three of these images represent information that is not necessarily 
spelt out in the text, often accepted as tacit knowledge for those in the material science field. 
It was the combination of these visuals, especially the graphic, that enabled the translation of 
knowledge to be easier to understand by the designers. However, the leap from 
understanding this information and how it can be successfully applied into textile practice, 
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such as a weave or knit structures was still to be established. It is the application of this 
knowledge for a textile designer that provided the challenge for researchers to investigate 
alongside visual communication designers.  

Methods  

This research was conducted between textile design researchers (Cathryn Anneka Hall and 
Veronika Kapsali) working on the BIT research project and thirty-two visual communication 
students undertaking their Graduate Diploma at University of the Arts London led by Laura 
Knight. The collaboration, which took place between February and March 2022 was 
designed to involve the graphics students, not as a dissemination exercise or playing the 
more traditional role of problem solver for a commercial client (student-as-professional) but 
they were asked to become part of the research process (student-as researcher).  

The collaboration was set up as a knowledge exchange activity. Using a live brief, the 
students were asked to explore the structures in small groups using typographical 
prototyping as the main tool of investigation. Typographic design was chosen as the visual 
communication activity as it addresses two important but distinct creative challenges that are 
relevant to the research; syntax and semantics. Syntax relates to the ‘essential or structural 
forms’ of the type (Johnston 1962). Semantics addresses how typography evokes meaning 
through visual association (Carter, 2007). Typographic design balances both aspects. In total 
fifteen prototypes were produced by the students which were analysed by the Authors to 
establish the findings presented here.  

Working in this way, the BIT researchers could obtain a non-textile perspective and highlight 
areas of confusion within the communication of their framework. The project was conducted 
across a six-week period where the BIT researchers actively engaged with the students on 
three occasions: to brief the students in the task, provide interim feedback and view the final 
presentations. One student project is used as a case study to exemplify the process that was 
taken during the collaboration and demonstrate how prototyping was used. However, all 
fifteen prototypes were analysed for the research and key examples from across the 
students’ work are used for the discussion of the insights.  

Reflection was made by the researchers throughout the collaboration, as a form of reflection-
in-action (Schön, 1983), but was only formalised during after action review (Morrison and 
Meliza, 1999) in which questions such as ‘what happened?’, ‘what went well?’, or ‘what could 
be changed?’ were asked. Finally, the paper also draws on the reflections made by the 
students themselves to present both the researchers and students-as-researchers 
perspectives leading to the insights presented in this paper. 

Visual Communication Design 
Collaboration    

The visual communication design collaboration was the third collaboration during the 
research project. To first, address the challenge of translating Naleway et al.’s (2015) eight 
Biological Structural Design Elements for a textile design audience, the BIT researchers 
attempted to outline the relevant design lessons within each structure themselves. To test 
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how this could be applied to textile design, the BIT team piloted two collaborations, one with 
professional textile designers and second with Graduate Diploma Textile Design students. By 
working with these two textile specific audiences, the researchers refined their understanding 
of the design lessons and began to establish how they could be applied to a variety of textile 
techniques (yarn spinning, knitting, weaving, embroidery, fabric manipulation etc…). 
Although the communication between the researchers and the textile designers in these two 
pilots had demonstrated, in the most part, an understanding of the structures and their 
application to textile practice, it had also highlighted key points of confusion. Thus, it became 
clear that further refinements were required to bridge the gaps between science and design 
practice. 

The collaboration between the BIT researchers and the Graduate Diploma Graphic students 
was established to explore these required refinements. The collaboration was created as a 
knowledge exchange activity to position the students-as-researchers rather than the typical 
student-as-professional approach used in the dissemination of research outputs/ findings etc, 
The BIT researchers provided students with experience of an interdisciplinary research brief 
and the students provided a non-textile perspective of how the structures could be 
communicated for a specific textile audience. In this way many of the assumptions and tacit 
knowledge held by both the BIT researchers (both textile designers) and the textile 
professional and textile student collaborators could be stripped away and further clarity of the 
key textile design lessons found in biology was obtained.    

Bio-Type Project  

The project, called Bio-Type, asked a group of thirty-two graphic design students to work in 
groups of two to translate a single Bio-Inspired Design structure into typography as both an 
alphabet, and a piece of moving imagery, that spells out the name of the structure.  

As discussed, this knowledge had already been visually translated into photography and in 
graphic forms by Naleway et al. (2015). While these enabled the translation of knowledge for 
the designers, the link to its application into textiles (such as weave or knit structures) was 
less clear. The main communication challenge was therefore that the essential structures 
needed to be communicated alongside their creative potential in application. Typographic 
design was used as the visual communication activity in two ways: syntax (essential 
structural forms) and semantics (meaning through visual association). To address syntax, 
alphabets are designed as a series of distinct visual signs, each with its own structural 
norms. Students would therefore need to explore the ways that the Bio-Inspired structures 
could be clearly communicated through the basic structures of the letterforms. In addition, 
the students addressed the communication semantically in their material and visual choices. 
This provided the opportunity to visually link the Bio-Inspired structure’s to their creative 
application in textile practice. 

Students were required to use prototyping to develop their understanding of the concepts. 
They were asked to generate a wide range of prototypes using different materials, methods 
and processes and as the project progressed, narrow down and commit to one concept. 
Using further prototyping, they were then able to develop a set of letterforms that 
communicated their interpretation of the structure.  
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As table 2 describes, teaching and learning was delivered through workshops and studio 
critiques supported by readings and technical learning. The BIT researchers' interactions with 
the students were deliberately planned across the project at specific points to create 
knowledge exchange.  

 
Table 2.  BioType Project Structure across six weeks  

 

Week Activity Output Examples 
1 

 
 

 
 
 

 
 
 

Brief launched  
Students allocated a group and structure and 
asked to complete the following visual research 
tasks.   
1. Collect 30 images that communicate their 
structure  
2. Produce 10 iconic prototypes based on a 
single image from the found images  
3. Generate 50 symbolic prototypes based on 
their structure  
These visual prototypes enabled the students to 
develop a basic understanding of their structure 
and begin exploring the possibilities for 
communicating it visually.  

 

Figure 3.  Image research into the layered structure,  
Credit: Yujuan Cui  

 

Figure 4.  Iconic prototyping of the layered structure,  
Credit: Moeko Doi 

 

Figure 5.  30 symbolic prototypes of the layered 
structure, Credit: Moeko Doi 
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Exploration Workshop  
Building on their visual research, students 
further explored their understanding of the 
structures through collective drawing and 
paper model making. These visual and 
physical prototypes further developed their 
understanding of their structures through 
processes of collaborative making and 
discussion.   
 
 
 

 
Figure 6.  Paper prototyping of the layer structure,  
Credit: Laura Knight 

   2 Briefing with BIT  
Researchers presented: 
• the BIT research 
• the structures 
• design questions for each structure 

Following the briefing, students were asked to 
evaluate their prototypes so far, using the design 
questions set out in the briefing. They were 
asked to choose the three they considered to be 
the most effective or consider developing further 
prototypes based on the design questions.   

 

 
 
  
 

Studio  
Students presented their chosen prototypes in a 
studio critique. Prototypes were discussed and 
evaluated in terms of: 

● their effectiveness in visually 
communicating the structure  

● their potential for development as a 
response to the design questions  

   
 

 

 Figure 7. Prototype presentation for Layer structure, 
Credit: Yujuan Cui and Moeko Doi 
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3   
 

Typographic system prototyping workshop  
Students begin to explore typographic systems - 
using rule-based drawing around a single 
structure to explore scales of visual dimensions. 
 

 

 
Figure 8. Typographic system prototypes for Layer 
structure, Credit: Yujuan Cui and Moeko Doi 

 
4 Presentation of prototypes to BIT  

 
Figure 9. Chosen prototype for BIT presentations, 
Credit: Yujuan Cui and Moeko Do (see also Fig.13) 

5 Final studio  
Peer critique of final proposals 

 

6 Final presentations to BIT 
See Fig.13 & 14 
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Case Study: Layered Structure   

At the end of the BIT research project (after the collaboration) each design lesson obtained 
from the structures found in biology was distilled into a simple text relevant to textile 
designers. The graphic design students' work formed part of the methods that provided this 
clarity. For layered structures this message is as follows: “Biology can teach us how layers 
combine materials in different ways for specific jobs” (Bio-Inspired Textiles, 2022).  

Just like the Abalone shell with its brick-and-mortar layers of chalk and protein that ensures 
the mother-of-pearl is stronger and more crack resistant than if it had been made up of either 
chalk or protein alone, textile designers can ask themselves how they can combine and 
position textile materials to create specific functions. The example provided by the BIT 
researchers, is a quilt made from three layers of materials: a woven textile on top, a filler 
textile in the middle and a softer textile at the bottom. Alone, none of these textiles achieve 
what all three materials create together.  

However, to reach this clear explanation of how layered structures can inform the way we 
design textiles, the graphic design students explored how this structure could be visually 
presented. Here we will explore the work of students Yujuan Cui and Moeko Doi. 

Beginning with prototyping workshops the students Yujuan and Moeko explored, paper 
modelling and a hidden drawing exercise in which paper was split into four sections where 
each person took turns drawing their own section of a letter without looking at the previous 
(figure 10). This resulted in a disjointed letter form that later inspired the student’s alphabet 
and moving image.  

Figure 10.  Paper prototypes (left) and letter sections exercise (right) Credit: Yujuan Cui 

 

Across the weeks, focused on layered structures, the students started to explore digital 
prototyping and how textile layers could be communicated (figure 11). Prior to interim 
feedback from the BIT researchers, Yujuan and Moeko developed a concept using three 
layers of engraved Perspex. Each Perspex layer contained shapes which when brought 
together in a moving image created the typeface (Figure 12). They specifically designed 
each layer using a different pattern to represent different materials that together became 
more than the individual parts. 
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Figure 11.  Visual research into the layered structure, Credit: Yujuan Cui and Moeko Doi 

 

 

Figure 12.  Interim layered concept, Credit: Yujuan Cui and Moeko Doi 
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The student’s moving image also incorporated lights in an attempt to disguise between the 
layers. The feedback provided by the BIT researchers was to focus on making the visual as 
relevant to textile designers as possible and expanding away from lighting and into physical 
materials rather than solely etchings on a single transparent material.  

This led to their final moving image design utilising texture, colour and materials in which the 
word ‘layer’ appears from the structural layers (figure 13). This was complemented by the 
students' alphabet design in which they incorporated a similar approach of building different 
textural components layered one on top of the other to form each letter (figure 14).  

Figure 13.  Final moving image design for BIT structure ‘layer’, Credit: Yujuan Cui and Moeko Doi 

Figure 14.  Alphabet design based on the BIT structure ‘layer’, Credit: Yujuan Cui and Moeko Doi 
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Discussion   

This paper argues that the collaboration between the graphic design students, positioned as 
part of the research (taking a student-as-researcher role) and discussing their interpretations 
(prototypes) enabled the students to be an integral part of the research process that provided 
the BIT researchers with clarity and new perspectives on the translation process of material 
science topics for textile designers. This was demonstrated in the case study (above), in 
which the graphic students, Yujuan and Moeko, explored the main messaging of the 
biological structure ‘layer’. The students successfully emphasised, through their physical and 
digital prototyping, the main message of the structure, namely how using layers provides a 
different function/property to the final design than those elements alone. This was 
communicated using different shapes across layers that built a typeface. This visual 
communication process provided additional clarity for the researchers as they explored the 
fundamental messages of each structure from Naleway et al.’s (2015) research paper, which 
later would then be articulated visually and using language for a textile specific audience as 
part of the official research dissemination.  

Furthermore, at the interim stage the BIT researchers provided formative feedback on the 
work in progress. Yujuan and Moeko’s work used transparent, acrylic sheets to communicate 
the layer structure. The BIT researchers fed back that they should consider using more 
textile-like materials to make the communication relevant for the textile design audience. It 
was here that the researchers started to appreciate the differences between communication 
to a broader design audience and a textile specific one. This was important translational 
knowledge produced by the student-as-researcher role that forced the BIT researchers to 
consider what aspects would make the core messages of the biological structures relevant 
for textile designers. 

These forms of insights occurred across the whole body of students' work. For example, in 
early prototyping, the students working on the ‘Cellular’ structure began by visualising and 
prototyping the shapes of plant and human cells (the objects) rather than the 'cellular’ 
structure themselves. Cellular structures found in nature, such as the honeycomb, 
demonstrate repeating, geometric, hollow units. The honeycomb is made of wax, a relatively 
weak material, but the cellular structure used ensures stiffness, even though the majority of 
the structure is formed of air (the gaps in the cells) which is used to store honey and protect 
larvae. The lesson from biology, in the case of cellular structures, is the opportunity for 
designers to create stiffness and volume with a reduced amount of material.  

However, the research team observed that the designers tended to focus in on the cell 
shapes from an aesthetic perspective, rather than the structural lesson of creating varied 
stiffness and demonstrating high volume using little material. This made the BIT researchers 
take a renewed perspective on the textile prototypes created in the previous textile-specific 
collaborators. Their interpretations used textile techniques, which by their nature were 3D. 
Therefore, even if the textile designers had mistakenly taken inspiration from the aesthetic 
shape of cells, this could still have been interpreted by the researcher (with expert 
knowledge) as a volumous cellular structure, when it was in fact just a 3D textile technique 
being used to articulate their incorrect aesthetic interpretation. Thus, due to the BIT 
researcher’s expertise, any misunderstanding of the structural lesson would have been 
missed.  
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Therefore, the experience of working with visual communication designers generated design 
knowledge for the BIT researchers in two ways:  

• Clarity over the key messages needed to translate the biological structures from the 
material science field for designers. 

• New perspectives from non-textile designers that highlighted areas of confusion 
within the BIT framework 

Combined, this created new translational knowledge for the researchers about the 
communication of the biological structures to aid their application into textile design. This 
demonstrates the role visual communication designers can play in process and the creation 
of new knowledge within research.   

Role of Prototyping   

Visual prototyping played an important role in this process. Students used visual prototyping 
to develop their understanding of the BIT structures, employing the exploratory processes of 
prototyping, reflection and critique (Poggenhohl, 2018:176) discussed earlier in the paper.  

“We found that using a mechanical hair clip demonstrated what a flower would look 
like unwound or completely expanded. We began to appreciate how pedal structures 
can bend and fold to become something functional as a necessity in biodiverse 
environments.”  

The different workshops in the project pushed students to use different forms of prototyping - 
2D, 3D and 4D. This enabled the process of translation (Ribul & de la Motte, 2018) from the 
language of material science to the language of visual communication.  

“I understood that the key was to use the minimum amount of material. This means 
using a minimum of multiple materials to establish the character. For example, ideas 
such as using holes, reducing the number of lines, cutting the letterforms, etc” 

The prototyping processes supported students in generating a ‘field of options’. This 
happened in the context of studio-based workshops which enabled the students to evaluate 
the prototypes by comparing with others. 

“It was interesting to see how different interpretations collided with each other. Some 
spirals were flat, some were three-dimensional, and there were helicals viewed from 
different angles. And I was able to learn from the many directions during the 
discussions with the group.” 

“I think it was helpful to see how things we learning were interconnected as a way to 
strengthen our current research.”  

The prototypes were presented back to the research team at three points in the process. The 
prototypes functioned as a ‘material conversation’ (Poggenhohl, 2018) between the students 
and researchers, communicating their different interpretations of the research questions. The 
feedback also focussed the inquiry for both students and researchers. Their interpretations 
produced communication knowledge by providing non-expert interpretations of the research 
for discussion and critique. These sessions were the pivotal point in the knowledge exchange 
between researchers and students that underpinned the student-as-researcher role.  
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For the researchers, it was at this middle unresolved stage that they gained a real 
appreciation of the successful translation of key ideas, any confusion created, the red flags 
for them to resolve and any differences between the translation from non-textile designers 
and the previous textile centred collaborations. In exchange, this new role for the students 
introduced them to visual communication design as a method driven by process rather than 
outcomes. The prototyping that the students created during this project were never intended 
to be used as final communication of the structures, but rather were part of the research 
process. The final visual communication, for the dissemination of the project, was completed 
later but was directly informed by translation knowledge developed in this collaboration.  

Furthermore, as a knowledge exchange project, three additional types of knowledge for the 
students in their new role were established:  

1. Better technical understanding of the research to be communicated (the structures 
and material design concepts).  
Illustrated by a quote from the students working with ‘Layer’ structure: 

“I had a vague understanding of the structure of a layer, but I think I now have a 
better understanding of what exactly it is.” 

 

2. Improved knowledge about how to design the communication within research context. 

Illustrated by a quote from the students working with ‘Overlap’ structure:  

“Our typeface aims to replicate how this structure can bend into familiar shapes and 
how flexible structures, such as those found in nature can overlap and condense into 
diverse forms. We want to create a structure that can be implemented into a system 
for typography that demonstrates this flexibility of expanding and contracting.” 

 

3. Clearer understanding of benefits of using prototyping to develop 

communication design within a complex research project.  

“For biotype, the methods we used and why they are effective have provided a 
framework for how to approach a complex project.” 

 

Overall, the process generated important knowledge for both researchers and students-as-
researchers on the challenges of communicating research to non-experts, the knowledge this 
creates about the process and what is important for discipline specific communication. As 
such, the design process was not just one of traditional problem solving but one that 
produced ‘knowledge useful to those who design’ (Manzini, 2009:5). 

Conclusion   

This paper set out to explore the role of visual communication design and prototyping within 
a research context. Conducted through a knowledge exchange collaboration between BIT 
researchers and visual communication students the project explored how a translation of 
biological structure design knowledge articulated in the field of material science (Naleway et 
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al., 2015) could be communicated to textile designers for its application across textile design 
practices. The students working with a live brief, took on a student-as-researcher role and 
became part of the research process, rather (as is more common) than student-as-
professional tasked with finding visual solutions to a problem.  

Prototyping (physical and digital) was a key tool used by the students to develop their 
understanding of the eight biological structure design elements and communicate their 
interpretations back to the researchers. The overall aim was to understand how translate the 
knowledge found in the field of material science messages for a textile design audience. The 
typographical prototypes created were pivotal at the interim stage, a point of connection with 
the BIT research team, for the students-as-researchers to demonstrate their interpretations 
and receive feedback. For the BIT researchers working with non-textile designers (after two 
subsequent textile specific collaborations), these prototypes provided clarity over the key 
messages and new perspectives that highlighted areas of confusion when translating the 
biological structures from the material science field for textile designers. This enabled the 
creation of new translational knowledge for the BIT researchers. In exchange the students 
gained technical understanding of the research content, improved knowledge of visual 
communication through prototyping and the methods they can use in the role of students-as-
researchers working within a complex research space specifically, as part of the process and 
in generating translational knowledge.  

Ultimately, the research concludes that visual communication designers can play a vital role 
within a research process. Their methods, such as prototyping, enables the creation of new 
translational knowledge and its application into design practice.  
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Abstract  
 
In the post-pandemic context, organizations are facing critical and systemic changes, particularly in 
people’s way of working and related processes. In the last decades, Design and Business Innovation 
literature presented the different ways Design supports organizations' innovation and transformation 
processes. This paper starts analyzing experimental approaches - namely design intervention - that Design 
may implement to support organizations in redefining working modes. The focal point of this contribution 
consists in the redefinition of working routines through the prototype of employee experience models. 
Furthermore, the existing literature presents a gap in the experimentation and implementation of 
prototyping activities in the employee experience design. Indeed, the application of service prototyping to 
employees' experience represents a stimulating challenge among design practitioners and researchers. In 
a moment of massive uncertainty in knowledge workers’ routines, how can Design be applied to Employee 
Experience to support organizations in redefining working scenarios? More specifically, how may we be 
able to co-design employee experience through a service prototyping approach? 
The theoretical purpose is to reflect on whether implementing service prototyping to employee experience 
may represent a fertile design research topic. The study presents a qualitative analysis with a Participatory 
Action Research method, partnering with an Italian bank's HR department and involved employees. 
Specifically, the paper is built on an experimental project that applies Employee Experience Design and 
Service Design Prototyping methods to redefine working habits in evolving contexts. Findings show the 
importance of employee experience prototyping in activating behavioral changes by triggering awareness-
raising mechanisms in individuals. Additionally, the lengthy process of changing working practices and 
routines within organizations can be approached effectively by co-designing employee experience models 
and iteratively testing and evaluating them. The paper aims to show the potential benefits of exploration for 
design research in applying prototyping to employee experience design. 
 
Employee Experience; Service Design; Prototyping; Organizational transformation; Co-design  

This paper addresses the current role of Design within organizations through design 
interventions: the creative distress that permeates organizational life. Building on recent 
contributions which reflect on the role of individuals as starting point of organizational 
change, the study proposes an exemplar of using co-design and service prototyping 
practices applied to employee experience design. In the knowledge workers’ realm, 
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designers recently supported HR in transformation processes, implementing "creative acts of 
making" (Sanders & Stappers, 2014) to co-design prototypes of employee experience. Thus, 
the study draws on an experimental project developed by applying Employee Experience 
Design and Service Design Prototyping methods to redefine working scenarios in uncertain 
times, like during the COVID-19 pandemic. The research aims are: to reflect on the 
theoretical implications of an experimental study based on a research and design project 
developed in a precise context; furthermore, to experiment and co-design service prototypes 
in unexplored realms, such as the one of employee experience, aiding the changing of 
working habits and nurturing employee engagement. The paper performs a qualitative 
analysis with a Participatory Action Research method by testing a prototyped employee 
experience model, co-designed with the partner – a financial institution HR department. 
Therefore, the prototype developed in the study consists of an employee experience model: 
a set of experiential options that could be freely chosen and navigated by the participants 
inside the specific context of experimentation. The proposed prototyping framework includes 
service design elements: tangible touchpoints, spatial configurations, and experience 
conditions. A significant sample of employees participated in two different iterations of the 
experimental test of this model to explore how the working experience is changing. The 
findings highlight the role of the employee experience model prototyped: to activate 
awareness-raising processes in individuals and train them to avoid reintroducing old working 
routines such as the one adopted before the pandemic. Thus, the employee experience 
model was designed to trigger critical thinking among the organization's people rather than a 
catalogue of designed workspaces. The different experiential options prototyped can play a 
crucial role in facing organizations' complex and systemic changes regarding new working 
life; indeed, co-designing employee experience options– iteratively testing and evaluating 
them - can represent a practical approach to the lengthy process of changing working habits 
and routines within organizations. In addition, making employees experiment with a different 
experience and working model can represent a novel way to enhance knowledge workers' 
engagement in these critical times.  

The paper articulates into four sections. The background theory presents the relationship 
between design, employee experience, and service design prototyping to transform 
organizations. The methodology and research design describe how the research was 
conducted. Research activities and results express the diverse areas of inquiry and the 
primary derived data. Finally, a discussion highlights the theoretical and practical 
implications.    

Background theory 

Designers are experimenting with practices to face the complexity of the current context, 
especially in novel and fertile realms for the design discipline. In the last decade, 
organizations have employed Design approaches and methods - often referred to as "Design 
Thinking" - to start transforming their structural features and be ready to take the risks that 
every systemic change entails (Zurlo, 2019). 
The adoption of Design within corporations has historically been motivated by strategic 
factors such as facilitating disruptive innovation pathways or enhancing customer 
experiences. Lately, the diffused direction has focused on the purposes more oriented to 
internal cultural growth feeding internal teamwork across the organization silos or changing 
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internal mindsets and enticing talent (Dunne, 2018). In mature contexts, Design adoption 
even aims to activate organizational and social transition processes, which can be 
considered system changes. The advancement of the design discipline and organizational 
structure are closely linked, according to Buchanan, who stated that "the product to be 
designed is not an artifact or a customer service anymore but the organization, itself" 
(Buchanan, 2015). 

The design intervention mentioned above thus permeates the organizational change actual 
topics and related literature. Organizational change is the process by which an organization 
modifies its current structure, daily working routines, strategies, or culture in ways that 
could significantly impact the organization (Herold et al., 2008). Significant organizational 
change can be planned or unplanned. Planned change happens when a review of business 
operations identifies issues that must be fixed immediately (Li et al., 2021). Thus, 
organizations can proactively boost their performance and effectiveness by modifying their 
business structures and developing new offerings. On the other hand, unplanned change is 
frequently brought about by unforeseen external forces. The main objective of unplanned 
change is to maximize potential benefits, reduce the adverse effects of the problematic 
situation, and turn the crisis into an opportunity (Schermerhorn Jr et al., 2011). Unplanned 
organizational change, as for the COVID-19 pandemic, can expose employees to 
uncertainties, leaving them with doubts and concerns that could affect their relationships with 
the organizations (Li et al., 2021). 

The design approaches, designerly way of organizing (Zurlo, 2019), have redirected the 
reflections to the individuals as the starting point of organizational change. Business 
transformation's drivers are employees’ capabilities, skillsets, and mindset, which are crucial 
components and indicators of organizational culture (Elsbach & Stigliani, 2018). 

Therefore, User Experience Design approaches applied to employees are becoming 
fundamental for reacting to unplanned changes and activating organizational transformation 
processes (Auricchio et al., 2018). Indeed, by observing people's needs and behaviors within 
the organization, design can inspire organizational change. With businesses' increasing need 
to bring people at the center of organizational transformation projects, the employee 
experience design stands out as an experimental topic for design researchers and 
professionals. Thus, organizations need to invest the resources necessary to design, 
produce, and stage an equally unique, memorable, and engaging employee experience if 
they want to consistently offer value in the area of engagement experience. It is a self-
reinforcing cycle with better employee experience resulting in better customer experience, 
which then feeds back to mankind into more engaging employee experiences possible (Pine 
II, 2020; Maylett & Wride, 2017). While there is extensive research on customer experience, 
employee experience has received less attention from both the Business & Innovation 
management literature body and the Design one (Batat, 2022). 

The term "employee experience" was first coined by Abhari et al. (2008); Morgan later 
provided its conceptualization concerning an organizational and HR perspective (Morgan, 
2017). Morgan described the employee's experience as a source of innovation, a way to 
increase customer satisfaction, and a plan to attract talent, engage them, and boost their 
performance (Morgan, 2017). Thus, employee experience influences employees’ behaviors 
and attitudes, impacting organizational performance and well-being (Whitener, 2001; Batat, 
2022). Indeed, employee experience is the intersection of employee expectations, needs, 
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and wants and the organizational Design of those expectations, needs, and wants (Morgan, 
2017). 

In 2022, Batat developed an employee experience theoretical framework (EMX) that 
combines the different views on the Employee Experience definition, rooted in the 
organizational and HR management literature; EMX is the employees' personal and 
changing perceptions of their cognitive, behavioral, and emotional states, as well as their 
social interactions with other employees, managers, and other internal and external social 
actors within the employing organization (e.g., suppliers and clients). These perceptions 
result from various interactions impacting employees' perceived value and well-being 
throughout their experiential journeys within organizations (Batat, 2022). 

Design discipline brings a holistic and experiential view of the employee experience to be 
extended to what has been named "human experience" (Rossi, 2021): designers have to 
consider components such as the community, physical workspace, environment, tools, 
activities, and social platform simultaneously (Lesser, 2016). Therefore, designing 
Employees' experience means interacting with three spheres: employees' physical 
environments, their social connections, and the work to be done (Lesser, 2016). 
Furthermore, applying the User Experience design in the workplace means empathizing with 
employees as individuals and as a part of representative groups to fulfill experiential needs - 
cognitive, emotional, social, behavioral, and sensorial (Abhari et al., 2008; Plaskoff, 2017).  

Designing employee experience implies looking at the entire experience through the 
employment lifecycle, a pathway including a multitude of touchpoints - employee interactions, 
experience with tools, physical spaces, procedures, and policies - as well as interaction with 
outside sources - conversation with family and friends, former employees, and media reports 
(Itam & Ghosh, 2020). To provide employees with a comprehensive and tailored experience, 
organizations must assess and identify the needs of the workers throughout all stages. 
(Maylett & Wride, 2017). 

Organizations adopt design practices to transform processes and outputs of various human-
centred activities, including managing human resources (Deserti et al., 2018). The worlds of 
Design and HR are becoming more and more entwined.  

The employee experience design serves as the intersection point of these two research 
areas; thus, this study's theoretical and experimental focus relies on the opportunity to 
explore this emerging topic. Moreover, the existing literature highlights a gap in the 
experimentation and implementation of prototyping activities in the employee experience 
design. 

In the professional context, what happens is that designers are asked to participate in the HR 
transformation process through a variety of co-design activities. In this scope, what plays a 
crucial role is the implementation of “creative acts of making” by designers (Sanders & 
Stappers, 2014) to co-design and evaluate prototypes. As Sanders and Stappers sustain 
(2014), through adopting methods for making, professionals can “make things” – as co-
designed prototypes - that can activate reflections on future experiences and life habits. 
Furthermore, employee experience design relates to the practice of service prototyping, 
intended as a set of approaches and activities aimed at collaboratively representing, 
communicating, and evaluating design concepts (Blomkvist & Holmlid, 2010). In particular, 
the challenge in this context consists in how to prototype whole services accurately 
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representing the experience of the future service in a realistic setting. 

In the knowledge worker areas, managers frequently ask designers to aid with employee 
reflection on particular issues and the collective finding of new solutions (Auricchio et al., 
2018). Furthermore, managers are experimenting with new leadership approaches based on 
co-design: they set up their organization's settings to allow everyone to play an active role 
and maximize their potential. Design is frequently perceived as a catalyst for team building, 
but the profession's primary objective in this scope has always been to co-design and involve 
various stakeholders in developing novel solutions to complex issues (Rossi, 2021). 

Starting from the explained background theory and observing the significant changes that are 
occurring in the working habits of office employees the research challenges specific 
questions: how to apply Design to Employee Experience to support organizations in re-
defining working scenarios? How to co-design employee experience through service 
prototype approach? The research activity presented in the next chapter aims to face the 
transitions happening in working routines caused by the pandemic. 

Methodology 

Research Purpose 

The research process has a particular experimental design approach, due both to the nature 
of the experiment and to the specific methodological choice in addressing the identified 
research questions. The work adopts qualitative and exploratory research methods, to create 
new knowledge contributions and develop the primary assumption (Creswell et al., 2007). 

The concept of prototyping employee experience models to understand - and subsequently 
define - how working logics are changing is debated by practitioners. However, it is still 
poorly defined from a scientific point of view. For this reason, and in an effort to be coherent 
with the complex challenges addressed, the research strategy adopts an explorative 
approach. Exploratory research does not employ confirmatory mechanisms, as hypothesis. 
Its aim is to maximise the discovery of generalizations, that lead to the understanding of 
phenomena through an extensive collection of insights on a specific subject (Stebbins, 
2001). 

Research Design 

The research follows a Participatory Action Research (PAR) methodology, developing, 
prototyping, and testing new employee experience models with an Italian financial institution, 
the partner organization in this study. The research project, titled Working Life Scenario in 
Evolution (WLSE), is developed with the organization’s HR Department, specifically with the 
People Development team.  
The sample is composed of 38 employees, from three different business units, with diverse 
job roles and seniority levels.  
The research team includes one professor, two researchers and two junior service 
designers. The project lasts ten months, including the final assessment phase.  
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Multiple methods of data collection were used and subsequently triabngulated in order to 
understand partecipant experiences. Due to the COVID-19 pandemic restrictions during the 
first phases of the research, most data collection tools implemented are digital.  

The main tools adopted are semi-structured interviews and individual virtual and in-presence 
conversations. The team also employed methods inspired by ethnography and digital 
ethnography research, such as user observation to monitor the testing of the prototyped 
employee experiences and digital user observation to document routines. 

The co-design approach and methods permeate the whole set of research activities implemented 
with the HR team of the partner organization. 

The research process follows the reiterative steps of the PAR approach: Planning, Action, 
and Reflection, followed by Evaluation (Lewin, 1946; Kindon et al., 2007). Therefore, the 
research goes through a repetition of these stages until the action is complete. The 
performed activities follow five steps: 

• Step 1 - Planning – WLSE ideation and definition of LAB 1: is the planning and 
structuring of the activities, from the preliminary research to the definition of the 
employee experience models prototyped in the WLSE Iterative LAB 1. It actively 
involved the partner organization and its employees both through the exploratory 
research and the co-design of the LAB. The aim was to collaboratively define and 
plan the experiment so that it would coherently fit with the study context and address 
the emerged employees’ needs.  

• Step 2 - Action – WLSE Iterative LAB 1: is the first set of the main experimental 
activities, specifically the prototyping of employee experience models to co-design 
and test in a participatory session with the employee of the partner organization.  

• Step 3 – Reflection – redesign: WLSE Iterative LAB 2: is the analysis of the data 
collected during the WLS Iterative LAB 1 to generate insights, redesign the employee 
experience models and prototype them through LAB 2. As in step 1, the partner 
organization was actively involved to co-design the second iteration of the prototype.  

• Step 4 – Action - WLSE Iterative LAB 2: it includes the second set of the main 
experimental activities, specifically the prototyping of employee experience models - 
redesigned during the previous phase according to the insights gathered through LAB 
1 - to test in a participatory session with two other teams of the partner organization.  

• Step 5 – Reflection and Evaluation – prototypes and experiment assessment: is the 
activity of assessment of the prototyped employee experience models and of the 
experimentation and project results. Findings were compared with the framework 
developed in the previous phases of the research project. 

Research activities and results 

The research activities included the ideation, prototyping and testing of new employee 
experience models, through two iterations corresponding to WLSE LAB 1 and WLSE LAB 2. 
To define and build the prototype, the research team developed a specific framework, that 
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addresses the peculiarities of the prototyping object itself: a set of experiential options that 
could be freely chosen and navigated by the participants, inside the specific context of the 
bank’s headquarters in Milan. Therefore, the prototyping framework includes the prototyping 
of three service design elements, tightly interconnected: tangible touchpoints, spatial 
configurations, and experience conditions (fig. 1). The design intervention  thus consisted of 
the configuration of spaces, with the prototyping of diverse working environments, each 
characterized by specific layouts, furniture, and technological tools; and of the design of 
tangible touchpoints that could stimulate the various working experiences: communication 
touchpoints, guiding touchpoints. Although various limitations prevented the implementation 
of major spatial modifications, the research team designed this reconfiguration ad hoc.  

 

 
Figure 1: Prototyping framework developed to define and build the prototype 

 

WLSE LAB 1 – first prototype iteration  
The ideation of LAB 1 started from the insights gathered through the preliminary research 
activities (step 1 – planning), which explored how to redefine and co-design the employee 
experience in a post-pandemic scenario within the context of the bank. The aim was to 
define a collaborative project considering the organization’s emerging needs. Therefore, 
WLSE is an experimental project to orient workers in shaping new work habits by 
experimenting with novel employee experience models.   

The preliminary research included the definition of a set of personas representing the 
recurring professional figures within the organization. These personas became the starting 
point to develop a visual representation of employees’ journeys, reproducing a condensed 
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version of a hypothetical working day. The use of this tool allowed to map critical areas and 
opportunities in the working routines of each employee’s profile and guided the definition of a 
digital conversation format to collect punctual data through semi-structured interviews with 
the company’s key informants, representing the personas priorly developed. This phase of 
digital ethnographic research guided the definition of the urgent topics for the organization’s 
employees to address through the WLSE Iterative LAB 1.  

Indeed, the WLSE iterative LAB 1 prototyped a new employee experiences model, following 
the framework explained in the previous paragraph. To define this new employee 
experiences model, the research team considered the working framework adopted by the 
partner company: Activity Based Working (ABW) model. This model aims at giving people 
autonomy and flexibility in deciding where, when, and how to work. Consequently, 
workspaces need to adapt to individual needs, offering diverse space options. The bank 
structures the ABW model around four pillars, referred to work-related areas significant for 
their businesses. The pillars, named 4Cs, are: Concentration – activities requiring individual 
focus -; Collaboration – tasks involving team or interdepartmental work -; Communication – 
activities involving information sharing and conversations between colleagues, not 
exclusively work-related -; and Contemplation – individuals’ needs and time to decompress.  
Therefore each experiential option addressed the activities related to one of the 4Cs - as 
visible in Figure 2 - to stimulate distinct behaviors, and presented a specific setup to allow 
employees to test novel working experiences. Spazio Attivo and Spazio Morbido – two 
Concentration options – allowed pure operational work and focused and/or private tasks. 
Collaboration activities – as proactive discussions and collaborative sessions - could be 
performed in Spazio Fluido. Spazio Raccolto fostered hybrid Communication – among in-
office and remote workers –, while Spazio Espresso informal discussions during breaks. 
Finally, Spazio Respiro option addressed the need to decompress from intense working 
activities.   

 
Figure 2: WLSE Iterative LAB 1, graphic representation of the different employee experience options and related label 
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As previously explained, the experiential option prototype consists of designing the 
employees’ working experience and related services (experience conditions), the 
reconfiguration of spaces and a series of tangible touchpoints (communication touchpoints, 
guiding touchpoints). The design intervention on spaces aimed at offering people suitable 
environments for the working needs addressed by the 4Cs. Communication touchpoints 
consisted of a Manifesto introducing the whole LAB and posters to briefly describe each 
working option, to explain their purposes and stimulate participants’ reflections. Guiding 
touchpoints included an explanatory booklet and a leaflet with advice for each employee 
experience option. Through prototyping spaces and touchpoints, the research team was also 
able to define and prototype employees’ experiences, to be tested by participants.  

The testing lasted 3 days, in July 2021 (Step 2 – action), involving 11 people from the 
Financial Engineering team. During the preliminary onboarding sessions - one dedicated to 
the team leader and one to the whole team -, the research team introduced the LAB 
principles and the prototyped employee experience models. In the testing phase, participants 
could freely use, live, and experiment with the experiences proposed, conducting their 
regular job activities.  

Each day, the research team performed observations, informal conversations with 
participants and a semi-structured debriefing moment; while an additional debriefing meeting 
with the team leader and HR members took place one week later. These ethnographic 
activities allowed to collect data and insights on the prototyped employee experience models, 
later analyzed by clustering them to identify recurring themes. Specifically, the main topics 
that emerged were diffusion of the Activity Based Working approach, experience transitions 
(from one working experience to another and from one working area to another) and 
spillovers (knowledge and ideas sharing among employees). For each of them, the research 
team highlighted two types of reflections: cultural awareness insights – theoretical and 
research-based – and design implications – prototype-oriented. These reflections also 
allowed to define the significant aspects to address during the LAB redesign (step 3 – 
reflection).  

The need to accompany people through new ways of working emerged, to increase cultural 
awareness on ABW and avoid re-proposing old habits when experiencing new working 
models.  
As a design implication, the need of involving more participants arose, to further diffuse new 
working models and highlight feedbacks and criticalities about the prototyped employee 
experience model. Thus, the research team – together with HR people – decided to involve 
two teams from likewise industries in the LAB 2.  

Experience transitions emerged as a critical element: employees should be trained on the 
importance of moving to different areas according to specific working necessities. The 
research team planned a training session at the beginning of LAB 2 and a dedicated 
communication campaign, to stimulate reflection among the participants. 
As a design implication, the relevance of distributed privacy areas emerged, allowing 
employees to individually work without the need to return to their main office and thus 
facilitating the transitions. This insight was practically translated in the redesign of the 
experience models prototype of the LAB.  

Spillovers and serendipitous contaminations emerged as significant elements of the 
workplace routine. In-presence working fosters the exchange of ideas and information, as 
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well as the cross-fertilization among different departments and the creation of weak ties 
(Granovetter, 1973). The decision to involve two teams in the WLSE Iterative LAB 2 allowed 
to investigate these aspects further.  

WLSE LAB 2 – second prototype iteration 

The WLSE Iterative LAB 2 prototyped new employee experiences models, responding to the 
need – emerged from LAB 1 - of transmitting to participants a deeper understanding of the 
WLSE principles and of raising awareness about the new ways of working. As in the first 
LAB, the research team followed the prototyping framework priorly depicted. 

Also in this LAB, the experiential options followed the 4Cs framework. However, some of the 
provided employee experience options changed following the insights gathered during the 
Reflection phase. Spazio Espresso became open to employees not taking part in the test, in 
a highly frequented area. Punto Ricarica instead addressed participants’ needs of taking a 
break with colleagues. Spazio Morbido left place to more areas dedicated to individual 
working experiences.   

 
Figure 3: WLSE Iterative LAB 2, graphic representation of the different employee experience models and related label 

These changes in the experiential options provided consequently influenced the prototyped 
spaces and tangible touchpoints. Moreover, their aim changed also to address the identified 
insights on cultural awareness, stimulating participants’ critical thinking on new ways of 
working and new working habits. Communication touchpoints consisted of a series of posters 
with triggering questions to foster reflections and raise awareness on ABW and on the new 
employee experiences among the whole bank division population. Guiding touchpoints 
included a landing page, providing detailed information about the whole project and the 
specific employee experience models.  
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The testing lasted 3 days, in October 2021 (step 4 – action). It involved 27 people from two 
teams belonging to the business areas of BM & HC and Energy. Team leaders participated to 
an onboarding moment to bring them closer to the LAB purpose, structure and aims. Instead, 
the whole team engaged in preliminary training, aiming to explain how the ABW, and the new 
ways of working shaped the LAB 2 definition. As in LAB 1, in the testing phase, participants 
could freely use, live, and experiment with the employee experience models proposed, 
conducting their regular job activities.  

The research team performed observations and informal conversations with participants on 
the first day of the test. A semi-structured debriefing moment took place on the final day of 
the test, involving all the participants. One week after, a debriefing meeting with the team 
leader and HR members allowed to collect additional insights.  

The finale step of the PAR process, the Reflection and Evaluation phase, is presented as a 
discussion of the research results in the following chapter. 

 
Figure 4: Visual representation of the experiential option of Spazio Fluido: prototyped spatial configurations (illustration of 
designed spaces), tangible communication touchpoint (digital version of the printed posters) and experience conditions 
(photo taken during the WLSE Lab) 

Discussion  

This paper aims to describe and discuss the practice of service prototyping applied to 
employee experience design and the roles and implications of these design interventions on 
working routines and habits. The significant number of research activities and data collected 
and analyzed during the research are synthesized below in a set of key findings.  

The study first reflects on the role of design interventions in redefining the employee 
experience and in guiding transformation processes inside organizations: co-designing 
employee experience models orient and support people to reflect on novel working habits. 
Avoiding the tendency to reintroduce old working routines, such as the one adopted before 
the pandemic, is the main challenge for employees. Prototyping and testing employee 
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experience models represent an effective way to train individuals and raise awareness of the 
new working routines available to them but they have limited impact when it comes to 
changing employees’ habits. In this sense, the experimentation's initial purpose of changing 
the employee working routines redirects the focus on activating an awareness-raising 
process in individuals. Even if, from a theoretical point of view, prototyping can both be 
implemented with the purpose of designing for and designing with people (Sanders & 
Stappers, 2014), the findings highlight the effectiveness of co-designing and prototyping 
employee experience models with the final beneficiaries of the experience. Therefore, 
making employees experiment with experience models enhance knowledge workers' 
engagement in these critical times. Thus, the employee experience models were designed 
and prototyped as a service to trigger critical thinking among the organization's people rather 
than a catalog of designed workspace.  

Therefore, the research project aims to collaboratively engage the employees in the design 
process by proposing them a set of options through an experience model. In this way, each 
participant can navigate them according to their personal needs and personally experiment 
with novel working conditions. This design choice effectively gives the employees the 
freedom to explore and test different solutions while allowing them to maintain their current 
working habits. The design of experience "way out" in the prototyped models increasingly 
helps in making the employees perceive this opportunity.  

The crucial contribution of this study is its effort in experimenting with accurately prototyping 
and then testing the employee experience in an authentic setting. These experiential 
prototypes can play a key role if implemented by organizations facing complex and systemic 
changes regarding new working life. Iteratively co-designing, testing, and evaluating 
employee experience models through prototypes can guide companies in gradually 
redefining the working logics and adopting new routines. Additionally, the analysis of these 
findings also highlights how service prototype supports the design research process and the 
catalytic role that prototyping may have in activating organizational transformation process.  

In practice, the developed employee experience prototypes are a combination of different 
design elements: first, a set of tangible touchpoints – communication and guiding touchpoints 
-,  spatial configurations adapted to the existing physical space – including specific layouts, 
furniture and technological tools to empower the hybrid interactions - , and then, a series of 
experience conditions. This combination could serve as an extension of the widely accepted 
definition of service and experience prototype, which defines it as "the physical environment, 
the service employees, the service delivery process, fellow customers and back office 
support" (Zomerdijk & Voss, 2010). 

Finally, the study results highlight a set of implications for practitioners. The workplace must 
deliver value to employees, becoming a place of contamination. Furthermore, the hybrid 
context influences employees' interpersonal relationships, making them less linear and 
defined. This change in interpersonal relationships must be considered during the design of 
employee experience models. Another design implication that emerged concerns experience 
transitions – changing working needs and settings. When defining hybrid employee 
experience models, it is critical to consider transitions not only from an individual cognitive 
point of view but also adopting a systemic approach: practitioners should design experiential 
conditions that allow a smooth cognitive, physical, and temporal transition. 
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Finally, it is worth acknowledging the limitations of this study. First, the replicability of the 
employee experience models proposed should be further verified, understanding how the 
different organizational context impacts its outcomes. Second, there should be greater 
understanding of the impact that the time constraints had on the PAR phases of the study: in 
the project's scope, it is challenging to conduct repetitive verifications and make explorative 
discoveries capable of grasping potential tangible changes in working routines. Lastly, the 
subjectivity in the interpretation process is an explicit limitation of this study. That said, the 
interpretative paradigm is the foundation of the design-based research philosophy.  

Despite these limitations, the study puts forward an experimental approach to employee 
experience design: applying and testing experience and service prototyping practices to face 
actual challenges in the knowledge workers' realm. 
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Abstract 
“Low techs” are technologies aimed at creating deep sustainability, collective resilience, and cultural 
transformation by adhering to three core requirements: useful, accessible, and durable. Despite the 
significant effort invested in designing technically feasible low-tech solutions, relatively little research has 
been conducted on the viability and desirability of these technologies. Current prototyping methodologies 
support design processes beyond technical feasibility and can be leveraged throughout a design process to 
support design for viability and desirability. 
This paper examines the potential role of prototypes in the development of low techs, drawing upon the 
existing work of the Low-Tech Lab in conducting and documenting experiments with these technologies. 
Opportunities for further use of prototyping as a tool to design and develop low techs are identified, and 
reflections are shared on how low-tech principles might create new avenues for the roles of prototypes. 
 
Low tech; prototyping; sustainability; new prototyping methods  

 

“Low techs” are a set of technologies aiming to create deep sustainability, collective 
resilience, and cultural transformation, popularised by Bihoux (2014). Low techs achieve 
three goals: to be useful (e.g., fulfill people’s essential needs), to be accessible (e.g., 
contextually appropriate, locally made with local materials, adapted to local conditions, 
financially accessible, understandable), and to be durable (e.g., long service life, repairable, 
reduce negative environmental, social, and societal impacts) (Low-tech Lab, 2022a).  

Low techs can help overcome barriers to transitioning towards just and sustainable futures 
by empowering people and organisations to take ownership of their transition pathways. Low 
techs can help reduce the cost of living by relying on community ownership; repair networks; 
and resilient technology catering to basic needs, including housing, heating, food, and 
energy. For example, low techs are timely with regard to the energy crisis in the UK as many 
low-tech solutions reduce energy demand, such as passive solar systems, biodigesters, 
composting systems, and rocket stoves. Such examples of low tech include new 
technologies and updated historical technologies, and their design and development rely 
heavily on prototyping and testing. Therefore, understanding how prototyping methods and 
approaches can enhance the low-tech design process is valuable.  

Prototyping is considered a critical activity in new product development (Wall MB et al., 
1992). The use of prototypes during a design process has been shown to produce a “greater 
number of functional ideas that solve the design problem” (Viswanathan et al., 2014). 
Prototypes are often used throughout a design process to help designers develop 
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requirements, generate concept solutions, communicate ideas to stakeholders, and verify 
design objectives (Atman and Bursic, 1998; Driessen and Hillebrand, 2013). In the scope of 
this paper and following the EKSIG 2023 definition of prototypes, we adopted a broad 
definition of prototypes as “any representation of a design idea regardless of the medium” 
(Houde and Hill, 1997). 

Prototyping methods and processes have been developed to be specific and specialised 
based on the design discipline (e.g., service prototypes (Blomkvist, 2018)) and the context 
(e.g., prototyping methods used in cross-cultural design (Coulentianos, 2020)). New contexts 
of use lead to the creation of new shared language and reflection on prototyping practice. 
Hence, one might reflect on how low techs, which aim to shift the paradigm of how 
technology can exist alongside a sustainable and just society, might also shift some 
prototyping paradigms. This paper describes a preliminary investigation and reflections on 
how prototyping methods can support the successful development and implementation of low 
techs and how low techs might provide new avenues for the roles of prototypes. 

 

Contextualising Low Techs 
The Low-Tech Lab (LTL), a French organisation founded in 2014 that experiments with low 
techs, define low techs as being inclusive of objects, systems, techniques, services, know-
how, practices, ways of life, and schools of thought (Low-tech Lab, 2022). Despite a clear 
predominance of objects in the low-tech literature, such an inclusive definition discourages 
an overreliance on technology in the transition to just and sustainable futures. In alignment 
with this definition, low techs can be, in many cases, product-service systems that aim to 
change how we use objects and technology, as well as other social institutions, employment, 
economies, and the commons. 

Low techs can be a building block of post-growth futures where humans live within ecological 
limits. While acknowledging the diversity of degrowth movements, many of them invite a 
more critical approach when considering the adoption of new technologies (La décroissance 
et ses déclinaisons, 2022), which takes into account the rebound effect – the effect by which 
any efficiency increase related to resource exploitation is followed by an increase in the 
resource utilisation, thereby negating any environmental gains (Meng and Li, 2022; Jevons, 
1865). The rebound effect has been consistently observed since the 1860s.  

The definition of low techs varies slightly across the literature; some definitions are more 
prescriptive about what techniques and technology is low tech. According to the Fabrique 
Ecologique, low techs are technologies that are: simple, require the least possible 
dependence on non-renewable resources, and are accessible to people in terms of cost, 
maintainability, and repairability (La fabrique écologique, 2019). The founder of the LTL, C. 
Chatelperron, disagrees with the view that low tech means without transformed materials or 
modern technologies (Aimé, 2023). The LTL’s approach does not oppose “high tech” but 
instead invites reflection around the sustainability, accessibility, and repairability of the 
artefacts we create. 

The low-tech principles intersect with other design philosophies, such as the maker space 
movement, crowd-sourcing, jugaad, and design for development. However, the low-tech 
principles differentiate themselves in that the primary goal is to help society transition to 
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modest, sustainable futures.  

Some criticism of the do-it-yourself movement applies to the low-tech movement, which has 
tended to focus on projects implemented at the individual or nuclear family level. The idea 
that one should do everything themself can be counterproductive to creating resilient 
communities where people develop competencies in specific domains (Vidal, 2017). Is a 
world without boulangeries (French bakeries) where everyone makes their own bread with 
their solar ovens desirable? To that end, the LTL has been working towards and reporting on 
the professionalisation of low techs: where organisations, non-profits, and companies can 
commercialise low techs and provide support in their adoption and diffusion (Low-tech Lab, 
2023.b; Low-tech Lab, 2023.c; Low-tech Lab, 2023.d).  

Methods 
Research question 

The present study represents an initial effort to address the research question: How are 
prototyping methods and processes currently utilised within the low-tech movement? 

While the primary focus of this paper is on the research question above, the authors also use 
the findings to provide preliminary reflections on the potential for further leveraging of 
prototyping methods and processes in designing low techs and the potential impact of low-
tech principles on the roles of prototyping. 

Introducing the Low-Tech Lab 

The body of work of the LTL was identified as an appropriate body of work to gain insight into 
the research question. The LTL is a French non-profit organisation started in 2014 and has 
been experimenting with and documenting the growing low tech movement (Low-tech Lab, 
2023.e). As an example of the LTL’s work, the Nomade des Mers (translation: Nomade of the 
Sea) project is one of the most notable endeavours. This project involved a crew of several 
people embarking on a six-year journey aboard a sailboat to meet various actors within the 
low-tech movement, including those who develop and commercialise low-tech solutions 
worldwide, and then constructing replicate models for use and study on the sailboat. Another 
notable project, the Enquetes du Low-Tech Lab (translation: Investigations by the Low-Tech 
Lab), involved conducting investigations and providing reports on the implementation of low-
tech solutions in various contexts. A compost-toilet service in an urban environment in 
France was studied as one of the investigations. 

The mission of the LTL is “to make you want to live better with less, thanks to the low-tech 
spirit!” (Low-tech Lab, 2022.f) To achieve this mission, the LTL conducts a series of 
explorations (i.e., learning from other actors in the low-tech space); experimentations (i.e., 
testing things themselves); as well as the management of collaborative tools (e.g., low tech 
wiki) and community programs. Documentation of the above is at the core of what the LTL 
does, thereby creating a rich source of information on how low techs are documented, 
tested, and improved (Chatelperron and Fasciaux N, 2018). The LTL has positioned itself as 
a synthesiser and diffusion group of all things related to low techs. This position can be 
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understood through their dedication to documenting and publishing their exploratory and 
experiential work on low techs. Therefore, such documentation was deemed an appropriate 
place to start investigating the role of prototypes in the low-tech movement. 

Document analysis 

Table 1 provides a summary of the data collected for the preliminary analysis and the 
rationale for the selection of these documents. As the LTL is a French organisation, a 
significant portion of the documentation produced by the organisation is in the French 
language. The author, a native French speaker, analysed documents in English when 
available and in French when necessary. In the findings section, specific excerpts have been 
translated by the author and are identified as such. 
Table 1: Documents selected from lowtechlab.org for preliminary analysis (22) 

Data Rational for selection Description of the data Associate 
LTL project 

Languag
e 

LTL website – all 
mentions of 
“prototyp” ( Low-
tech Lab, 2023.g) 

Provides verbatims of the words 
‘prototype’ and ‘prototyping’ in 
use 

Excluded the mention 
“R&D – Prototype”, 30 
mentions identified. 

Across all 
projects 

French 

Nomade des Mers 
television series 
(ARTE, 2023) 

Narrates in video format the 
prototyping and testing 
processes carried out during the 
project 

15 episodes of around 
25min each 

Nomade 
des Mers 

French 

Habitat Low-Tech 
report ( Lévêque 
And Chabot, 2020) 

Reports the results of a 1-year 
pilot test use a low-tech tiny 
house ‘prototype’ 

103-page report Habitat 
Low-Tech 

French 

Prototyping frameworks 

Table 2 presents the prototyping definitions, frameworks, and classifications utilised to 
decipher the various prototyping practices documented in the LTL documents. These 
definitions and frameworks were compiled from a review of prototyping literature conducted 
by the author in 2020 (Coulentianos, 2020). While the review is not intended to be 
exhaustive, it provides a comprehensive overview of the major themes within the literature on 
prototyping methodology.  
Table 2: Prototyping definitions, frameworks, and classifications. For ease of reporting, the topics identified in the LTL 
documents are highlighted in grey in the table and are italicized in the results. 

Category Topics Reference 

Prototype defini�ons 
  

Oxford Dic�onary of English (2010) 
Lauff et. al., (2017) 
Oto and Wood, (2000) 
Ulrich and Eppinger, (2011) 
Menold, (2017) 
Houde and Hill, (1997)  
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Prototyping 
frameworks 

Prototyping strategies Rodriguez-Calero et. al., (2020) 
Usability tes�ng Lewis, (2006) 
Roles of prototypes Lauff et. al., (2017) 
UX prototyping Coleman and Goodwing, (2017) 
Service prototyping Blomkvist, (2014) 
Discursive design Tharp and Tharp, (2022) 
Prototyping for X Menold, (2017) 
DIY & prototyping  Camburn et. al., (2015) 

Prototype 
classifica�ons  

Prototype types Coulen�anos et. al., (2023) 
Pretotyping  Savoia, (2019) 
Prototrials Jensen et. al., (2017) 
Probes Sanders and Stappers, (2014) 
Rapid prototyping Sass et. al., (2006) 
Looks-, behaves-, works-
like Buchenau and Suri, (2000) 

Proof-of- prototypes Ullman, (2003) 
High/low fidelity  Lim et. al., (2006) 

Other 
prototyping 
behaviours 

Fixa�on Viswanathan et. al., (2014) 

Novice vs experts Deininger et. al., (2017) 

Reporting of results 

The present study serves as an initial investigation into the use of prototypes within the 
context of low techs. Based on a preliminary analysis of a subset of relevant documentation, 
this research aims to extract examples demonstrating how various prototyping methods are 
discussed in developing low-tech technologies. The following section, “Findings and 
Discussion,” presents extracts from the LTL documentation and relates them to the 
definitions, frameworks, and classifications of prototyping identified in the methods section. 
The utilisation of various prototyping methods is evaluated, and suggestions for potential 
improvements in their application are offered. 

Findings and discussion 

Prototyping of low techs fits with conventional definitions of prototyping 

What does the LTL call ‘prototype’? 

The Oxford Dictionary proposes the following definition of a prototype: “A first, typical or 
preliminary model of something, especially a machine, from which other forms are 
developed or copied.” (Stevenson, 2018) The idea that a prototype is a ‘first of 
something’ can be found in the way the word ‘prototype’ is used on the LTL website, as 
seen below. 
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“We made a first prototype of a manual compost grinder to save space and facilitate the 
digestion of the larvae.” [translated] Project Nomade des Mers 

Lauff et al., 2017, describe a prototype as a physical embodiment of critical elements of 
the design and an iterative tool to enhance and inform decision-making throughout a 
design process (Lauff et al., 2018). The LTL website has several mentions of iteration 
jointly with the word “prototype”, as seen below with the mention of ‘improvements’ and 
of a ‘second’ prototype created. 

“As you can imagine, the first prototype was very rickety… But it helped us see the enormous 
potential of these pedal machines! From improvements to improvements, we perfected our 
grain mill, and a multitude of other machines followed.” [translated] Mario Juarez, Maya 
Pedal association 

“The improvement of prototypes of low-techs, particularly around solar lamps.” [translated] 
Low-Tech Lab Yaoundé 

“a second boat prototype made 100% from composite reinforced with natural jute fibres, the 
famous Gold of Bengal” Project Gold of Bengal  

Otto and Wood define a prototype as “a physical instantiation of a product, meant to be 
used to help resolve one or more issues during product development” (28). The idea that 
prototypes are meant to be tested is present throughout the LTL website, as 
experimentation with low techs is at the core of what the organisation does. 

“We made a first prototype of a reflector oven with an adhesive mirror. Our first cooking tests 
were a success.” [translated] Project Nomade des Mers 

Ulrich and Eppinger define a prototype as “an approximation of the product along one or more 
dimensions of interest” (Ulrich KT, Eppinger, 2011). These dimensions of interest include the 
“physical to analytical” spectrum and “comprehensive to focused” spectrum. The LTL website 
has several mentions of prototypes as ‘comprehensive physical’ approximations of the 
‘product’, describing fully functioning systems that are then ‘piloted’ over several months, as 
seen in the examples below. 
“A prototype of [a biosphere for low impact living] that meets vital human needs” [translated] 
Project Biosphere 1 

“The Habitat Low-Tech project, a prototype of an autonomous low-tech house (...) [in which 
two members of the LTL will] act as a resident guinea-pig for one year and measure the 
economic, ecological and ergonomic impact of low-tech in a Western context.” [translated] 
Project ‘Low-Tech Housing’ 

“Building a vehicle prototype (a true low-tech concept car!) and creating a large expedition on 
board [the prototype]” [translated] Project Agami 

Preliminary findings show that some prototyping efforts go beyond prototyping objects 
and extend into the services realm, as described in the example below of a ‘public’ 
service prototyped in Benin. 

“Building of public dry toilets for a community of 2000 people. The project is based in Benin 
(west Africa) and is a prototype to be duplicated in other cities in Benin” [translated] 
Association pour le Developpement de la Commune de Savalou 
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Hence, prototyping tools and methods from service design and the growing work on product-
service systems could be valuable to the design of low techs. As seen in all the examples in 
this sub-section, prototypes of low techs are discussed on the LTL website in ways that fit 
conventional definitions of prototyping.  

A deep dive into an example prototyping process aboard the Nomade de Mers 

To better understand what processes may look like when prototyping low techs, an in-depth 
example of a prototyping process is presented below from the Nomade des Mers television 
series, aired on Arte in 2018. Each series episode followed the crew in a new coastal city 
while they discovered, built, and tested a new low tech (ARTE, 2023). The episodes were 
generally very focused on the technical aspects of construction and testing of the low techs. 
In Table 3, we synthesise several prototypes presented in episode 2 (working with Medhi 
Berrada, Founder of Alto-Solutions, Morocco), during which the crew tested low tech 
desalination systems. The prototyping process presented in the episode is summarized 
below.  
Table 3: Synthesis of prototyping activities presented in Nomade des Mers, les escales de l'innovation - Episode 2 

Illustration Step description 

 

Step 1. A “first prototype” of a desalinator 
tested the functionality of the design. It 
enabled the diagnosis that too much air 
between the water and condensation surfaces 
hinders the device’s efficiency. The learnings 
prompted a new design idea. 

 

Step 2. Three prototypes to assess the new 
idea before finalising the design: a 
reproduction of a widely disseminated model 
(schematics found online); the implementation 
of the new design idea; a proposed further 
improvement on the new design idea. All 
three prototypes were built with readily 
available and repurposed materials (e.g., foam 
fish basins, aluminium foil, PVC pipes). They 
were even built with low-tech production 
methods such as the pedal-powered drill. The 
prototypes showed that the new design idea 
significantly increased the desalinator's 
performance. 

http://www.alto-solution.com/
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Step 3. A cardboard prototype is made to 
engage the final system’s manufacturer: this 
prototype is not explicitly named as such. The 
crew explained the basic design using the 
cardboard prototype and mentioned they 
wanted it bigger and made of clay. The 
manufacturer explained that the dimensions 
requested were impossible to make. He 
proposed a different way of manufacturing the 
system with a rounded design for more 
robustness (made from a single piece of clay 
rather than several pieces assembled, creating 
weak points at the joints). 

 

Step 4. The results from the final prototype 
made with clay pieces were disappointing as 
the yield was lower than anticipated. The 
decision to use clay as a material is 
questioned. 
Reflections on the prototyping process: A 
crew member mentions that it being their first 
stop, their prototyping and testing skills need 
to be better developed and that they hope to 
improve. The final prototype will travel on the 
boat, and the crew hope to keep iterating on 
its design as they spend more time using it. 

 

In the description of the prototyping process above, the author identified iterative low-
fidelity functional prototypes made from free-form and constrained repurposed materials. 
Each prototype had its primary function tested against efficiency criteria: how much water it 
can desalinate. The strategies of creating and testing multiple prototypes concurrently, all at 
the same level of refinement, were leveraged and enabled the selection of the most efficient 
system. When engaging the manufacturer of the final refined prototype, the crew brought a 
non-functional cardboard mock-up of the design to be handmade out of clay. The prototype 
is used as a basis for a conversation, creating a shared understanding between 
stakeholders. An integrated functional prototype with parts manufactured by a specialist was 
then created and tested. 

The prototypes described in Table 3, Step 2 were fabricated using repurposed materials, 
which are commonly utilised in constructing low-tech devices as outlined in the literature on 
LTL tutorials. As a result, the distinction between a prototype and a final product becomes 
ambiguous, particularly in instances where mass production of the latter is not intended. The 
examination of prototyping approaches within the realm of Do-It-Yourself (DIY) has led to the 
identification of specific prototyping principles within this space, where the design and 
fabrication of a commercial artefact is not always the primary objective (e.g., the modification 
of existing products) (Camburn et al., 2015). It is possible to establish a parallel between the 
concepts of “DIY” and “low tech” and to postulate that novel prototyping methods and 
perspectives may be discovered within the realm of low tech. 

Additionally, the methods and tools employed for creating the prototypes depicted in Table 3 
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align with low-tech principles, such as the pedal-powered drill and handmade clay parts. This 
example brings forth the concept of “low-tech prototyping,” a term commonly used to denote 
prototyping methods, such as paper prototyping, that do not involve high-tech tools or rapid 
manufacturing methods. Furthermore, it raises the question of whether prototyping in the 
context of low-tech systems excludes the possibility of creating complex prototypes with 
sensors, processors, and connected devices, as described in the EKSIG2023 introduction. 
This question is particularly relevant given that several criteria of low-tech systems, as 
outlined in reference (Martin and Gaultier), pertain to questioning dominant technical and 
social practices and tend towards increasing autonomy and emancipation by decreasing 
reliance on automation. In this context, the Habitat Low Tech project report includes 
reflections on how photovoltaic solar panels may not be considered low-tech. Therefore, it is 
paramount to consider the potential role, if any, of “high-tech” prototyping within the 
development of low-technology systems. 

Lastly, the case of the cardboard mock-up stands out. The mock-up is not described as a 
prototype in the episode, despite its central role in creating a shared understanding between 
the manufacturer and the designers. While applying prototyping methods and processes to 
develop functional prototypes is at the core of the LTL documentation, we have here an 
example of a non-functional prototype used to communicate between a project’s 
stakeholders. The implementation of non-functional prototypes can also provide a multitude 
of benefits (35). In the following section, we shall delve deeper into the methodologies for 
prototyping low-techs that do not solely focus on functional feasibility. 

Prototyping low techs beyond object functionality 

Demonstration prototypes 

Meyer, 2020, observes that the LTL puts much effort into demonstrating low techs, 
showcasing moments in the Nomade des Mers television series where the crew is 
enthusiastic about showing ‘what is possible’ (Meyer, 2022). The below quote further 
illustrates how many of the prototypes created are purposefully destined to be demonstration 
prototypes, per the mission of the LTL.  

“A future vehicle prototype, demonstrating a possible rethinking of usage patterns and 
processes” [translated] Project Agami 

The Low-Tech Lab festival held in the summer of 2022 in Concarneau (Low-tech Lab.h, 
2023) aimed to hold a space where low techs were showcased, demonstrated, and 
discussed. The festival included exhibitions, visits to the Habitat Low-Tech tiny house and 
Nomade des Mers laboratory boat and all their embarked low techs, other associations were 
invited to demonstrate their low techs, and conferences discussed the relevance of low techs 
in various contexts. Many low techs ‘prototyped’ and tested over the years were showcased, 
becoming demonstration prototypes. In addition, the whole festival relied on low techs to 
function (e.g., from compost toilets to solar systems to generate electricity to low-tech stoves 
used to cook food to feed the volunteers throughout the week). The festival itself 
demonstrated how low techs could be used successfully.  

According to work by Martin and Colin, 2021, who mapped eight main principles of low techs, 
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psychological transformation is one of the significant aims of low techs (Martin and Colin, 
2021). Low techs help create new imagined possibilities for what the world could look like, 
and prototypes can help. Projects such as Biosphere 1 and 2, Nomade des Mers, Habitat 
Low-Tech, and the Low-Tech festival are future-facing projects meant to be ephemeral while 
defying the status quo and bringing people together around new possible futures: the festival 
drew 15,000 people to Concarneau, France, over one week. 

Usability testing, ergonomics, and emotional evaluation 

Little consideration for usability and ergonomics emerged in the “Habitat Low-Tech” project 
documentation. The report published on the project explains that the year-long pilot 
experiment, during which two members of the LTL were to live in the tiny house using around 
20 low techs in their everyday life, had the goal of going beyond a purely technical study of 
the low techs to include an evaluation of their “quality of life” (Lévêque and Chabot, 2020). 
The report, therefore, discusses usability aspects such as comfort and ergonomics. While 
these evaluations are not generalisable (as stated in the report), they show a first concern for 
the desirability of low techs, which is investigated using prototypes in a pilot experiment 
format. 

Beyond usability and ergonomics, the authors of the Habitat Low-Tech report also report 
their emotional experience throughout the experiment. They discuss feelings such as 
satisfaction of understanding and having control over their electricity supply, the gamified 
experience of handling a limited energy stock p.48, “a funny feeling of mental relief” 
[translated] p.91, and feelings of safety p.92 and calm p.94. The report’s authors end with a 
positive note about the joys of participating in the experiment. Hence, some value was 
placed on user experience testing with prototypes. 

Prototyping tutorials, fabrication, maintenance, and repair 

Low techs are defined by the fact that they are technologies people can appropriate by 
directly fabricating and repairing them themselves. Therefore, low techs rely on tutorials, 
workshops, and other forms of information exchange to make the technology accessible in 
manufacturing, maintenance, and repair. The LTL has developed rich networking and 
diffusion tools, which include the wiki, which gathers over 200 tutorials and the directory of 
low-tech actors. On the LTL website, one can answer the question: What low techs are near 
me? Beyond managing the wiki, the LTL has also published the “Tuto des tutos”, a tutorial on 
how to make a tutorial.  

In the current analysis, a need for established prototyping methodologies specifically tailored 
to the areas of tutorials, fabrication, maintenance, and repair was identified. Additionally, the 
author’s experience suggests that, despite the potential benefits, the application of 
prototyping strategies is seldom extended to the early identification and mitigation of 
implementation factor hurdles such as shipping, shelving, instruction manuals, maintenance, 
and repair. The potential advantages of utilising prototyping approaches in the creation of 
tutorials, the testing and iteration of materials and fabrication processes in various contexts, 
and the design for maintainability and repairability, particularly given the importance of these 
characteristics in low-tech products, warrant further investigation. Furthermore, the 
stakeholders involved in low-tech products may differ from those typically involved in 
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prototyping processes (Coulentianos, 2022). As such, the question arises as to whether new 
prototyping methodologies are needed to achieve these design goals and how the DIY and 
maker movements and the field of design for customisation can inform the prototyping of low-
tech products.  

It has been identified that one of the key principles of low-tech design is the interrogation of 
design methods and practices (Martin and Gaultier). One of the ways in which low-tech 
design challenges traditional design practices is by prioritising accessibility in fabrication, 
maintainability, and repairability, which raises the question of how design principles may shift 
when these requirements are placed at the forefront. In the context of prototyping, it is worth 
considering the potential implications of this shift. For example, a new form of prototyping for 
low techs could be imagined, one that is the inverse of “Wizard of Oz” prototyping, where the 
goal is to reveal the inner workings of a product entirely rather than conceal them. 
Consequently, the exploration of prototyping techniques tailored explicitly to low techs has 
the potential to bring about a paradigm shift in the methods and processes of prototyping. 

Lastly, another deviation from traditional prototyping approaches that may arise in the 
context of prototyping low techs is the rejection of seamlessness. While conventional 
prototyping methods aim to identify and rectify user errors in order to create a seamless final 
design, following the low-tech principle of psychological transformation (Martin and Gaultier) 
may instead lead to the creation of prototypes that incorporate discursive design principles, 
highlighting the often hidden, complex, and environmentally taxing moments of everyday life, 
such as turning a car on. Could one of the dimensions of prototyping low techs follow in the 
footsteps of the bicycle connected to a toaster to make tangible the amount of human power 
needed to make toast (Olympic Cyclist Vs. Toaster, 2015)?  

Conclusion 

This study identified various prototyping approaches implemented in the context of design 
and development of low techs, as reported in the LTL available online documentation. 
Multimedia files documenting several projects undertaken by the LTL were used in the 
analysis. Suggestions for potential improvements in using prototyping approaches in the 
design of low techs were discussed following each finding. 

Several conventional definitions of prototyping aligned with how the word “prototype” was 
used on the LTL website. Some prototyping efforts also seem to go beyond prototyping 
objects and extend into services. Hence our findings suggest that prototyping tools and 
methods from service design and the growing work on product-service systems could be 
valuable to the design of low techs. 

Several examples of prototyping strategies were identified, providing evidence that 
methodological approaches aligned with prototyping literature are used for prototyping low 
techs, even when those were not explicitly named as prototypes or prototyping methods. A 
parallel was drawn between low techs and the DIY movement, where the distinction between 
prototype and final artefact faded. The parallel carries further, and we might postulate that 
novel prototyping methods and perspectives may be discovered within the field of low techs. 
The methods for making prototypes were also observed as being in themselves low-tech, 
thereby questioning the potential role, if any, of “high-tech” prototyping within the 
development of low-technology systems.  



 

273 
 

Looking beyond functional prototyping, the following areas of prototyping were identified as 
areas where prototyping could further benefit the design of low techs and where it is possibly 
underutilised: demonstration prototypes to invite new imaginaries and psychological 
transformation; usability, ergonomics, and user experience testing; prototyping for 
development of tutorials, fabrications processes, maintenance and repair processes.  

Parallel to identifying opportunities for prototyping to further contribute to the low-tech 
movement, opportunities for the low-tech movement to lead to the creation of new 
prototyping methods and processes was also proposed. The shift away from conventional 
prototyping could be led by the principle of honesty, where low techs reveal the inner 
workings of artefacts to stakeholders, and on the objective of low techs to interrupt seamless 
activities of everyday life to reveal their ecological impact. 

These results contribute to the developing body of literature that recognises low techs’ 
unique requirements and design constraints. 

What role for designers in the low-tech movement?  

Much of the documentation focuses on the technical feasibility of low techs, with little 
consideration of the viability and desirability factor of such technologies other than the 
demonstration and usability prototypes presented in the results. A comparison may be drawn 
with bodies of work, such as the clean cooking initiatives, that have been building new and 
improved cookstoves for decades. Much time and effort were devoted to making stoves that 
achieved the technical goals of being more efficient and producing less smoke. However, 
very few stoves were adopted and managed to displace traditional biomass cooking (Georg 
and Jones, 2016; Malakar et al, 2018). Criticism of how the work was undertaken includes a 
lack of human-centred design and a lack of ‘designing with’ (rather than designing for). The 
design discipline has been recognised as adding key methods, values, and know-how to 
designing inclusive technology that focuses on people’s needs (Diagnestya and Yap, 2020).  

The approach of the LTL could be driven by the fact that many of the founding members are 
engineers and by the pervasive perception that functionality comes first, before 
considerations of viability and desirability, despite the latter considerations being essential 
considerations in adoption pathways and can benefit the creative solving problem process. 
Designers, therefore, have a lot to contribute to the low-tech movement. 

A co-founder of the LTL recognised the need to improve prototypes of low techs in terms of 
ergonomics and aesthetics (Nahmias, 2019). The work by Martin and Colin, 2021, 
documents dozens of usability requirements for low techs (e.g., compatibility with existing 
systems, access to information) based on survey responses (Martin and Colin, 2021) and 
gives designers an indication of where their human-centred skills could be leveraged. 

Limitations and future work 

A limited part of the available documentation was analysed for this paper by a single 
researcher. Therefore, no conclusions can yet be drawn about the presence or absence of 
certain prototype types in the body of published work of the LTL. The author intends further 
to analyse the work with a second qualitative coder to establish a robust deductive codebook 
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based on prototyping frameworks and establish inter-rater reliability when reporting further 
results. 

Other reasons some prototype types may not appear in the LTL documentation could be that 
prototyping activities are not reported in the documentation because they are not seen as 
valuable to report; the prototype methods are not in use because they are irrelevant. To 
remediate these limitations, future work could include interviews with people directly involved 
in the documented projects, their inclusion in the analysis process, and observations of 
ongoing low-tech projects. Furthermore, more diverse documentation on low-tech 
experimentation could be gathered for analysis beyond the body of work of the LTL. 

Based on this preliminary analysis, a further selection of documents that seem most 
promising in reporting aspects related to prototyping to analyse will be carried out, and 
additional types of data gathering will be planned. Specifically, the authors hope to gather 
data throughout the LTL project accompanying 20 organisations in their sustainable 
transition efforts by transitioning to and implementing low techs in their core business and 
operations (Low-tech Lab.d). 
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Abstract  
 
This paper presents research from an ongoing PhD project on microbial colouring applied to textile design 
practice and education. In this paper, we study how bacterial colouring can be implemented as an 
extracurricular activity in a design school setting. By conducting a series of three workshop prototypes 
combining theory and hands-on experience, we explore how bacteria grow, how a special type of pigment-
producing bacteria can be applied to textiles, and how to work with aseptic techniques and handle 
biological waste. As we were interested in how the students experienced the workshops, we gathered 
insights during the individual workshops and asked them to fill out an evaluation form. 
To understand how theoretical and practical skills have influenced each other in the workshops, we 
propose a model. The model is used to understand and expand on how workshops can be used to provide 
and generate knowledge by combining theory and practice from both bacterial dyeing and textile design. 
We find that the model can be adapted for further workshop activities combining other design disciplines 
with an overlapping or adjacent discipline like in this study, where it has been biology. 
 
Keywords: Bacterial colouring; Design education; Experiential knowledge  

As a response to the environmental impact of the industrial revolution an alternative 
perspective on production through biofabrication (producing materials from the growth of 
living organisms or cells) is emerging within the design research field (Myers, 2012). 
Designers are using biofabrication to be involved in not only selecting a material but also 
producing a material and Camere and Karana describe this material design practice as 
growing design (Camere & Karana, 2017).  

In addition to design practice, European design schools are beginning to explore and 
incorporate biodesign as a part of their research and educational focus. In the United 
Kingdom, the Master’s program in Biodesign was launched in 2019 (Central Saint Martins 
Launches Masters Course in Biodesign, 2019). In Finland, the ChemArts Summer School 
combines material science and design (Kääriäinen et al., 2017; Kääriäinen & Niinimäki, 
2019; Kaarianen et al., 2020). In Belgium, the LABORATORIUM at the School of Art Ghent is 
a place for design students to explore the intersection of design and biotechnology 
(LABORATORIUM, n.d.). In December 2022, the Technical University of Delft opened a 
biodesign laboratory in conjunction with courses in biodesign (Opening van het 
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hypermoderne Biodesign Lab van de TU Delft, n.d.). In between design educations and the 
FabLab maker-movement Fabricademy emerged and provides designers with practical 
courses on textile, digital fabrication and biology (Fabricademy Network Worldwide, n.d.). In 
addition to the practical development’s, studies into the taxonomy (Camere & Karana, 2018; 
Collet, 2020; Ertürkan et al., 2022) and knowledge on the biomaterials produced by living 
organisms (Rognoli et al., 2022) have emerged in cohesion with the practical elements. 

In this paper we present a study, which has been conducted as part of a PhD project 
investigating how microbial colours can be applied to textile design practice and education. 
The research in this paper contributes to the field of biodesign education, by exploring how 
bacterial colouring can be implemented in design education as an extracurricular activity for 
students to develop useful skills for biodesign and textile design practice by participating in a 
series of hands-on bacterial colouring workshops in a design school setting. In the paper, we 
first introduce our understanding of and use of prototypes in the given research, we then 
argue for the reasons to develop the structure and content of a series of three workshops 
followed by a description of the workshops and finally we conclude with our findings and how 
these can be used for future research. 

Prototyping in the context of the workshop 

In this paper we discuss prototyping as having a multitude of meanings and modes, from the 
concrete bacterial pigments and the workshops to the intangible interaction happening 
among the students present in the workshops. 
We align our understanding of prototyping as described by Sanders and Stappers (Sanders 
& Stappers, 2014; Stappers, 2014). Here prototypes in design research are described to 
carry out many roles; they evoke a focused discussion in a team; they allow testing of a 
hypothesis; they confront theories; they confront the world making tangible suggestions and 
they can change the world via intervening (Sanders & Stappers, 2012). 
In figure 1, a visual representation of the different prototypes identified in this study is 
presented. The representation has been inspired by Redström’s continuum between what a 
design is (product) to what designing is (paradigm) (Redstrom 2017), translated here into a 
continuum from a physical outcome (left) to the framing and design pedagogic and structural 
considerations (right). Hence, we see the prototypes presented here in different ways as 
carriers of concrete knowledge relevant for design research, which can be extracted and 
shared with others. 

      

 
 

Figure 1: The different modes of prototypes in this research. 

Below we provide an overview on the different modes of protypes identified in the study 
together with a question for each prototype to further expand on: 

• The bacterial pigments: A concrete prototype of the tangible material applied in the 
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workshops. How to learn about bacterial pigments in a design school setting? 

• The dyeing process: A process prototype covering the bacterial dyeing processes, 
which is applied in the workshop. The first process prototype is the bacteria growing 
and producing pigment in a closed container with textiles. The second process 
prototype is the conventional textile dyeing process, where bacterial pigments 
produced prior to the workshops are used. How to introduce different dyeing 
processes with bacterial pigments for textile application? 

• The workshop setting: A learning activity prototype proposing a frame for introducing 
knowledge emphasising a practical hands-on approach to students. How to frame a 
series of workshop activities that supports students’ learning a new topic? 

• The extracurricular activity: An organisational activity prototype facilitating knowledge 
exchange between (facilitators and) students beyond mandatory course work. How to 
use extracurricular activities to advance investigating specific topics for both 
researchers and students? 

Method: Experiential approach to the workshops 

The workshops are a part of a PhD project with an overall research through design approach 
(Koskinen, 2011), and in this study, design practice and prototypes are used as research 
means to gain insights. This allows the design researcher to actively engage in real-world 
problems or “wicked-problems” by constructing and exploring complex scenarios (Forlizzi et 
al., 2009). 

Here, we are using a workshop setting involving participants and we find it relevant to briefly 
touch upon the concept of experiential knowledge. As designers and design researchers, we 
are actively engaging in the design activity; thus, we are using the dialogue and direct 
interaction between the students and the facilitated reflection for the individual student as 
means for us to extract knowledge (Niedderer & Reilly, 2011).  

To document the interaction and experience, one of the authors was responsible for taking 
photos throughout the workshops. We also had a notebook to write down reflections after 
each conducted workshop. This included what we had observed during the workshops but 
also what the students had verbally expressed. This type of knowledge extraction is building 
on Schön’s understanding of reflection-on-action (Schön, 1991, 1992), where our 
experiences are used as data for research findings (Mäkelä & Nimkulrat, 2018). In addition, a 
written evaluation form was developed beforehand to provide a framing for the feedback from 
the students’ experiences.  

Motivation for conducting the workshop series 

We wanted to introduce the design students to bacterial colouring for several reasons. The 
first reason was to develop the workshop to provide the design students with a hands-on 
exploration of an environmentally friendly textile colouring process and learn about 
alternative bio-colourants, inspired by material tinkering (Parisi et al., 2017).  

The second reason was the importance of having a practical element to the workshop. Since 
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designers are used to have hands-on knowledge combined with theoretical knowledge: 
“thinking and knowing are inseparable from making in any craft or designerly practices” 
(Nimkulrat, 2012:2), we wanted to have an emphasis on mixing theory and experiential 
knowledge, while maintaining a focus on the practical elements.  

The third reason was to use the workshop setting to teach students about biodesign and 
spark their curiosity about this growing research field. This provides them with introductory 
knowledge of laboratory work from a natural science perspective but situated in a design 
school. We believed that this would equip them with the foundational knowledge to explore 
this field further throughout their design education. 

The fourth, and last, reason for conducting the workshops was to generate empirical 
knowledge for the PhD project conducted by one of the authors, to explore if or how bacterial 
colouring could be implemented at the design school. Hence the workshop was created as 
an extracurricular activity, intended for all interested design students at the school. 

Creating the workshops 

The series of workshops was created based on the pedagogical framing already present at 
the Design School Kolding. The school, originating in arts and craft, is building on Schön’s 
approach of making and reflecting (Schön, 1991). Part of the research conducted at the 
school revolves around developing design skills, methods and tools (Bang, 2009b, 2009a; 
Hartvigsen & Hasling, 2022; Hasling & Bang, 2015; Møller et al., 2016; Ræbild & Hasling, 
2019; Riisberg et al., 2014), which students individually or together can combine and develop 
further to match their individual interests, processes and design disciplines. Therefore, the 
workshops were also seen as an opportunity to formalise and test a structure for future 
learning activities within and beyond the curriculum. 

The workshops were created as a series of three individual workshops that were building on 
each other and conducted within three weeks. In figure 2, the overall frame for the 
workshops is presented including the focus and content for every workshop. Each workshop 
started with a presentation introducing the theory behind the practical explorations in the 
individual workshop.  

 
Figure 2: An overview of the content explored in each of the three workshops. 

Another practical aspect of dividing the workshops into three parts was to allow time for the 
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bacteria to grow and produce colour, thereby attempting to provide the students a 
transparent and full process from start to finish of bacterial colouring. 

Conducting the workshops 

The three workshops were conducted at the Design School Kolding and exclusively offered 
to the school’s students. To attract students to join, all students were invited via email with a 
poster describing the workshop series. Out of the 350 students, 60 wanted to sign up, which 
indicates the relevance and interest in the given topic. 

However, as the workshop space and resources were limited, we had to select a smaller 
group of students to conduct the workshops with. Therefore, we chose 14 students in total–
seven textile design students, three fashion design students, three industrial design students, 
and one communication design student–and divided them into two groups.  

One group (Group 1) predominantly consisted of students from the same interdisciplinary 
master's program and year, which, in parallel with the workshop, had a course on material 
roles in design for sustainability that initially served as a framing and context for the 
workshop series, while the other group was composed of a mixture of students from different 
disciplines and years (Group 2). 

Workshop no. 1 

In the first workshop, the students were introduced to the basics of how to work with 
microorganisms by showing them how to prepare a nutritious solution for creating agar plates 
and letting them actively participate in the process.  

A crucial step during this phase was to autoclave the solution in a pressure cooker to ensure 
the absence of unwanted bacteria or microorganisms. This meant that the solution had to sit 
inside the pressure cooker for approximately 30 min. During this time, we gave the students 
a presentation about the theoretical part of the workshop in a separate classroom. The 
presentation entailed introducing them to what bacteria are, how to cultivate them, how to 
work with them in a sterile manner, and practical input regarding the next steps in the 
workshops. 

After the autoclave process was completed, the students were brought back into the lab, and 
shown how to pour the liquid medium into petri dishes to create the finished agar plates. This 
was done by showing them how to do it and ensuring that the most crucial steps were 
pointed out. Afterwards, the students went up one by one to try out the process under the 
supervision of the workshop leader. The agar plates must be poured when the solution is still 
warm and must be set for a couple of hours to solidify. Therefore, the students proceeded to 
work with premade agar plates in the next steps, see figure 3. They were asked to swab 
different surfaces for bacteria at the school, transfer them onto agar plates, and label them 
with their name, date, and the area they had swabbed. The workshop concluded by briefly 
touching upon what the students could expect from the next workshop and explaining what 
would happen to the agar plates that they had created.  
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.  

Figure 3: Workshop no. 1 – (from left to right) Students are preparing agar plates, they are writing on the agar plates and 
using them swap surfaces to grow microorganisms from the local surroundings. 

Workshop no. 2 

The second workshop was initiated with an introduction and discussion of waste 
management in a biolab setting. The students reviewed the results of their previous 
experiments on swabbing different surfaces and instructed on how to grow bacteria on fabric 
swatches. We started the workshop by showing the students the results of their previous 
experiments and had a casual conversation about the results, as well as letting them discuss 
their results amongst each other, see figure 4 (middle). Furthermore, the students were 
shown how the agar plates that they had poured in the last workshop turned out and given 
input on which ones turned out well and were usable and which ones were not, clarifying 
which mistakes could be avoided in the future. 

In the next step, students learned how to dispose of their waste properly when working with 
living organisms. They were asked to place the previously discussed agar plates in an 
autoclave bag and close them with tape. The bags were then placed in a pressure cooker 
and sterilised for 30 min. In the meantime, the students received another theoretical lecture 
as preparation for the practical part of the workshop as well as background information about 
dyeing with bacteria. We also showed them fabric samples that were dyed with a bacterial 
dye as examples of what the fabrics they would work with might look like. As the students 
returned to the lab, they were shown that it was now safe to dispose of sterilised plates in the 
residual waste bin. 

We prepared several autoclaved bags with undyed textile swatches, each containing 
different types of textiles such as wool, cotton, and polyester. Furthermore, we brought in 
previously sterilised liquid growing medium and agar plates that carried streaks of two 
different pigment-producing bacteria: one that produced a yellow pigment and one that 
produced a blue/violet pigment. The students could choose one bag of swatches each and 
choose which bacteria they wanted to use to dye their swatches, see figure 4 (right). It was 
emphasized that not all bacteria would produce the pigment, as we were working with wild-
type bacteria, which cannot always be controlled to produce colour, although applying the 
same process.  
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Therefore, students would have to share their final results with each other so that everyone 
could obtain a dyed sample. The students were then shown how to pour the medium into the 
textile bags, streak the bacteria from the agar plate, and transfer it into the bags. As in the 
previous workshop, the students came up individually and carried out the process under the 
supervision of the workshop instructor. At the end of the workshop, we explained what the 
students would expect from the next workshop and asked them to bring in material samples 
that they would like to dye. 
 

 
Figure 4: Workshop no. 2 – (from left to right) Students are looking at the microorganisms from the local surroundings, 
they were introduced to cultivate pigment producing bacteria and prepared textiles with pigment producing bacteria in a 
local sterile environment. 

Workshop no. 3 

In the final workshop, the students sterilised the fabric samples they had made in workshop 
no. 2 and learned how to dye them with pre-sterilised bacterial pigment dye. At the start of 
the workshop, the bacteria-dyed textiles made in Workshop no. 2 were shared, and the 
students were encouraged to discuss them.  

Prior to the workshop, we autoclaved the bags of dyed textile samples, so they were ready 
for the students to open, wash and dry, see figure 5 (top row). While the samples were 
drying, the students entered the presentation room for the theoretical part of the workshop. In 
this lecture, they were introduced to different bacterial pigments, including their molecular 
structures, to understand why the pigments bind to the fabric. Moreover, the students were 
introduced to the practical part of the workshop: dyeing with sterilised bacterial pigments.  

Back in the lab, we asked the students to find the materials they had brought with them. We 
then asked them to place the samples in previously prepared jars, containing 40 ml of 
bacterial pigments, and then filled the jars with water until the samples were fully submerged. 
The students were then asked to place the jars with their samples in a large pot partially filled 
with water. After all the jars were placed inside the pot, we explained that the pot would be 
heated for at least 30 min, so that the hot steam would fix the pigment to the materials. 
During the time needed to fixate the pigment, the students returned to the presentation room 
and were asked to fill out an evaluation form for all three workshops. 

Afterwards, the students took their samples out of the jars and placed them onto a grid, 
where they could observe how the colour had been absorbed by the different types of 
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materials, and discuss and compare them in the group, see figure 5 (bottom row). To 
conclude the workshop series, the students shared their dyed samples from Workshop no. 2 
and took home the samples from Workshop no. 3. 
 

 
Figure 5: Workshop no. 3 – (top row) Students look at the textiles which have been coloured by the pigment producing 
bacteria. (bottom row) Students use already prepared bacterial pigment to colour various materials. 

Findings from the students 

To further gather student’s insights from the workshop series, after the final workshop they 
were asked to fill out an evaluation form. While the ongoing discussion and reflection focused 
more on the individual workshops. We used the evaluation form get the students to reflect on 
the workshops as a whole. We received twelve evaluation forms, since two of the students 
were not able to participate in the last workshop. 

In the following section we will describe the students’ feedback and insights using the 
prototype hierarchy introduced in figure 1 to guide the insights.  
 

Bacterial pigments  
We had planned the workshops around the possibilities of the bacterial pigments. Hence it 
was difficult to separate the bacterial pigments from the dyeing process. The students had 
good reflections on the potential of the bacterial pigments.  
One student was wondering whether it was possible to manipulate the patterns that the 



 

287 
 

bacterial pigments created, while another student responded that it was difficult to work with 
bacteria as a designer, because the outcome is so spontaneous. 

The dyeing process 

In the evaluation form, the students were asked to describe their thoughts on the designs 
that came out of the bacterial dyeing process. The majority of students responded that they 
liked the organic and unique designs given by this kind of dying process and that they liked 
the imperfections and found the designs to be meaningful and inspiring. “I feel very inspired, 
and I think it is still (a) quite unexplored technique for designers, so I’m glad I could try it.”  

The workshop setting 

As a part of the evaluation, we asked the students to grade the workshop from being boring 
(grade 1) to being interesting (grade 5). Based on this, the average grade was 4.67, which 
corresponds with the general impression that students found the workshops to be interesting.  
In the evaluation form, the students were also asked to describe how they experienced the 
workshops and here their responses were similarly positive. Many of the students responded 
that they found the workshops interesting and insightful while others answered that they 
learned something new and got inspired and that they liked working with a different medium. 
They furthermore responded that they liked the hands-on approach and the combination of 
theory and practice. One of the participants stated “it was really interesting to discover new 
natural alternatives to chemical dyeing. Also, I really liked the fact that we were both provided 
with theoretical courses and hands-on practices.” 

Since we had structured the activity as a series of three consecutive workshops, we were 
interested in better understanding, which workshop the students found most interesting and 
relevant. Two students favoured Workshop 1, six students favoured Workshop 2, four 
students favoured Workshop 3 and one student favoured all workshops equally or favoured 
them as a whole.  

While many students found Workshop no. 2 more relevant and interesting as they got to 
work with bacterial dye and “see the magic happen”, many also stated that they liked the 
combination of all three workshops. One student said “I loved all workshops equally since all 
of them had both theory and practice. Seeing the results is as exciting as doing the agar petri 
dish.” 

In the evaluation form, we also asked the students which parts of the workshops they found 
to be difficult and which parts they found to be easy. The students overwhelmingly replied 
that the workshops overall were easy to follow and very understandable. Many answered 
that they did not find the workshops difficult at all, while several others replied that it was 
challenging for them to work in a sterile way.  

We also asked the students if they would like to change anything about the workshops. Most 
of the students responded that they would have liked even further theoretical explanation 
about bacterial dyeing and getting to know more about one of the author’s PhD project with 
bacteria. Several students responded that they would have liked to create a bigger piece of 
bacterial dyed fabric and to be able to design patterns and products, as well as wanting to 
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receive more tips on how to get started with biodesign on their own. One student responded 
that it would have been great to receive a leaflet with more detailed information about the 
workshops. 

Extracurricular activity  

As we were also interested in understanding the potential of the workshop series as an 
extracurricular activity with the same or similar topic, in the evaluation form, the students 
were asked if they could imagine working with biodesign in the future and if they would be 
interested in taking part in further biodesign workshops for example about mycelium or 
kombucha. Except for one student, who was not interested in pursuing biodesign, all others 
replied that they find it an interesting topic that they would like to incorporate in future 
projects. One student stated: “I believe that there is a lot to explore in the field and I see 
great potential on this approach in specific.” 

Findings from our experience as workshop facilitators 

The following section will focus on our experiences as workshop facilitators using the 
identified prototype hierarchy to guide the insights. 

 
Bacterial pigments  
During the workshops, we saw that the students were good at reflecting on how they could 
apply bacterial colouring and living materials to their own design discipline. This sparked 
interesting conversations during the workshops on how the students could proceed if they 
wanted to continue working with bacterial pigments, thus creating new connections between 
students with similar interests. 

The dyeing process 
As already mentioned, the bacterial pigment and the dyeing process are closely connected. 
The students were mostly interested in the dyeing process using the living bacteria, as it was 
an approach which the students had not experienced before. Most of the students had a 
background within textile and fashion and therefore knew about the process of conventional 
dyeing, which were the other approach to the bacterial dyeing process.  

The workshop setting 
As facilitators we experienced how the students participated in the workshops. Here we 
could observe, how students from Group 1 (predominantly students from the same course 
and year) found it easier to approach the workshop format and content, while students from 
Group 2 (mixed group of students) had more questions, found it difficult to discuss output 
and reflect on insights from the workshop with each other during the workshops. Here it can 
be relevant to mention that the workshops were conducted in English, the language 
commonly used for the master students, but not for the bachelor students, which might have 
made some more reluctant to actively engage in conversations. 
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Extracurricular activity  
From the workshops, we were interested in gaining insights on the students’ willingness to 
and motivation for engaging in extracurricular activities building on and advancing concepts 
and methods introduced as part of the curriculum but also to enable students – and us as 
researchers – to explore new and emerging topics that might not fit into or have not yet found 
their way into the curriculum. To discover the balance between what to offer as part of the 
curriculum, what to offer as extracurricular activities internally in the school and what to 
propose to and expect from students to take initiative and explore on their own.  

Some students asked us, in case they wished to explore the biodesign field further, how to 
continue on their own, since they felt a barrier towards continuing on their own. It would thus 
be interesting to follow students as they continue their educational journey, to see if they 
incorporate biodesign into their practice. 

Proposing a model to navigate between prototype hierarchies 

Based on the identified hierarchy of prototypes and findings from the practice-based study 
engaging students, we find it relevant to elaborate on this based on a proposed model used 
to navigate between prototype hierarchies and that considers the design discipline (or sub-
discipline) in dialogue with overlapping or adjacent disciplines (vertical axis) and that 
promotes input from theory-based knowledge as well as a practice-based skillset (horizontal 
axis). Visually, the model has been inspired by the shape of neurons and illustrates how 
knowledge and skills relate to each other, see figure 6. Dependent on the emphasis of the 
four domains, the shape of the model can be altered. 

Here the workshop format has been valuable as a protype to explore and expand on the 
model to understand the overall framing and mindset needed to facilitate the meeting 
between different disciplines.  

 
Figure 6: The general model where there is an equal distribution between theory, practice, biology and design. 

The model illustrated in figure 7 shows how the different knowledge and skill domains that 
the students have engaged with during the workshop series connect to create new 
knowledge. The knowledge and skill contributions are shown as bubbles that are feeding into 
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a pool of shared and common knowledge at the centre of the model.  

In this particular workshop series prototype, we wanted to bring together bacterial dyeing and 
textile design practice and the majority of students participating came from fashion and textile 
design. As textile design to them is a familiar domain where students come with prior 
knowledge and practice experience, we experienced that they found it easy to understand 
and engage in the workshops.  

 
Figure 7: The model used to illustrate relevant aspects of the study - within and between the four domains and how 
domains push the balance of the overall frame. 

The model can also be used to describe and illustrate the focus of workshops and other 
learning activities, by shifting its centre between the domains, depending on the target group 
of the workshops e.g., other groups of students or other professional disciplines. In this way it 
could be adapted to suit more advanced students, who want to know more about the theory 
and practice behind a topic, as illustrated in figure 8. 



 

291 
 

     
Figure 8: Left: the model where focus has been shifted towards theory and biology and right: the model where focus has 
been shifted towards design and practice. 

Because the model emphasizes the connection of knowledge and skills from different 
domains and sub-domains, we see that the model can be used for other workshop 
prototypes that have a focus on bringing together design practice with biological practice as 
well as possibly a design practice with other intersecting or adjacent practices, see figure 9. 

 
Figure 9: A proposal for a general model where there is an equal distribution between theory, practice, the overlapping 
discipline and design. 
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Conclusion 

In this study we have investigated how bacterial colouring could be implemented in a design 
school setting using a workshop format.  
We described our prototype hierarchy of the different roles of protypes in this study: bacterial 
pigments; the dyeing process; the workshop setting and the extracurricular activity. 
By conducting a series of three hands-on workshops we introduced the students to bacterial 
colouring combined with textile design practice. In this first workshop we introduced how to 
grow bacteria, in the second workshop we introduced how to apply pigment producing 
bacteria to textiles using aseptic techniques and handle waste and in the third workshop we 
introduced how the bacterial pigment could be applied in a conventional dyeing process. 

The students found the bacterial pigment and the dyeing process interesting and had some 
good reflections over the possibilities of how they could continue exploring the bacterial 
pigments. Overall, they all found the workshops inspiring, although most of the students 
favoured the second workshop. They also expressed an interest in joining other 
extracurricular activities exploring biodesign. 

As workshop facilitators we experienced that the students were engaged and enjoyed the 
mix of theory and hands-on explorations. For understanding how the theory and skills had 
influenced each other we developed a model which helped us visualise how the knowledge 
was achieved in this particular series of workshops combining bacterial dyeing with textile 
design practice. We propose this model can be used for further workshop prototypes 
combing the design discipline with biology or other overlapping or adjacent disciplines. 
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Abstract 
This paper explores speculative prototyping as a way of enabling kinship between humans and non-
humans through the pathway of biophilic design. With a theoretical backdrop in post-humanist design, the 
authors propose that fungi are not only a material for prototyping, but potentially a co-creator of the design 
process. Through Edward O. Wilson’s concept of the ‘Biophilia Hypothesis’, the paper suggests that the 
designer’s ‘fascination’ and ‘affiliation’ should be addressed in order to establish an affective and emotional 
connectedness to nature. Building upon the design case ‘Fungi Kinship’, which consists of two workshops 
and a speculative design prototype the paper offers a renewed technique for prototyping with attention 
towards multispecies-inclusive design practices.  The objective of this paper is to initiate a discussion on 
how the designer's approach to speculative prototyping can contribute towards creating more sustainable 
and resilient futures for all living creatures.  
 
Prototyping, Speculative Design, Fungi, Posthumanism, Biophilia Hypothesis 

 

Prototyping has its roots in industrial design practice as a means for designers to convey 
their concepts or simulate final products (Tironi et al., 2016; Jönsson, 2017). Over time, an 
extensive body of work has examined the role of prototypes, ranging from low-fidelity paper 
models to highly functional representations of final ideations (Dalsgaard, 2017). Prototypes 
are traditionally considered to be the design-thinking enablers deeply embedded and 
immersed in design practice and not just tools for evaluating or processing successes or 
failures of design outcomes (Lim, Stolterman and Tenenberg, 2008; 7:2). This points toward 
the fact that material manifestations in the design process are widely accepted and seen as 
an essential part of design practice, rather than just a tool for evaluating outcomes. But it 
also points towards another aspect related to the designer as being in control through his/her 
form-giving processes. 

Prototyping is often associated with materials, techniques, and man-made manufacturing 
processes such as cardboard, foam and plastic (Collet, 2017). This aligns with the way 
Simon originally referred to design as ‘the science of the artificial’ (Simon, 1969; Cross, 
2001).  

In the framing of the existential threat of climate change and the ongoing extinction of other 
species, the era of post humanist design suggests that the human perspective should no 
longer be privileged (Haraway, 2003; Wakkary, 2021), meaning that it is time for humans to 
share centre stage with other non-humans actors (Wakkary, 2021). This emerging field aims 
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to create new appreciations for other organisms with whom we share our planet and promote 
a more ecological, porous, and relational understanding of co-habiting for a sustainable 
future (Liu et al., 2018; Bellacasa, 2012 and Haraway, 2003). As a result, a new form of 
prototyping, referred to as ‘natural prototyping’ (Fraser and Baxter, 2015) is gaining attention as 
a way to embody these values. 

Researchers and practitioners have proposed numerous prototyping techniques over the 
years to explore different pathways for expanding the notion and application of prototypes 
into various research fields. Following the work of Fraser and Baxter, the link between 
conventional and biological prototyping is philosophically aligned with the concept of Biophilia 
(Wilson, 1984; Fraser and Baxter, 2015), whereas natural prototyping offers a way to 
promote a more sustainable practice by including non-human perspectives in the design 
process. In the following, we will unfold the use of prototypes from a speculative design 
perspective (Dunne, Raby, 1999; Auger, 2013; Wakkary et al., 2015; Wakkary, 2021) to 
introduce the ‘Biophilia Hypothesis’ (Wilson, 1984) as an alternative way of framing the 
posthuman speculative prototype towards a viable method for creating kinship between 
humans and non-human species.  

Speculative Design Prototypes  

In speculative design, prototyping fulfils different purposes and was originally introduced as a 
means for provoking inspirational responses from users (Gaver, Dunne and Pacenti, 1999). 
Dunne and Raby refer to prototypes as ‘para-functionalities’, where the speculative design 
artefact is intentionally crafted to encourage reflections on how technological devices shape 
(and constrain) people's everyday lives, behaviours and actions in the world (Dunne, Raby, 
1999). In line with this, the speculative design studio Auger-Loizeau has created speculative 
design prototypes that emphasize the generation of tensions that conflict with engaged 
systems in our familiar everyday ecologies (Auger, 2013). The purpose is to carefully 
manage the ‘uncanniness’ of the design artefact in order to provoke the viewers to interact 
with the relevant issue(s) (ibid). Similarly, Wakkary proposes the use of ‘counterfactual 
artifacts’ as a way of creating ‘world reasoning’, not by the embodiment of the prototypes 
itself, but as the encounter with, or experience of the artefacts by the interactors, and 
provoking what might be considered possible or not (Wakkary et al., 2015).  

By proposing living organisms as the main materiality of the prototype, the focus shifts 
towards new dimensions and different processes that the designer needs to consider when 
working along with other species in the framing of speculative design. In the following, we 
propose using the Biophilia Hypothesis to frame the posthuman speculative prototype as a 
viable method of creating kinship between humans and non-humans, which is the focus of 
this paper.  

Speculative prototyping with non-humans through the Biophilia Hypothesis   

Popularized by Edward O. Wilson in 1984, the Biophilia Hypothesis is understood as the 
innate drive of humans to seek connections with nature and other species. He defines 
Biophilia as the urge to affiliate with other forms of life (Kellert & Wilson 1993: 416). Wilson 
identifies two conditions for Biophilia to emerge. The first condition, ‘fascination’, can be 
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defined as the involuntary attention triggered by Nature (Berto, 2005: 11). In other words, a passive 
or unintentional focus towards the natural world. The second quality, called ‘affiliation’, is 
described as a willingness to desire a relationship with another non-human creature (Barbiero, 2021: 
12). The modern world has distanced humans from nature more than ever in our history, so it 
is imperative to find new ways of stimulating Biophilia even when nature is not physically 
reachable. Biophilic design has emerged as the creation of artefacts, services or 
architectonic spaces that facilitate the qualities of affection and affiliation, necessary to 
reinforce the vital connectedness with nature. 

The paper is structured as follows: the introduction establishes a theoretical backdrop 
necessary to comprehend the potentials of prototyping within speculative and biophilic 
design by suggesting the Biophilia Hypothesis in response to posthumanism. We then review 
previous works regarding the use of fungi as a material and alternately propose a 
consideration of fungi as a collaborator. We present the design case ‘Fungi Kinship’ to 
exemplify and analyze the design of a speculative prototype that enabled a closer 
relationship between humans and fungi and the interactions it triggered. The paper 
concludes with a discussion of how prototypes can open up new tangible and as yet 
unimagined opportunities for more-than-human worlds. 

Designing with fungi 

The fungi kingdom is one of the most unappreciated, undervalued and unexplored organisms 
on earth, and despite its vital role in our ecosystems, it is often associated with death and 
decay (Stamets, 2005). As the need for more sustainable future living practices has 
expanded, so has the intersection between fungi and design. In the relatively new field of Bio 
Design, the interest in human interaction with fungi refers both to the materiality (Collet, 
2017; Parisi and Rognoli, 2017) and to the designer's interaction with it (Parisi, 2017).  

 Mycelium, the root-like structure of fungi, can be a suitable alternative to a variety of 
unsustainable materials used in our everyday life (Collet, 2017; Parisi, 2017). In commercial 
contexts, fungi has been explored within fashion as a leather replacement. Biotechnology 
companies like Phillip Ross’ MycoWorks (www.mycoworks.com) or Bolt Threads 
(www.boltthreads.com) have achieved to develop and implement this innovative and 
sustainable material in the fashion industry. Another approach is seen within the construction 
and transportation industry, where fungi-based packaging has been developed by the 
company Ecovative as an alternative to highly polluting packaging materials such as 
Styrofoam or plastic (www.ecovative.com). Most of these new fungal solutions use the 
organism as a consumable material (See Fig. 1). Once the growing stage is finished, the 
materials go through a heating process that kills the fungi to stop their development and 
become a stable material.  
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Figure 1. From left to right: Bolt Thread’s leather-like Mylo® (Bolt Threads, 2022). MycoWorks collaboration with Hermès 
made with Fine Mycelium®. (Coppi Barbieri, 2021).  Ecovative’s Mushroom® Packaging. (Ecovative, 2020) 

Fungi as a collaboration-driven design 

Designing with living organisms can drastically change the traditional process of designing 
with a non-living system (Collet, 2017). The prototype is generated by the designer as well as 
the living organism, changing the designer’s role from the sole creator of the artefact to 
becoming a cultivator and enabler of the living organism’s own natural processes. In 
response to the new roles and strategies bio designers should adopt when working with 
living systems, textile and bio designer Carole Collet developed a framework defined by 
three pathways: ‘Nature as a Model’, ‘Nature as a Co-worker’ and Nature as a Hackable 
System’ (Collet, 2017). This paper highlights the second pathway, ‘Nature as a Co-Worker', 
to guide the incorporation of living fungi into speculative prototypes, which is described as: 
Co-working with living organisms allows us to incorporate active and dynamic qualities to matter which is not 
rendered ‘victim’ of a shape-forming activity, but rather becomes the enabler of the morphogenetic process 
(Collet, 2017:36). This approach allows for an exploration of the possibility of achieving a 
sentiment of care and interest for a multispecies world or, as the anthropologist Donna 
Haraway phrases it, a way of ‘making kin’ with another being (Haraway, 2016). The aim of 
the design case presented in this paper is, therefore, to examine the potential fungi-human 
relationship and reconceptualize fungi from something hidden, inanimate and feared, into 
sentient beings that are both aesthetically pleasing and joyful.  

Case study: ‘Fungal Kinship’ 

The project was developed as part of the first author's MA studies in Speculative Design at 
Design School Kolding (DK). The research question of the project was: ‘How do we tackle 
the general rejection and lack of knowledge about fungi in order to create a biophilic kinship 
towards these organisms?’ 

The methodological approach was based on a series of design experiments in the form of 
participative workshop sessions, which led to the design of a speculative design prototype 
(See Fig. 2). The process was continuously inspired by theory readings, material studies, 
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fungi farming, design interventions and user evaluations. 

The speculative prototype intended to present a future scenario where humans would be 
capable of sustaining a relationship with fungi similar to our everyday encounters with 
domesticated species such as house plants (Rolighed et al., 2022) or pets (Westerlaken and 
Gualeni, 2016). The main premise was that this type of daily engagement with an uncommon 
species such as fungi could open new possibilities of relating and understanding (Haraway, 
2008).    

 

 
Figure 2: Speculative prototype developed for the design case “Fungal Kinship”. The device encourages the exploratory 
use of acoustic interaction, which is interpreted into light and heat, thus affecting the fungi’s living conditions.  

Two fungi exploration workshops 

The workshops were designed to identify the negative connotations associated with fungi 
and attempt to generate a change in the current behaviour, hence engendering an enriched 
understanding and relatedness with fungi – in other words, a ‘biophilic relationship’ (Wilson, 
1984). To overcome the initial barriers, the first workshop took place in nature, the second 
one in a laboratory. The inquiries of the two workshops took place over a period of two 
weeks with a group of approximately 15 people aged 20-30.   

The first workshop was scheduled for two hours and took place in the fungi’s natural habitat: 
the forest. The activity was divided into three tasks. Firstly, the participants were asked to 
complete the sentence: ‘When I hear the word ‘fungi’ I think of...’ Next, the participants were 
encouraged to look for mushrooms and give them a name. Finally, all participants presented 
their favourite mushroom in plenum and shared their experience.  

A main insight identified in this workshop was the capacity of the activity to create an 
emotional connection with fungi. The most common words written by the participants in the 
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first activity were ‘death’, ‘infection’ and ‘decay’. Some of the participants were even reluctant 
to touch the mushrooms. After the exercises, the participants stated how pleasantly surprised 
they were and how their perception of fungi shifted. Most of the names given to the 
mushrooms recalled pet names, such as ‘Larry’, ‘Lil’ Squishy’, and ‘Mushroomina’, and when 
they had to share their favourite one, words such as ‘cute’ and ‘amazing’ were often used to 
describe them (See Fig. 3). 

 

 

Figure 3: One of the participants of the Fungi Exploration Workshop showing her favourite mushroom named “Larry” to 
the group and sharing her overall experience from the design experiment. 

The second workshop (See Fig. 4) was intended to push the experience further by shifting 
the encounter with fungi from its natural environment to a laboratory. The participants were 
asked to pick different types of substrates for the fungi to digest, such as straw, sawdust, 
cardboard, banana peels, cigarette butts, fabric scraps, threads and paper. Next, the fungi 
mycelium was mixed in. The fungi-based materials were then stored to grow under the 
proper temperature and light conditions. The workshop concluded with each participant 
sharing their process and their experience. The beauty of the fungi was highly appreciated as 
an incentive to generate interest in fungi. The workshop permitted the participants to be in 
close proximity to this organism in a way they had never experienced before, allowing them 
to undergo a unique sensorial experience. Some of the same users who experienced disgust 
and fear in the first workshop were in contrast attracted to the smell, the texture of the 
mycelium and the overall beauty of the fungi. 
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Figure 4: Participants experimenting with mycelium fabrication in a lab setting. 

Design Overview 

Based on the insights acquired at the workshops, a speculative prototype was designed to 
enable a communication system between humans and fungi. In order to conceptualize the 
prototype, the Shannon-Weaver Model of Communications (Shannon et al., 1948) was used 
to diagram the necessary elements for establishing a communication system between 
humans and fungi, as shown in Figure 5.  

 
Figure 5: Schematic diagram of the human-fungi communication system enabled by the prototype, adapted from 
Shannon (Shannon et al., 1948).  

 

Through sonic input, the human user was able to affect the temperature of the incubator 
(thus influencing the growing conditions of the fungi). A low, subtle voice volume would 
nurture the fungi to keep growing and eventually produce mushrooms while yelling and 
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shouting would trigger high temperatures causing the demise of the organism. The coloured 
light feedback visualized how the sonic input would affect the fungi (see Fig. 6). 

 
Figure 6: Visualization of  how the two settings of the prototype (a) “low voice” and (b) “shout” configured the 
communication system between humans and fungi. 

Materials and methods 

The materials and process for developing the elements of the prototype are described below:  

Incubator:  

Made of 4mm transparent acrylic, the incubator needed to create a sterile environment for 
the proper growth of fungi. It was also necessary to have modern and clean aesthetics for 
the appeal of the human users. The pieces were generated using a laser cutter. The edges 
were sealed with transparent tape for reinforcement and to prevent contamination. Once the 
mushrooms grew with the incubator sealed, the lid was removed to captivate the senses of 
vision and smell, engaging the user to experience fungi within a controlled environment. 

 

 

Figure 7: Incubator 
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Wooden Intercom:  

Pine plywood was chosen due to its clean and warm aesthetics. Designed to resemble a 
phonograph or a speaker, a concave shape was carved with a CNC router in one of the walls 
of the box, intending to nudge the users to engage through an acoustic interaction with the 
prototype. Both the materiality and shape of the intercom invited the users to closely position 
themselves lower than the fungi in the incubator, challenging new and unconventional 
interactions. 

  
Figure 8: Wooden Intercom 

Fungi:  

Based on the speed and resilience to grow under varied conditions, the chosen fungi strain 
was Pleurotus Ostreatus, better known as Oyster Mushroom. A mix of rye and straw was 
used as the substrate for the fungi to grow in. The mix was sterilized and mixed with 
mycelium spawn before being placed in the incubator. Slowly taking over the substrate by 
covering it in white threads, the mycelium created intricate patterns that were visible through 
the acrylic incubator. After about 10 weeks under the proper conditions, the substrate 
became completely colonized with mycelium, and ultimately fruited mushrooms that grew 
over the incubator. 

 

Figure 9: Fungi growing inside the prototype’s incubator.  
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Sound Sensor:  

Coloured light feedback in yellow and red visualized how the sonic input would affect the 
fungi. The light pulsations were coordinated with the voice input, allowing the interaction to 
demonstrate that the fungi were ‘listening’. The circuit was programmed using Arduino. The 
components used were an Arduino board, LED 5V strip with RGB programmable colours, a 
sound sensor, a heating wire and a relay. The circuit was wired and welded into a 
breadboard and placed inside the wooden box. The sound sensor was placed behind the 
concave shape where it could best capture the sounds.  

 

 

Figure 10: Light feedback reacting to sound sensor. 

Heating System: 

Temperature is a key factor in the growth of fungi,  affecting it in a positive or negative way. 
The controlled temperature was generated by using a heating wire taken from an upcycled 
electrical blanket. The sound sensor was programmed to react within a range. The ‘safe’ 
range was programmed to activate a sustained 23ºC for 24 hours and an output a yellow 
light feedback. If the volume of the voice that the sensor captured was above the defined 
range, the light would turn into a continuous red and the heating would blast to maximum 
potency (32ºC) for 24 hours, endangering the stability of the fungi. 
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Figure 11: Heating system using Arduino, a heating wire and LED lights. 

Evaluating the prototype 

The prototype was tested in a lab environment on a group of 6 students, aged 22-28 
(Koskinen et al., 2013). They were all asked to take a seat in front of the artefact and were 
given brief instructions on how the prototype worked. Then they were asked to interact with 
the device, in whatever way they felt like. The session lasted between 12 and 25 minutes 
during which the designers observed the users´ verbal and nonverbal reactions and collected 
insights. After the individual sessions, the users were asked to write about their experience 
and later share it in an open-ended discussion during the evaluation. The intended biophilia 
was expected to be generated by the primal interaction of verbal communication. We 
expected that this input would allow users to feel more confident about establishing a 
relationship with the non-human organism. The verbal communication practices took many 
forms, as we observed the users whispering, yelling, singing, laughing and telling secrets. 
Further, we realized that these communication practices were much more than just verbal, as 
we observed how the users also communicated with the fungi in non-verbal ways, such as 
touching, caressing, smelling and even kissing. Both non-verbal and verbal communication 
allowed the users to have novel experiences with fungi, thus enabling the ‘affection’ and 
‘affiliation’ necessary for biophilia. 

In terms of shape and aesthetics, the final outcome of the prototype ultimately depended on 
the fungi. The designer experienced a new way of reaching the final stage of the prototyping 
process by embracing the unexpected and relying on trust in the fungi to do their own thing. 
Clear evidence of this situation occur while the fungi started fruiting mushrooms (see Fig. 
12). One of the mushrooms managed to grow outside of the incubator box originally intended 
by the designer to contain the fungi, enabling a whole new interaction with the users, who 
were remarkably attracted and intrigued by this particular mushroom that ‘managed to 
escape’. This situation taught the designer about adapting to change and made clear how 
pointless it was to create anticipated expectations on the design. The patience, trust and 
humility the designer experienced in her interaction with the fungi is evidence of the holistic 
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scope of posthumanism. It not only impacts the end users of the design but is also present 
throughout the whole process, reshaping the way designers relate to other non-human 
collaborators.  

 

 
Figure 12: One of the participants during the testing session, laughing and touching the ‘escaping’ mushroom that 
managed to grow outside of the designated space of the prototype.  

Prototyping with living organisms: the designer’s perspective 

Speculative prototyping is an emerging practice that involves creating prototypes that 
challenge current assumptions and norms (Gaver, Dunne and Pacenti, 1999). It is often used 
to explore the potentials of new technologies and to imagine future scenarios. When applied 
to biophilic design, this paper suggests that speculative prototyping can be a powerful tool for 
enabling a relationship of kinship between humans and non-humans. 

At the heart of this approach is the ‘Biophilia Hypothesis’ (Wilson, 1984), which suggests that 
humans have an innate tendency to seek connections with nature and other forms of life. By 
designing with this in mind, designers can create products and spaces that foster a sense of 
fascination and affiliation with the natural world. In the project, regarding fungi as living 
collaborators challenged the design process and the outcome of the prototype. The 
morphogenesis of the final stage of the prototype relied almost entirely on the fungi itself, 
whereas the prototype merely served as an enabler of the growing conditions for them to 
thrive.  

From the designer’s perspective, becoming a co-creator with the fungi was perceived as a 
humbling experience, emphasizing a new kind of relationship with this non-human species. 
Prototyping along with living fungi required not only a domain in the use of design tools and 
prototyping, but also knowledge about mycology – the study of fungi – in order to 
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comprehend their life cycles, provide a sterile environment, identify optimal substrates and 
create proper conditions in terms of humidity, temperature, required CO2 exchange and 
much more. Sometimes it felt more like being a biologist than a designer, proving how these 
two fields can be intertwined resulting in a more holistic, multi-species and post-humanistic 
approach to design. 

The focus on living fungi sparks a debate, as fungi are often overlooked and undervalued in 
our society. By using fungi as a starting point, designers can help to raise awareness of their 
importance and promote a greater understanding of the role they play in ecosystems. 
Through the creation of two workshops and a speculative prototype, we explored the 
dilemmas that arise when humans and non-human species come into unexpected contact 
and seek to develop ways to promote a more harmonious relationship. 

It is important to mention that in order to rigorously prove the effectiveness of the prototype of 
enabling biophilia, much longer and exhaustive testing is required. Temporality is an 
important factor when prototyping with living organisms, due to their own natural growth pace 
and the effect on the artefact. On that note, we argue that the use of speculative prototyping 
in comparison to a more traditional prototype can allow itself some freedoms, as its main 
purpose is to allow the generation of awareness and discussion about future interactions, 
rather than a more practical or technical objective like performance, usability or function 
testing. This alternative purpose can be accomplished by configuring a fictional situation that 
is convincing enough to allow the user to engage with the prototype and experience the 
intended scenario without the restrictions of the present reality. As stated by Dunne and 
Raby, the design speculations must not be treated as narratives or coherent ‘worlds’ but as 
thought experiments – constructions, crafted from ideas expressed through design – that 
help us think about difficult issues...They allow us to step outside reality for a moment to try 
something out. This freedom is very important (Dunne, Raby, 2013: 20). In other words, the 
creation of these prototypes and design experiments with no specific purpose or clear 
outcome can effectively stage the scenarios for imagining more sustainable futures that 
could bridge the gap between humans and non-humans (Binder et al., 2015; Jönsson et al., 
2014; Tironi et al., 2020). 

The temporality of the process depended on the natural timeframes of fungi, which required 
patience from the designer to let nature follow its course. As the old Patagonian saying goes, 
‘whoever rushes in Nature wastes their time’. This process could not be rushed, lest the 
prototype would be contaminated, and the experiment would have to start from scratch. 
Respecting the pace of other living species made us reflect on how we as humans often fail 
to implement designs successfully by turning a blind eye to nature’s own temporalities, 
making them less resilient or transcendental.    

The aim of this approach is to enable users to imagine multispecies-inclusive realities and to 
rethink more sustainable design practices. By encouraging people to think beyond the needs 
of humans alone, designers can promote a more holistic and interconnected approach to 
design that considers the needs of all living beings. This can help to create a more 
sustainable and resilient future for all. 
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Conclusion 

This paper proposes the use of living fungi in speculative prototypes as an enabler of 
‘making kin’ from humans towards the unappreciated fungi kingdom, through the design of 
biophilic qualities. By analyzing the design case we can argue that speculative prototypes 
can re-examine the relationship between humans and fungi (even when there is no physical 
proximity to nature) by facilitating a fictional and less confined scenario that allows the users 
to raise awareness, engage in discussions about posthumanism, and generate a sentiment 
of kinship towards fungi. The fact that most of the fungi’s life cycle happens underground, 
invisible to the human eye, makes the speculative prototype even more relevant through its 
capacity to make something visible and tangible through the materialization of speculation. 
This is evidenced in the testimony of one user: I would never have gotten that close to a 
mushroom in a forest, especially if I don’t know if it is safe, but in this clean and nice setting 
where I am forced to come face to face with the mushroom, I feel I can safely touch, smell 
and admire the fungi. 

As a final discussion, this paper argues that having another organism as a collaborator when 
prototyping with living fungi can reshape the designer’s own practice. Different processes 
transformed the role of the designer, who had to consider slower temporalities, cultivation 
and husbandry practices and deal with unknown final morphogenesis. All these factors made 
the designer experience trust, patience, humility and respect, evidencing the potential of 
speculative prototyping with living organisms as an effective method to propose more 
inclusive and sustainable futures.  
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Abstract  
Biodesign is a growing discipline focusing on material futures, alternative production methods and more 
interdependent solutions with Nature. In particular, it fosters designers to interact with other 
microorganisms and living matter for the development of materials and potential applications often based 
on material tinkering and material-driven design methods (MDD). The interweaving of human and other-
than-human agencies raises multiple questions and characterizes levels of complexity throughout the 
design process. The purpose of this article is to elaborate a posteriori on practice-based research to 
support biodesigners in their interdisciplinary practices. 
First, it proposes "mattertypes" as a comprehensive term that describes material prototypes resonating with 
non-anthropocentric design. Mattertypes embody not only human and other-than-human agencies but also 
situated peculiarities: environmental, social, and systemic factors and implications.  
Second, it illustrates an approach called MMMM (Micro-Mezzo-Macro-Meta) a scale-based structure that 
aims to facilitate project workflows and enhance the understanding of the whole process. The scales are 
explained with practical examples based on the experience gathered during three research projects on 
SCOBY1 (also called bacterial or microbial cellulose). Namely, a product design BA- and an Eco-Social 
design MA-thesis, and an interdisciplinary research project investigating and developing packaging, food 
concepts, and scenarios for more resilient (g)local prospects. 
 
Biodesign, prototyping, DIY materials, bacterial cellulose, glocalism 
 

The active engagement of design disciplines with microorganisms has been emerging in the 
last decades. Biodesign (Myers, 2012) is the name of the field of reference encompassing 
approaches such as growing design, in which existing microorganisms like bacteria, fungi, 
microalgae, or mixed cultures are used for researching and developing new sustainable 
materials (Camere and Karana, 2017). Microbial production is used to generate substances 
that have peculiarities differing from established materials with foreseeable behaviours, 
characteristics, and performances. In this realm, material making and processing protocols –
also called ‘recipes’- are investigated and defined using Material-Driven methods and 
material tinkering seeking to achieve interesting properties and qualities revealing new 
material experiences (Karana, et al. 2015; Parisi, et al. 2017). Iterative sessions result often 
in high amounts of samples, models, and prototypes acting as tangible proof of processes 

 
1 Symbiotic Culture of Bacteria and Yeasts also known for being a cellulose-based pellicle with remarkable 
properties, edible and non-edible potentials 
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(Rognoli and Parisi, 2021). In the R&D processes of DIY materials, designers encounter 
uncertainty, failures, unforeseen discoveries, and surprising results, even more so when 
including living micro-entities and their own agencies. Given the high amount of variables 
and co-metabolic dynamics, it could be hard even for microbiologists to explain why 
outcomes might be different from what expected (L. Conterno2, Personal communication, 
November 29, 2022).  

Working with microbes is a highly experiential and embodied practice that is based on a 
certain degree of co-dependence and even on a sort of intimate relation. Hence, producing 
new materials does not depend solely on human agency anymore but is negotiated with 
other-than-humans towards multispecies design (Rognoli, Pollini and Alessandrini, 2021). 
The process involves getting to know the microbes, nurturing them, and acting according to 
their biological preferences -or not- depending on wished variables in the end outcome. 
Experts, tools, and methods from different fields are often involved in growing design 
projects, creating new relationalities and approaches that strive to propose sustainable 
practices on distributed, local, and global scales (Cohen, et al., 2022b), so-called (g)local 
(Robertson, 1995).   

Drawing on practice-based experience gained in the course of ongoing interdisciplinary 
research projects investigating SCOBY, this paper proposes a posteriori elaborated 
terminology for prototyping and a holistic project approach based on scales that aims to 
facilitate project workflows and enhance the understanding of the whole process. 

First, "mattertypes" is introduced as a comprehensive term describing material outputs of 
biodesign and material-driven projects. Mattertypes represent a shift towards a more 
dynamic, organic, and collaborative approach to design that interweaves human and other-
than-human agencies with science, technology, society and environment. 

Second, the ‘MMMM’ (‘Micro–Mezzo–Macro-Meta’) approach is proposed to tackle the high 
complexity of practice-based biodesign projects. By suggesting a scale-based structure, it 
aims to support biodesigners in assessing project workflows suggesting activities and 
collaborations, and enhancing an overall understanding of their practice. 

 

Prototype in Designscapes 
Prototyping is one of the fundamental designers’ activities resulting in a variety of definitions, 
intangible solutions, tangible matters, and application proposals. Houde and Hill (1997) 
highlight the ambiguity of the meaning of prototype as a term in the different design fields that 
can range from a foam model to a storyboard. Furthermore, a prototype can be any 
representation of a design idea showing its ‘role’, ‘look and feel’, or ‘implementation’ (ibid). 
This ambiguity and variety have been increasing since design research as a field has been 
growing and evolving in diverse ways of doing and knowing. Shifting from a mere 
representation towards means of experimentation and inquiry, prototypes can be defined ‘as 
vehicles for research about, for or through design’ (Wensveen and Matthews, 2014). 
Research through design focuses on ‘the possibility of design to be done on the basis of 

 
2 Dr. Lorenza Conterno is a microbiologist head of the Fermentation and Distilliation Group of the Laimburg 
Research Centre in South Tyrol 
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design practice i.e. by artistically/creatively making objects, interventions, processes etc. in 
order to gain knowledge’ (Bang et al. 2012). Therefore, such ‘procedural artifacts’ differ from 
traditional prototyping of products and embrace social, conceptual, and ontological functions 
(Schubert at al., 2021).   

Besides the role of artifacts as knowledge generators, they can also provoke debate and 
‘embody tensions surrounding an area of interest’ (Boer and Donovan, 2021). Moreover, in 
design fiction, ‘diegetic’ prototypes acquire a different function ‘to suspend disbelief about 
change’ (Sterling, 2012) and make people experience possible futures through simulations of 
future scenarios and materializing not-yet-existing technologies.   

In the wide designscape, prototypes are used in many ways and engage with diverse 
audiences, such as ‘users’ to test ideas, co-designers to make collective decisions (Houde 
and Hill, 1997), or a specific group of people –like neighborhoods- to foster social actions. 
Depending on the context and the engaged public, prototypes vary in role, form, and scale.  

In emerging fields like biodesign and material-driven design, prototyping embraces new 
characteristics going beyond the above-mentioned functions. As Ferraris & Barzilai (2021) 
assert, such transcendence makes sense since ‘things’ that are at the center of the practice 
are living beings.    

Prototyping materials: Mattertypes  

Although prototyping in design research has been acquiring new roles and meanings, still in 
the traditional product design processes, the terms commonly utilized to describe objects, 
devices, materials, and artifacts that are developed are: models, and prototypes. This 
terminology is strongly linked with industrial mass production in which the development of a 
new product involves a series of iterations from concept, through 2D and 3D development 
and visualization of an artifact, to its material and production drafts, until the final evolved 
artifact is serially produced.     

Often materials chosen for models are cheaper and easy to shape, simulate volumes, 
structures, colours, and surface finishings allowing designers to test and observe them, 
conduct user testing, discuss, and generate insights that enable development with valuable 
and advantageous adjustments. Prototypes are instead, often made using the same or 
similar materials and production techniques that are intended to be the final ones.   

However, in the field of DIY materials, the focus is on the development of substances and 
matter that could only later be used for new applications and artifacts. Given that 'models’ 
and ‘prototypes’ are generally made of already established materials in product design 
processes, such terminology could be limited as it does not refer specifically to materials. 

Material-driven design and biodesign encourage more radical approaches to the very matter 
that could constitute artifacts with enhanced ecologic and systemic commitments. Material 
tinkering (Parisi, et al. 2017) especially, focuses on iterated samples that could further mature 
into new materials. Indeed, it could be seen as a pre-prototyping practice that fosters 
designing ‘with materials’ or ‘for materials’ (Rognoli and Parisi, 2021). Rognoli and Ayala-
Garcia (2021) refer to DIY material samples developed in tinkering-for-materials processes 
as ‘material drafts and demonstrators’. Especially, ‘material demonstrators’ aim to showcase 
the outcomes of material experimentation and their variants. They could be delivered to 
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companies that could refine and finalize them for commercial applications or used for design 
speculations (ibid.).  

From an ontological point of view, Bennett introduces ‘vibrant matter’ (Bennett, 2010) as a 
term expanding materiality to the vitality of the matter by highlighting its multiple agencies 
within complex ecologies. Moreover, a recent paper by Zhou, et al. (2022) illustrates 
material-centric approaches in which non-human actors are active contributors to the design 
process itself. In this way, materials become carriers of a wide variety of information 
reshaping human and other-than-human relations by embedding their agencies.  

During our exploration of growing materials, we perceived a gap in the terminology to 
effectively articulate the nature of our work and its outputs. Therefore, we propose the term 
"Mattertype" merging “matter” intended as both “subject of the discourse”, and “substance 
from which something is made” with “type” intended as “kind”. It is a holistic term that 
resonates with non-anthropocentric design (ibid.) and could be used to describe material 
outputs of growing design and material-driven projects, meant as the various material 
prototypes that emerge through iterative work in a design process.  

Mattertypes represent more dynamic, organic, and collaborative approaches to design based 
on materials that incorporate the agencies of humans and other-than-human entities. 
Mattertypes are seen as material entities within interdependent systems (assemblages). 
They have environmental, systemic, and social entanglements, and broader implications 
beyond just their physicality. 

Mattertypes are organic substances, functional ingredients, based on biomasses. They can 
come in different states ranging from powder to granulate, to sheets, to blocks, to solid foam, 
to gels. They could be unprocessed or processed, precise cut-out samples as well as 
organically defined shapes, homogeneous or heterogeneous, smooth or rough, soft or hard, 
wet, humid or dry, quickly decomposing to durable, with different textures and aesthetics. 

 
Methods for co-working with microbes   
Material designers engaging with microbes often focus on production-driven innovation and 
likely use experimental approaches to design for regenerative systems. To do so, methods 
coming from different disciplines are adopted. Growing materials practices often use 
methods from ‘DIY material design’ (Rognoli, et al., 2015). However, tinkering is not only 
practiced with materials but also with the growth process. Indeed, different nourishing 
sources, parameters and growing conditions -such as temperature, humidity, acidity- can 
generate diverse properties and both, edible and non-edible potentials. Co-working with 
microbes is based on ‘learning-by-growing’ namely, the embodied and subjective experience 
of the ‘getting to know’ of the microbes by understanding how to create an environment 
where they can proliferate and thrive. Understanding includes also different senses (Rognoli, 
2010) indeed, information about the state of growth could often be perceived through sight 
(color change of the growth medium, color of the growing microbial substance, textures and 
aesthetics of the microbial cultures), smell (acidic or basic could suggest the state of acidity 
and possible contamination), touch (toughness, fragility, density), and in some cases also 
taste.  

The monitoring of the microbes can occur by combining qualitative and quantitative methods 
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requiring both subjectivity (senses) and objectivity (data collection devices) throughout the 
process. Subjectivity is essential in the generation of intuitions, insights, hypotheses ranging 
from microbial growth, material experimentation and selection, prototyping and potential 
applications. Subjectivity does not only include human perspectives but alsoother-than-
human expression and agency (Braidotti, 1994). Therefore, when talking about subjectivity, 
the microorganisms’ own perspective, perception and modes of communication should be 
also taken into account as a different type of intelligence (Bridle, 2022).  

Objectivity refers to measurements, data collection, and comparative methods taking place 
often in collaboration with scientists who share their know-how and enable access to 
equipped labs and machinery. In this way, it is possible to systematically address processes, 
test hypotheses and assess repeatable protocols for growing and post-growth processes, 
processing, evaluate variables, and effective potentials.   

Similarly to material tinkering, also growing material practices borrow equipment and tools 
from other fields like craft, culinary, and biotechnology fostering cross-pollination among 
disciplines (Parisi, et al. 2017; Ayala-Garcia, 2015). When material-driven design meets 
biotechnology, the focus is often on the revalorization of resources that are currently 
discarded or undervalued proposing ways to recognize and enhance their value. 
Interestingly, when co-working with microbes, the borders between food and materials blur as 
microbial agencies could turn food into non-food and even into food again stimulating 
situated investigations to identify regenerative opportunities (Cohen, et al. 2020).  

Methods and tools in biodesign are highly interdisciplinary as multiple factors, dimensions 
and scales come into play. This complexity leads not only to an urge to reflect upon iterative 
tinkering and prototyping activities but also upon methodologies to facilitate the assessment 
of design-driven projects in frameworks with multiple disciplines. 

Prototyping across scales: ongoing R&D with SCOBY   

SCOBY is a Symbiotic Culture of Bacteria and Yeasts that looks like a thick and translucent 
gelatinous pellicle (fig. 1). It is known for being the Kombucha starter: it is commonly 
immersed in sweetened tea, fermenting it into the popular beverage. During the brewing 
process, the microbes feed on the dissolved sugars and generate acetic substances and 
microbially produced fibers of pure cellulose generating a new pellicle. Besides the originally 
Manchurian drink (Villarreal-Soto, et al. 2018), this process is renowned also for Nata de 
Coco (fig. 2) which is a low calories and fibers-rich dessert popular in the Philippines 
(Piadozo, 2016). Nata is made of SCOBY obtained from the fermentation of a production 
‘byproduct’: coconut wastewater. It is generally cut into cubes, cooked into syrups, and often 
served with fresh fruits.   
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        Figure 1: SCOBY grown from sweetened tea      Figure 2: Nata de Coco (SCOBY grown from coconut wastewater)         

 

From a scientific perspective, the SCOBY is made of a matrix of bacterial cellulose (BC) 
nanofibers that are produced by acetic acid bacteria (AAB) -especially by Komagataeibacter 
xylinus (Serra and Hengge, 2019). These nanofibers are a hundred times thinner than those 
of plant cellulose, and their water-holding capacity is hundred times higher (Chawla, et al., 
2009) –retained water constitutes more than 90% of the SCOBY volume. In addition, the 
pellicles possess valuable properties like high cristallinity and tensile strength, insolubility in 
water and most solvents, moldability, high degree of polymerization with a variety of possible 
material states and applications (ibid.). Interestingly, BC can be successfully produced also 
using fruit- and vegetable-based secondary products like pomace and marc (Pajuelo, et al. 
1997; Kurosumi, et al., 2009; Islam, et al. 2017). This feature results in two main benefits: on 
one hand, functional and nutritional properties can pass from the nourishing liquid to the 
SCOBY thanks to the fibers’ adsorbent characteristics (L. Conterno, personal 
communication, November 10, 2022) on the other hand, SCOBY production could have 
lower costs (Bungay, et al., 1997; Mohammadshirazi and Kalhor, 2016; Hussain, et al. 2019) 
and be adapted to different available biomasses, production scales and (g)localities.   

Although plenty of ongoing research on BC is conducted, it is yet underexplored, especially 
with regard to possible material states, applications, and uses that go beyond SCOBY 
sheets, and especially, fashion-related and wound-dressing proposals.  

New opportunities and potentials have been revealed during ongoing research focusing on 
SCOBY conducted at the Faculty of Design and Art of the Free university of Bozen-Bolzano. 
Namely, design-driven investigation was carried on with three consequent projects: ‘From 
Peel To Peel’ a Design BA thesis (Sicher, 2017), ‘InnoCell’ an interdisciplinary funded 
research 2018-2022 (Design F(r)iction Lab, 2023) and ‘EATING SCOBY’ an Eco-Social 
Design MA thesis (Sicher, 2022). 

Throughout these projects, the process of prototyping was re-evaluated and seen as a range 
of tangible and intangible outcomes used to manifest design ideas.  

These ideas were developed in different stages and sizes, aiming to create practical 
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knowledge, mattertypes, prototype applications, and theories in the context of South Tyrol. 
This process required ongoing interdisciplinary collaboration with partners and stakeholders 
from various fields. 

We realized a posteriori that such a multiscale and interdisciplinary approach enables not 
only theoretical speculation but also a deeper and more holistic learning process that 
promotes more conscious and grounded project development. Moreover, a systemic 
investigation in a situated context provides opportunities to directly interact with stakeholders, 
and address site-specific ecologic, social, and systemic issues. 

The ‘MMMM’  (Micro-Mezzo-Macro-Meta) approach     

The proposed R&D approach (fig. 3) is denominated ‘MMMM’ - Micro Mezzo Macro Meta. It 
suggests a project structure that intends to support biodesigners and interdisciplinary teams 
in organizing workflows and dealing with multiscale complexity. It is based on six years of 
highly experimental practice-based research in the realm of growing design projects that aim 
at speculating and benefiting existing (g)localities. The four proposed scales are explained 
with practical examples suggesting R&D tips, activities, possible collaborations, and 
outcomes.   

In other words, the MMMM approach aims to facilitate the planning of projects involving 
multiple disciplines. This approach can be used not only to develop new materials but to 
implement a more holistic systemic perspective. Matter is seen as active element in a system 
of multiple-intersecting-scales rather than just a mere resource. The intent is also to foster a 
continuous understanding of what one is doing through ongoing discourse with actors and 
stakeholders. Such commitment aims at addressing urgent ecologic and social issues and 
developing feasible solutions based on existing realities.      

Micro 

The goal on this scale is to get closer to the microcosmos to identify microbial entities of 
interest, get to know their biology and frame their capabilities, needs, and potential to grow 
matter. This part requires an in-depth literature review involving not only design publications 
but also a variety of scientific disciplines (food technology, biology, microbiology, synthetic 
biology, chemical engineering, ecc.). Through this knowledge, designers would be able to 
learn specific scientific/technical language, test research questions, and plan microbial 
growth experimentations. Especially, it is important to learn about nourishment, equipment 
requirements, and possible variables conducting to different outcomes. This state-of-the-art 
research enables learning-by-growing and identify, hack, iterate, and define protocols for the 
growth and (re)production of microbial substances.  

A combined subjective and scientific approach based on trial and error with a systematic 
collection of data is essential to enable efficient iterations and scale-ups (Rognoli and Parisi, 
2021). Acquiring competencies about microbial growth is important for designers as it 
facilitates the maintenance of the microbes, successful yields, and an easier achievement of 
wished properties fostering more independence, less failure frustration, and dramatic time 
and resources saving. 
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For this research part, collaboration with interdisciplinary experts is strategic and strongly 
recommended. It is ideal to connect with people involved in disciplines ranging from material 
science to microbiology, bio- and food-technology. Academia and public institutions could 
provide more accessible knowledge, equipment, resources, and infrastructures. Sometimes, 
even open co-working spaces like FabLabs could dispose of suitable machines and tools. In 
some cases, these specialized workspaces are called Kitchen Labs as is the case at NOI 
Techpark, or BITZ fablab of the Free University of Bozen-Bolzano which offer mixed 
equipment commonly used in gastronomy and scientific labs. However, also private 
practitioners and centers could offer valuable support and knowledge-sharing could be more 
limited, often due to NDAs.   

 
Figure 3: Visualization of the MMMM method and its core points         
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The research on SCOBY began with the intention to tackle ecologic issues around 
single-use packaging. SCOBY was chosen among other actors such as algae, and 
DIY bioplastics because of its capacity to be produced using locally discarded 
biomasses and its adaptability to various raw resources. These characteristics make 
it very versatile and possible to implement in many local areas around the world. In 
the beginning, the growth and consequent experimentation on SCOBY were 
conducted without a structured methodology. It soon became clear that a systematic 
workflow and collaboration with scientific partners would have improved the growth 
process. Therefore, a collaboration began with food technology experts (Food 
Technology platform, Faculty of Science and Technology – unibz) who supported in 
setting the parameters to prepare nourishing medium and methods to monitor and 
adjust it during the growth. This collaboration continued throughout the ‘InnoCell’ 
project. In such a framework, the food technologists tested, compared, and analyzed 
nourishing liquids for SCOBY growth based on tea, lemon-marc, and apple pomace 
(unpublished results) to define efficient and reproducible protocols. They were then 
provided to the design team that, after learning how to use specialized equipment and 
perform them, independently took over the production of SCOBY mass. The 
generated amounts were then used to tinker and iterate mattertypes aimed at 
developing application prototypes.   

During InnoCell, samples of the produced SCOBY mass were delivered to another 
team of experts namely, microbiologists (Micro4DFood team, Faculty of Science and 
Technology – unibz) who conducted comparative tests regarding the impact of 
bacterial cellulose fibers on microbiota under simulated gastrointestinal conditions. 
The preliminary unpublished results show that SCOBY grown from apple-pomace 
embeds valuable antioxidants (arabinoxylans). This unexpected finding together with 
published scientific articles (Shi, et al. 2014; Azeredo, et al., 2019; Vitas, et al. 2020) 
supports the nutritional potential of SCOBY as a prebiotic food source. This seed 
information was the ground for the MA thesis project ‘EATING SCOBY’ which 
framework involved a strict collaboration with microbiologists (Fermentation and 
Distillation Group of Laimburg Research Centre). It resulted in protocols defining 
nourishing liquid preparation with four different biomasses produced in South Tyrol 
(apple, raspberry, beetroot, grapes) and conducted a comparative analysis (fig. 4-7) 
about antioxidant potential and total polyphenol content (TPC) that confirmed the 
prebiotic potential of all four generated SCOBYs. This result provided scientific 
confirmation that grounded and improved the credibility of hypothesized applications 
and scenarios. 
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Fig. 4 SCOBY grown from local secondary products-based liquids at Laimburg Research Centre.    
 
 
 
 

  
Fig. 5 Powder samples of the grown SCOBYs.  
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Fig. 6 SCOBY extracts made for antioxidant analysis at Laimburg Research Centre.                                  
 
 

  
Fig. 7 Plate prepared with extracts for antioxidant analysis at Laimburg Research Centre.         
 
 

 



 

322 
 

Mezzo 

Mezzo focuses on material-driven design (Karana, et al. 2015), tinkering, mattertypes, and 
prototyping.  

Production equipment and tinkering 

Once the growth process is mastered and the wished substance is produced in good 
quantity, the following goal is often to actively achieve new materials (Ribul, 2013; Rognoli 
and Ayala-Garcia, 2018) with unique capabilities that ideally overcome the notion of ‘material 
surrogates’ (Rognoli and Levi, 2005). (Microbial) Matter can be used with a 100% 
concentration and/or be mixed with other functional substances that enhance the 
performances. Tinkering often involves dying and color effects, texturization, folding, forming 
(thermal and cold), casting, molding, stamping, foaming, extrusion, laser-cutting, and 
burning. However, the variety and quality of mattertypes are strongly dependent on the 
available equipment and accessible experimentation spaces. Often, designers (co)develop 
their own tools and equipment to achieve specific and/or preferred outcomes (Parisi, et al. 
2017) ranging from hand tools to even high-tech bioreactors. 

In project From Peel To Peel, SCOBY was grown in a static way with often improvised 
nourishing liquid. It soon became evident that such conditions were not ideal in terms of 
homogeneity of the medium, contamination potential and temperature variability. Therefore, 
the following growing cultures were hosted in an incubator in a food-technology lab which 
enabled constant monitoring and more controlled settings. During the project InnoCell, 
production processes were investigated through literature review and one appeared as the 
most efficient one in terms of liquid:generated SCOBY ratio namely, the rotating disks 
bioreactor. Such a principle was found in an expired patent (Bungay and Serafica, 1995) and 
scaled-up in an open-source module called the ‘InnoCell Bioreactor’ (fig. 8) (Cohen, et al, 
2022a) enabling the production of 10 to 15kg of wet biofilm per production cycle (12-21 days) 
depending on nourishing source. Produced mass was later on used for tinkering and 
prototyping. 

A suitable tinkering space needs to be well planned and established with enough usable 
surfaces, appliances for tinkering (generally a mix of kitchen tools (Ayala-Garcia, 2015) and 
lab equipment) and also in terms of safety measures and ventilation. It is also important to 
foresee where to store ingredients, experiments, and mattertypes. Labs commonly used in 
other disciplines (like biotechnology, gastronomy, and engineering) could also be used for 
collaborative tinkering, testing, and analyzing.  

During the sessions it is essential to document procedures in a systematic way, this enables 
reproduction of mattertypes, easy adjustments towards preferred characteristics, and 
promotes insights generation for further experimentation. Partnering with scientists could 
provide planning and iteration insights, mutual learning processes, and promotes the 
development of a common language. In the MMMM approach, at a certain point in the 
tinkering process, mattertypes need to be selected to further develop prototypes.  

In InnoCell the SCOBY mass (fig. 9) was produced with the bioreactor using media based on 
tea and on apple-biomass. Consulting scientific articles from engineering, biotechnology, 
food technology, and methods used in gastronomic disciplines like food rheology and 
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molecular gastronomy enabled the iterative development and finalization of techniques to 
transform SCOBY in different states. Tinkering and prototyping took place in design 
workshops and scientific laboratories (FaST Lab - unbz) and included processes like 
purification (fig. 10, 11), pulverization (fig. 12), transformation into granulate (fig. 13), sheets 
with various textures (fig. 14) and shades (fig. 15), and solid foam (fig. 16, 17). It was 
observed that depending on the nourishing source, processes and material recipes had to be 
adjusted differently.  
It was generally observed that tea-grown SCOBY is more structural, tough and translucent 
while apple-based SCOBY is softer and more opaque.  

In ‘EATING SCOBY’ techniques borrowed from gastronomy like deep frying, spherification, 
and jellifying were also implemented to develop food concepts. 

 

 
Fig. 8 InnoCell Bioreactor                                                                                    
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Fig. 9 Harvested SCOBY grown with the bioreactor  
  

              
Fig. 10 Purified wet biofilms                                                        Fig. 11 Purified dry SCOBY sheet samples  
 

                
Fig. 12 Mattertypes: Microbial cellulose powder                         Fig. 13  Mattertypes: Microbial cellulose granulate  
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Fig. 14 Mattertypes: Patterned SCOBY sheets                         Fig. 15 Mattertypes: Sheets dyed with different pigments  
 

                              
Fig. 16 Mattertypes: 100% SCOBY solid foam                          Fig. 17 Mattertypes: Pigmented SCOBY solid foams  
 

Prototyping 

Prototyping is seen as the phase in which application hypotheses are materialized.  
First, to hypothesize possible applications it is essential to carry out in-depth interdisciplinary 
research defining a state-of-the-art of what has been done so far with the (microbial) 
substances in question. Such an inquiry is generally based on desk research and should 
navigate through design, scientific, and other case studies coming from different disciplines 
(gastronomy, engineering). This promotes building upon the existing knowledge and enables 
the identification of opportunity areas. Indeed, some novel discoveries made on laboratory 
scales have yet underexplored product and scale-up potentials. Possible applications can be 
generated with design thinking methods and co-design workshops. The involvement of 
interdisciplinary partners and stakeholders is encouraged to enrich the project with insights 
and know-how directly from gained experience, ongoing research, existing practices, and 
contexts.  

Applications can be defined on the base of mattertypes’ properties and performance, 
effective production possibility, or could also be highly speculative, depending on the 
project’s intentions. As highlighted in the previous section, access to professional equipment 
and facilities is crucial and strongly affects the prototyping phase as well. Depending on 
available infrastructures, the applications can be materialized as models or prototypes to 
deliver the proposed potential visually and physically. Models could be made with alternative 
yet similar materials that are easier to collect or process. Prototypes, on the other hand, 
should be made using the selected mattertype recipes. However, at times the shaping or 
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production process to make the prototype might differ from the technique that would be used 
for the possible scaled-up production of the matter. 

In the project From Peel To Peel, research began by deepening the design-led work of 
Suzanne Lee (2011), Sacha Laurin (2015), and Ellen Rykkelid (2016). The latter project 
revealed the potential of SCOBY to be grown from fruit and vegetable sources that inspired 
the (g)local vision. The project’s outcomes are prototypes of packaging bags and single-use 
containers (fig. 18). The main research question was: ‘What if packaging could be made 
through regenerative production?’. Therefore, SCOBY was used to turn peels (secondary 
products) into other ‘peels’ (food packaging/containers) with similar life cycles. Single-piece 
prototypes were made in design workshops with SCOBY sheets processed in different ways.  

In project InnoCell, possible SCOBY uses were brainstormed during design-thinking 
workshops also in collaboration with food technology experts. The selection of application 
hypotheses for prototyping was done according to the most innovative discoveries namely, 
the prebiotic potential of SCOBY and the newly developed solid-foam protocol.  

Especially, the latter was not previously achieved in the design field so, its valuable potential 
was speculated as a compostable alternative for foam packaging like filling chips, and mono-
material containers for electronic devices (fig. 19, 20) (smartphones, smartwatches, and 
earpods). These concepts were materialized with milled polyurethane models in design 
workshops.  

The second direction was food, supported by data provided by microbiology colleagues 
confirming the antioxidant and prebiotic potential of SCOBY. Also in this case, the selected 
applications namely crackers (fig. 21) and chips were realized with milled polyurethane 
models while puffed crisps (fig. 22) were simulated with painted 3D-printed pieces. The 
reason for choosing models was because of time issues and technique, as milling was still to 
be tested on SCOBY foam volumes.    

In the project EATING SCOBY, all artifacts were prototypes made with selected mattertype 
protocols materialized in design workshops, fablab (BITZ), and scientific labs (FaST Labs - 
unibz). Very valuable was the consultancy and collaboration with gastronomy expert chefs 
(Michelin starred Terry Giacomello and Michele Granuzzo) who suggested techniques to 
achieve specific material states and textures. The final prototypes resemble familiar designs 
like edible paper, chips, ice-cream cones, jelly candies, and pasta (flat, extruded-looking, fig 
23; and filled, fig. 24), popsicles (fig. 25), puffed biscuits, puffed crisps, and snacks; and other 
specialized designs that are based on SCOBY’s unique properties like oxygen barrier 
capability (sausage casing, fig. 26; sauce packets), its raw prebiotic, antioxidant and fibres-
rich capabilities (jelly sphere dressing, fig. 27; and puffed supplements, fig.28 - that can 
provide also aesthetic qualities to the foods they are added to), and color possibilities, 
indeed, gradients and, colour effects can be easily obtained thanks to its hydrophilic 
characteristic.   

After the physical realization of prototypes, visual documentation with high-quality pictures 
and videos is highly recommended as microbial matter is organic and inevitably oxidizes and 
decomposes over weeks or months. These aspects need to be planned in advance when 
aiming at producing exhibition materials: either mattertypes and/or prototypes are left to 
decompose, or are continuously (re)produced, it is suggested that visual documentation of 
the matter should be displayed as well to show the passing of time.  



 

327 
 

  
Fig. 18 Prototypes: From Peel To Peel | Bag packaging and single use tableware  
 

 
 
Fig. 19 Models: InnoCell | Pods packaging                                                  
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Fig. 20 Models: InnoCell | Packing chips  
 

  
Fig. 21 Models: InnoCell | Puffed crackers    
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Fig. 22 Models: InnoCell | Puffed crisps 
  
 

            
 
Fig. 23 Prototypes: EATING SCOBY| SCOBY radiatori       
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Fig. 24 Prototypes: EATING SCOBY | Gradient dumpling  
 
 

  
                            
Fig. 25 Prototypes: EATING SCOBY | Popsicle 
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Fig. 26 Prototypes: EATING SCOBY| Sausage casing  
 

  
 
Fig. 27 Prototypes: EATING SCOBY | Sphere dressing          
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Fig. 28 Prototypes: EATING SCOBY | Puffed supplements          

Macro 

The macro level refers to the project’s situatedness, it encourages to choose existing 
context(s) and investigate existing production systems by including also with local actors and 
stakeholders. 

DIY materials and Material-Driven Design often aim at improving the use of resources to 
promote circular dynamics. In the MMMM approach, it is encouraged to conduct inquiry 
through desk and field research consulting reports, conducting interviews, questionnaires, 
and talking with experts, producers, research centers, institutions, and municipal 
administrations. Consulting and collaborating with people from social studies and humanities 
would be strategic for assessing efficient tools for field research. 

It is especially strategic to choose a circumscribed geographical area as a case study (such 
as a region) and research its existing production and disposal systems. A special focus 
should be given to agri-food industries, which discarded secondary products are often 
suitable for microbial regeneration. In this way, the biomasses could be repurposed to obtain 
valuable upcycled edible and non-edible substances. Situated inquiry facilitates the 
identification of research gaps and opportunities. Moreover, it stimulates scenarios 
generation based on existing realities. Also, integrated, interdependent, resilient strategies 
could be ispired by other regional, national, and international case studies (glocalism). Doing 
so provides an enhanced systemic understanding enabling to more effectively ground the 
project.  
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Data, and flows can be represented with the aid of infographics, maps, or schemes (fig. 27). 
These tools can be used as a base for reflections, discussions, brainstorming, speculations, 
together with speculative design, design fiction, and fabulation methods. Preferable 
scenarios (Dunne and Raby, 2013; Haraway, 2013) could be co-designed embedding 
different scales and intentions: from effective implementation-driven collaborations with 
stakeholders to mere speculation; from a single case of study to systemic proposals 
suggesting new collaborations in existing networks; to versatile formulas that aim at fostering 
a (g)local impact. Design scenarios are useful means to present the project to stakeholders 
for testing feasibility and stimulate iterations, and/or for applying for additional R&D funding.  

In the framework of all SCOBY projects, the chosen context was South Tyrol. While in From 
Peel To Peel and EATING SCOBY the focus was on prposals that could be implemented 
regionally, in InnoCell the intention was to develop tools, applications and formulas that could 
be glocally applicable.  

Especially, in From Peel To Peel a selection of local secondary products was made focusing 
on locally-produced crops namely apples, potatoes, hops, beetroot, and grapes to envision 
possible nourishing sources. The provincial administration responsible for regional waste 
management was interviewed to understand flows within the system, and a plant for the 
disposal of urban organic waste was visited. According to the data collected, two scenarios 
were developed, one envisioning a SCOBY pilot-plant production within the existing facility 
(fig. 29) while the other speculated an independent facility. 

In the framework of the project EATING SCOBY, fifteen local food-processing industries were 
contacted and asked to provide data about their secondary products. According to the 
replies, data were collected in an overview table and a selection of four typologies was done 
together with a partner microbiologist based on valuable substances still present in the 
biomasses (Dr. Lorenza Conterno, Fermentation and Distillation Group, Laimburg Research 
Centre). The selected nourishing sources were apples, raspberry, beetroot, and grapes. 
SCOBY was grown from prepared liquid media and analyzed confirming its valuable food-
application potential. A system map including SCOBY as an actor (fig. 30) was designed 
gathering stakeholders and institutions, social, ecologic, and economic factors suggesting 
possible interactions and future collaborations with different scale and network possibilities 
(fig. 31). To conclude, an impact circle map (method developed by Corinna Sy) was realized 
to show possible dimensions of value creation (fig. 32).  

 
 Fig. 29 From Peel To Peel project | SCOBY pilot production plant (in red) integrated into existing waste disposal facility 
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 Fig. 30 EATING SCOBY project | Eco-socio-economic stakeholders map  



 

335 
 

 
 
       Fig. 31 EATING SCOBY project | Production scenarios scheme  
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       Fig. 32 EATING SCOBY project | Impact circle (by Corinna Sy)  

Meta 

The Meta level differs to the other three levels because it refers to the theoretical and 
practical knowledge that originates throughout the whole project. It likely  becomes manifest 
through a-posteriori reflections and elaborations. While the Micro, Mezzo and Macro focus on 
case studies such as SCOBY, specific resources and situatedness, the Meta is about the 
generated knowledge that discusses and/or enriches ways to research through design. 

This level resonates with Manzini’s notion of Metadesign (2007) intended as the design of 
methodologies to support designers in a variety of design processes; and with Wood’s 
interpretation as a framework to stimulate paradigm change in society and in dealing with 
design problems (2011). Especially, we refer to those principles, notions, and methods that 
originate from the practice-based investigation and are ongoingly iterated also by continuous 
discourses with stakeholders. The relevance of this newly generated knowledge goes 
beyond the single disciplines and sets new bases for following/future projects. Setting the 
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Meta as a level to be aware of enables to recognize and elaborate generated knowledge to 
enrich future R&D in the design process and approach, and their implications.  

Within our ongoing research on SCOBY, the Meta level was especially elaborated during and 
after project InnoCell.  

First, by reflecting on the non-existence of waste in the microbial world we proposed a 
production paradigm that substitutes ‘product and byproduct’ with ‘meta-product and co-
products’ (Cohen, et al. 2022b). Meta-product refers to a raw resource that is processed into 
a variety of substances (co-products) that can either be ‘products’ themselves or initiate other 
regenerative production process, coherently with the cradle-to-cradle philosophy 
(McDonough and Braungart, 2010). This was inspired by the case of an apple that could be 
processed to obtain the juice while the peels and cores could undergo SCOBY fermentation 
generating multipurpose SCOBY mass, a fermented liquid (drink or vinegar), and very little 
biomass that can be used as prebiotic fertilizer. 

In addition, a project pattern was framed highlighting the potential of using different lenses 
going from local to global and vice-versa to promote the potential of (g)local formulas 
(Robertson, 1995) to stimulate local resilience. ‘Biocouture’ project by Suzanne Lee raised a 
discourse about alternative sustainable production and inspired From Peel To Peel to focus 
on a local scale while InnoCell brought the discourse on a (g)local level through the open-
source bioreactor and the development of SCOBY mattertypes. This pattern (fig. 33) could 
be used also with other microorganisms and transform local case studies into (g)local 
formulas that could benefit other local areas around the world.   

 

 
       Fig. 33 InnoCell project | Project pattern in Cohen et al. (2022) 

 

From a practice-based design perspective, partnering with local experts and stakeholders 
sets the base for future collaborations. In particular, cooperating with scientists enables to 
acquire competencies that speeds up future processes going from the assessment or 
microbial growth conditions to processing, modelling and prototyping.  

This article, by introducing the term Mattertypes and the MMMM approach, is itself part of the 
Meta-level of ongoing SCOBY research. 

To conclude, this scale encourages elaborating on the gained knowledge to create a valuable 
blueprint for supporting ongoing and future projects.  
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Conclusion 

This article describes contributions in the matters of terminology and project approach that 
were elaborated a-posteriori of ongoing practice-based interdisciplinary design research with 
a focus on growing design.  

In order to enrich and expand meanings and scopes attributed to material research and 
activities of model making and prototyping, the new term ‘mattertype’ is introduced referring 
to DIY material prototypes that embed human and other-than-human agencies. Moreover, 
mattertypes are seen as entities interwoven in interdependent systems.  

Based on six years of practice-based research, this manuscript proposes a multi-scale 
perspective that aims at facilitating the planning and workflow of design projects involving 
living matter and DIY materials. The Micro-Mezzo-Macro-Meta approach (MMMM) serves not 
only as a support to develop theoretical and practical knowledge related to growing design; 
but it also highlights the value of including interdisciplinary knowledge, stakeholders and 
systemic prospects. As such, it encourages the inclusion of ecologic, social, and systemic 
aspects to generate plausible scenarios in situated contexts.  

With the illustrated examples, the intention is to suggest how microorganisms and their high 
adaptability could be combined with unique local conditions to enhance interdependence and 
cater for valuable strategies of resilience. Indeed, working with microbes stimulates 
designers to consider multispecies agencies and to translate such principles across scales 
towards regenerative processes. 

We are confident that the MMMM approach will not only bolster our future endeavours, but 
also inspire fellows to embrace multispecies design and non-anthropocentric approaches for 
promoting sustainable and regenerative (g)local practices. 
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Abstract   
This paper explores the use of prototypes in the design process of smart home systems, specifically 
focusing on a case study of a system called ModulAR. ModulAR is a system that uses Augmented Reality 
and the Internet of Things, to intuitively control aftermarket appliances that are designed to retrofit existing 
home devices. The goal of the system is to provide a sustainable and affordable way for people to improve 
their living spaces by giving them the ability to design and customize their home interfaces, rather than 
relying on pre-set options from proprietary providers. This allows for a greater degree of personalization.  
While smart home technology has the potential to greatly benefit consumers in terms of energy 
management, security and comfort, there are still several technical barriers and usability issues that need 
to be addressed in order for it to become more widely adopted. These barriers include interoperability, 
reliability, and security, as well as issues related to the configuration and “domestication” of the new 
interfaces. By using virtual and physical prototyping, it is possible to create new devices for modernizing 
older appliances and evaluate these ideas in a tangible and realistic way. By using prototypes to simulate 
real-world conditions, it is possible to gather valuable feedback on issues such as functionality, usability, 
and user experience. This feedback can then be used to make adjustments to the design in an iterative 
process, and to gather data on how users interact with the prototype and how changes to the design affect 
usability, User eXperience, and other factors. 
  
Virtual and Physical Prototyping; Smart Home; User eXperience; Augmented Reality; Digital Twins  
  
While Smart Home's positive impact on consumptions management, security and overall comfort 
already appeals to consumers, there are still several technical barriers – namely interoperability, 
reliability, and security – and usability frictions – as reliability, configuration and “domestication” of 
the new interfaces- that still prevent their diffusion.   

Such problems will ideally be completely overcome with the horizontal integration of different 
industries delivering such services (De Silva et al., 2012) and a user-centered development 
of suited interfaces that support users in the processes of uncovering new spatial interaction 
logics. In the meantime, gradual efforts toward households' smartification mainly rely on 
Smart Home Controllers and smart devices that use Internet of Things (IoT) (Zhang et al., 
2009) to connect and communicate with each other, allowing for remote control and 
automation of various household functions. These controllers and devices often include 
sensors, actuators, and a means of connecting to the internet, such as Wi-Fi or Bluetooth, 
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that enables them to be controlled and monitored remotely using smartphones or tablets. 
Nevertheless, many household devices and appliances already in use cannot be easily 
integrated into a smart grid. Such frictions will ultimately be solved by disposing of such “old 
products” and replacing them with “new” ones, which is not a sustainable option.   

Consequently, it would be intriguing to explore options for updating older devices, allowing 
for modernization of the home in an environmental-friendly manner. Using both virtual and 
physical prototyping would enable us to create new devices for modernizing older appliances 
and evaluate our ideas in a tangible and realistic way.   

Prototypes can simulate real-world conditions and provide valuable feedback on issues such 
as functionality, usability, and User eXperience. Prototypes can be used to explore the use of 
technologies, including sensors and actuators, and also manufacturing processes.  

By creating a virtual and physical prototype of the new device, we can get feedback from 
users on how it functions, how it feels, and if it meets the initially identified needs. This 
feedback can then be used to make adjustments to the design in an iterative process.   

The prototypes can also be used in controlled experiments to test different design variables. 
This allows us to gather data on how users interact with the prototype and how changes to 
the design affect usability, User eXperience, and other factors. These data can then be used 
to inform the design process and to make evidence-based decisions.   

This paper describes a case study concerning the role of prototypes in the design process of 
smart systems. In particular, the case study concerns the design process of ModulAR, a 
system that uses Augmented Reality and MQTT – the ISO standard messaging protocol for 
the Internet of Things - to intuitively control aftermarket appliances designed to retrofit home 
devices. Instead of buying new smart devices, users will be able to attach to their “old” 
appliances a cloud-connected motor with an add-on mechanism matching the physical 
interface. Finally, through an App, they can create automation to allow controlling the 
interface from afar.   

The product is designed to appeal to a target audience looking for sustainable and affordable 
ways to improve their lived spaces. This means giving people the ability to design and 
customize their home interfaces, rather than relying on pre-set options from proprietary 
providers. This allows for a greater degree of personalization.  

 

State of the art   
Currently, the Internet of Things (IoT) is experiencing rapid growth, with increasingly complex 
systems of connected sensors and an increase in devices that are designed with software 
and services that cater to customer needs (Patel et al., 2017). Typically, a smart device is 
operated and managed through a dedicated application that can be accessed from a 
smartphone, which allows for remote control and data collection. While this type of offer may 
be sufficient for people who only have a few smart devices and use them independently, it 
prevents users from creating automation between devices from different vendors or limits 
them to pre-set rules for devices that can communicate with each other (El-Moursy et al, 
2022). The presence of a broad variety of proprietary communication protocols and services 
is also creating friction at the user experience level (Heun, 2017). The current landscape of 
interactions proposed by various developers does not yet offer intuitive ways to translate 
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logical concepts into physical actions among objects. To create meaningful connections 
within their living spaces, current user interfaces and interaction methods must be 
significantly redesigned.   

Currently, while IoT systems are intriguing, they have significant limitations in their practical 
use. For people to fully experience the benefits of a connected home, technology and market 
policies need to advance enough to allow for horizontal protocols to coordinate products from 
multiple brands. In the meantime, smart objects are creating new demands for convenience 
but are causing older, non-connected appliances to become obsolete more quickly. 

At present, people wishing for automation in their lived spaces have two options. The first 
and more complete solution is the professional installation. It is achieved by picking a service 
provider that will deliver a coordinated solution, provide the instalment by a professional and 
hand over to the customer the final interface from which they can control all the connected 
devices. Nevertheless, such a solution, while convenient can be costly and works by 
substituting and integrating new smart products in its household and not updating the old 
ones already in people's houses.   

The second, most popular option is to purchase a smart home hub, such as the Aeotec 
SmartThings Hub, Google Nest Hub, Amazon Alexa, or Apple's home, and gradually 
integrating compatible devices either as new products or smart plugs to upgrade older 
appliances. The benefits of the Do-It-Yourself (DIY) approach are primarily flexibility and 
cost-effectiveness: users can gradually expand their smart device network by purchasing 
smart products and connecting them to their Hub, while also becoming familiar with the new 
logic of these systems. However, this approach has its limitations: users are restricted by the 
compatibility provided by their chosen Hub and may not be able to connect all devices, 
particularly those with more complex physical interfaces, such as buttons, knobs, and levers.  

Regarding the User eXperience of connected systems, they typically use traditional, 2D 
interfaces with lists, cards, icons, and interactive elements to help users understand the 
connections they are creating among different products. Differently from more common 
solutions, the Reality Editor open project by MIT aims to create new interfaces using 
Augmented Reality (AR) technology, allowing users to envision and control smart objects in 
the physical world through an App (http://realityeditor.org/). Actually, AR and IoT devices are 
becoming increasingly integrated as technology advances (Lacoche et al., 2019). AR is a 
technology that overcomes digital information, such as images or text, onto a user's view of 
the real world. IoT devices, on the other hand, are physical devices that are connected to the 
internet and can collect and transmit data. IoT devices can be used to gather data from the 
environment and then send it to an AR application. This data can then be used to augment 
the user's view of the real world with information such as temperature, humidity, or air quality.  
One example of how AR and IoT devices can be integrated is in the field of industrial 
maintenance. IoT devices can be used to gather data on the condition of equipment, and an 
AR application can overlay that data onto a user's view of the equipment, providing them with 
a visual representation of the equipment's condition. This can help maintenance workers 
quickly identify potential issues and make repairs more efficiently (Palmarini et al., 2018).  

Overall, AR and IoT devices can be integrated to provide users with a more immersive and 
informative experience by overlaying digital information onto the real world. As technology 
continues to advance, we can expect to see more integration of AR and IoT in various fields.  
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Prototypes are an important part of the design process for IoT devices. Specifically, 
according to the User-Centered Design approach (Abras et al., 2004; Norman, 1986), 
prototypes can be used to evaluate several aspects of design solutions, such as the usability 
of the User Interface, and to gather feedback from users, and iterate on the design based on 
that feedback. Similarly, Agile development methodologies (Boehm, 2004) mainly used in the 
software development area, emphasise rapid iteration and testing, which is facilitated by the 
use of prototypes. In addition, due to the intrinsic complexity of IoT devices, testing and 
iterating on the design before committing to a final product is increasingly important. Several 
IoT prototyping approaches and tools have been proposed and reported in literature 
(Pramudianto et al., 2014; Mazzei et al., 2016; Chernyshev et al., 2018).  

However, prototyping systems composed of AR applications and IoT devices can be a 
complex process, as it involves the integration of multiple technologies and the coordination 
of hardware, software, and network connectivity. Nevertheless, there are several tools and 
techniques that can be used to streamline the process.  

As first tool, there are rapid prototyping boards, which allow for the rapid development and 
testing of electronic circuits and devices. They are typically composed of a printed circuit 
board (PCB) with pre-installed components such as microprocessors, sensors, and 
connectors. These boards, such as Arduino (https://www.arduino.cc/) and Raspberry Pi 
(https://www.raspberrypi.com/), are designed to provide a flexible, customisable and 
programmable platform to simplify the development process and quickly test different 
configurations and ideas. This can help identify any potential technical challenges or 
limitations early in the development process, saving time and resources in the long run.   

For the AR component, Unity (unity.com) is a well-known development platform for games, 
which is nowadays used to develop AR and VR interactive applications for many other 
sectors, including design, engineering, manufacturing, and many others. In particular, it can 
be used to create interactive AR experiences to display data gathered by IoT devices.  

For network connectivity, several platforms such as AWS IoT, Google Cloud IoT, and 
Microsoft Azure IoT can be used to prototype the communication between the IoT devices 
and the AR applications. These platforms provide tools for connecting, managing and 
monitoring IoT devices, and also support services for data analysis and visualization.  

Main idea  
Prototyping can be a useful tool for designing smart objects. A prototype is intended as a 
preliminary model – virtual or physical - of a smart object that can be used to test and 
evaluate different design concepts and features. Prototyping allows stakeholders, including 
designers, engineers, customers, and users, to visualize how the smart object will work in the 
real world, which can help identify any issues or opportunities for improvement. By building a 
physical representation of an idea, a prototype enables testing and experimentation in a 
tangible form, potentially leading to new insights, understanding, and the creation of 
theoretical knowledge.  

Beaudouin-Lafon & Mackay state that prototypes can support creativity, helping to capture 
and generate ideas, encourage communication, facilitating stakeholders in discuss options 
and interact with each other, and permitting early evaluation through testing sessions 
(Beaudouin-Lafon & Mackay, 2009).  
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Usually, the IoT systems present complex configurations made by objects equipped with 
sensors, actuators and communicating with each other. In this case, the design and 
development of a prototype can be useful to test the initial system configuration and to 
understand the limits and possible improvements, particularly taking in account general 
aspects related to the front-end user interface, the back-end software, the hardware device 
and the connectivity between the different objects.  

The paper describes an experimental design project – named ModulAR - focused on 
developing a prototype of a system to "make non-smart and non-connected devices smart 
and connected", which will then be used in user testing.   

The system's design uses a prototype-based method, incorporating feedback from prototype 
testing to inform the design of its mechanisms (Fig. 1). Two kinds of tests have been 
performed: the developers have performed preliminary functional tests to find out and fix the 
major functional issues, and users have been asked to perform usability and user experience 
tests to evaluate typical user Interface-related aspects such as learnability, satisfaction, and 
task completion. The testing phase, performed by adopting the developed prototype is 
valuable for providing feedback on adjustments and on changes to perform on the final 
product. The design system process is conceived as an iterative process in which it is 
possible to meliorate and test the designed solution many times.  

  
Figure 1. Flow diagram of the prototyping-driven design of the ModulAR system  
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ModulAR can be viewed as a system that improves the relationship people have with their 
objects by making them "smart" without requiring their replacement. It consists of a series of 
mechanisms incorporating IoT technologies that can be connected to traditional product 
interfaces such as buttons, knobs, and switches to enable remote control (Fig. 2). For 
example, ModulAR can be useful to switch on/off the lights at home, to control the domestic 
appliances or to turn on/off the volume of a speaker. This provides users with the opportunity 
to upgrade their older devices and experiment with creating automation to support their daily 
routines. Moreover, a smartphone application allows the user to easily control and set the 
mechanisms remotely.  

Additionally, to provide more intuitive support for users to connect logical ideas with physical 
objects, the system incorporates Augmented Reality-based elements, which are presented 
as Graphical User Interface (GUI) screen elements overlaid on real objects and as 3D 
elements which help users envision new solutions and actively guide them through 
configuration processes. Other than the focus on the tangible mechanisms, particular care 
was taken also in design of the GUI and the Augmented Reality contents, taking advantage 
of the flexibility of the former and the physicality of the latter technology. The main functional 
elements of the ModulAR system are the following:   

- modular elements to hack the physical objects interfaces;  

- digital twin for each mechanism to allow easy visualisation and configuration of the 
physical mechanisms;  

- interconnectivity among mechanisms to allow the creation of automations.  

  
Figure 2. Mechanisms connected to traditional product interfaces (switch, buttons, and knobs) to enable remote control.  

Design and development  
The following details the creation of the ModulAR system to fulfil the three main functions 
listed above. Three disciplines were involved in the development: industrial design for the 
design and manufacturing of the modular elements, interaction design and user experience 
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design for the design of the smartphone application, the AR interaction and interconnectivity 
among the mechanisms.   

Functional element #1: Modular elements to hack the physical interfaces   

To create a product capable of interacting with a wide range of physical interfaces, the 
authors focused on the basic actions that humans perform on physical objects - pushing, 
pulling, turning, and sliding - and attempted to replicate them using a motor and additional 
mechanisms. Mapping the main interactions between human and domestic objects was 
fundamental to identify a design pattern that could be adapted to many physical interfaces. 
Indeed, even if some systems that allow to control physical interfaces already exist on the 
market (https://www.kickstarter.com/projects/adaprox/fingerbot-plus) sometimes they tend 
not to be versatile and applicable to different physical objects configurations. In order to give 
users the ability to customize the ModulAR system and extend it to a wide number of objects, 
it has been decided to design a modular system composed of a cubic base unit equipped 
with a motor and six interchangeable modules (Fig. 3). The six modules consist of a smooth 
wheel, a single lever, a double lever, a pair of gear wheels, a perforated plate and a plate 
equipped with a knob.   

 
Figure 3. 3D model of the modular system composed of a base unit equipped with a motor and six 
interchangeable mechanisms.  

  

A low-fidelity physical prototype of the modules and the base unit have been developed to 
evaluate their shapes and modularity, and to test the usability. The modules have been used 
to hack a lamp and a speaker as shown in Fig. 4. Rhinoceros (www.rhino3d.com), a 3D 
modeling software, have been used to design the digital models, which have been then 3D 
printed, using the Fused Filament Fabrication technology.  
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Figure 4. Low-fidelity physical prototype of the system created with the base unit and different modules: a) single 
pivoting lever, b) belt created by using the smooth wheel, c) pair of gear wheels.  

  

The 3D printed modules have been then connected to the base unit, that contains parts of 
the circuit and allows the functioning of the system (Fig. 4). The final version of the circuit 
has been achieved after several iterations and includes an ESP8266 board powered via 
USB, a stepper motor and its driver circuit which is powered by 5V. The communication 
between the board and the motor was facilitated by a 4 Channel IIC I2C Logic Level 
Converter BiDirectional Module 5V to 3.3V and the power supplied to the motor was 
regulated by a transformer that converted 9V to 5V.  

   
Figure 5. Circuit to operate the base unit.  

The system was completed by crea�ng a coordinated image, packaging, and manual of  
instruc�ons to simulate the product for the market (Fig. 6). The branding of the system consists of 
paterns that have been designed to be used also as targets for ac�va�ng the Augmented Reality 
(AR) contents. The paterns cover the body of the basic module, where contextual informa�on about 
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the elements movements is displayed in AR, and are also placed on the instruc�on manual, where 
AR anima�ons inform users about the system concept.  

 
Figure 6. Image of the packaging and manual of instructions of the system.  

Functional element #2: Digital Twins for each mechanism to simplify elements’ 
configuration.  

To help users imagine the possibilities offered by ModulAR, guide them through the 
configuration of the module movements and help them define the automations, it was 
decided that Graphical User Interfaces (GUI) were not fully satisfactory, and to opt for the 
integration of AR technology. In fact, while GUIs are very suitable for guiding users through 
the different functions provided by the system thanks to interactive menus and animated 
instructions, AR is very helpful for providing a layer of contextual information overlaid on 
physical objects and visualizing the connection logics between the states of intelligent 
objects.  

Therefore, it was designed and implemented a smartphone application proposing a set of 
functions, some activated through a GUI and some others through AR technology. Each of 
the six modular elements mentioned above presents an associated digital twin, accessible 
through the smartphone application. The digital twins consist of the 3D model of each 
element connected with IoT, that the user can visualize in Augmented Reality. This aspect 
allows to easily monitor and control each physical element remotely, acting directly on the 
digital twin by using both the GUI and AR.  

The design of the app was based on the analysis of a user journey (Fig. 7).  
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 The app is designed with a customised information architecture, allowing the user to access all the 
functions from a main page. The main page is divided in two sections, the Single Control and the 
Automations, that allow us to control both the single modules and the interconnected elements. 
Moreover, at the centre of the main page, a floating button allows us to open the smartphone 
camera, to easily scan the target and activate the AR content.  

As mentioned, the AR targets are both on the manual of functions and on the base unit. The 
AR content have been designed mixing autonomous animations, which help the user 
imagine the use of the product, and interactive functions, to better explore and verify the use 
of the system.   
The main AR functions implemented are the following:  

- AR manual: it is activated by framing the physical manual of instructions and 
supports the user in selecting the most appropriate mechanism, by previewing the 
supported movements.  

- AR movement setup: it is activated by framing each physical mechanism and allows 
users to setup custom range of movements for the specific mechanism.  

- AR automation creator: it is activated by framing physical mechanisms and allows 
users to connects multiple mechanisms and set triggers to create custom 
automations.   

The development has been carried out mainly using open-source software. The GUI 
interfaces have been developed using the collaborative interface design tool Figma 
(www.figma.com). The Figma to Unity Importer plugin has been used to easily transfer UI 
layouts to Unity (www.unity.com), a cross-platform game engine that was used to create 2D 
and 3D interactive experiences.   
The AR Interactions were built using Vuforia, an Augmented Reality software development 
kit for mobile devices that uses computer vision technology to recognize and track planar 
images in real time. The AR space was designed to be elicited by target images. It was then 
populated with 3D elements separately modelled on Rhinoceros (www.rhino3d.com), and 
GUI elements provided by the Lean GUI library (www.leangui.com), a collection of 
components that extend the Unity GUI system. To achieve formal coherence with the files 
imported from Figma the Unity-UI-Rounded-Corner was used as well.  
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Function #3: Interconnectivity among the mechanisms to allow automations  

The last requirement to implement was the communication between the mechanisms. The 
modules have the following characteristics: 
  

- have communication range of a few meter (to work freely at any household);  

- maintain two-way responsive communication;  

- work on a board programmable with Arduino IDE;  

- integrate with Unity; 

- be low power.  

To implement all these characteristics, it was decided to use MQTT (the ISO standard 
messaging protocol for the Internet of Things) for communication, along with an ESP8266 
card.  
The chosen communication protocol had a very small code footprint, making it ideal for use 
on resource-constrained devices such as the ESP8266 card. In addition, it was used a 
publish/subscribe model which makes it easy to implement multiple ESP8266 modules 
communicating with each other at an unnoticeable delay.  
At first, a public MQTT broker was used for communication (Fig. 8). However, due to its 
unreliability caused by power outages, user overload and lack of update, it was decided to 
switch to a self-hosted version. It was set up a dedicated Linux server, running the Mosquitto 
broker, to make a private and secure connection between the modules. It was necessary to 
bridge the communication between the app and individual ESP8266.  
  

  
Figure 8. Code and interface ensuring the communication with the MQTT broker.  

User Experience  
The user experience has been designed to be intuitive and to guide the user in each step, 
during the use of the product. After unboxing the modular elements, the user can read the 
instruction manual to understand the basic functioning of the product. Moreover, the user 
can also use the smartphone App to scan the AR target presented on the manual and start 
the creation of each digital twin, through the use of AR. During this onboarding phase, it is 
also possible to see the digital twin and manipulate it (Fig. 9).  
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Figure 9. Unboxing the product and creating the digital twin.  

  

Then, the user can attach the corresponding physical module to the object interface that 
he/she wants to control. The App allows the configuration of each module by assigning an 
on/off value and a maximum rotation degree to it, through the use of AR.   
As shown in Fig. 10, in the Single control section of the application, it is possible to control 
each module, by assigning an action and a name to it. It is also possible to change the value 
of each module by using simple GUI elements, such as one or two buttons, a toggle or a 
slider. When the value is set to on, the motor included in the base unit is activated and the 
traditional object interface is triggered.  

 

 
Figure 10. Use and configuration of each module.  
In addition, from the App it is also possible to create interconnected devices, creating automated 
configurations. This is done by connecting the digital twins together and by programming actions 
that can be performed simultaneously by the linked modules.  

As shown in Fig. 11, the automation setup is made by scanning the modules and visualizing 
and controlling the digital twins in AR. During this process, on the top of each module, an AR 
interface gives information to the user on the state of each control and on the created 
automations. In addition, the Automations section of the app allows us to check the 
automations already added, modify and add or remove them.  
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Figure 11. Creation and configuration of system automations.  

 
Testing sessions with users   
Some preliminary tests were carried out with users to understand their confidence while 
shifting from 2D traditional interfaces to AR sections of the application. Firstly, the team 
asked four users to respond to an A/B test focusing on the interaction necessary to configure 
the modules.   
Users reported that the rounded slider was more intuitive than the straight one as it was 
reproducing the movement of the motor. Also, they did not think that having numeric 
feedback about the degree to which the motor was moving was necessary.  
Tests were also carried out on the onboarding section of the App, where users can interact 
with the 3D models of the modules by rotating and moving them. Some users reported that 
they would have preferred to have some guidance, as it was an unusual interaction. The 
team therefore added two informational pages, to help users familiarize with the gestures 
available on the App.  
Finally, an initial prototype of the panel appearing on the target during the automation 
configuration process, featured it appearing on the side of the module. This forced users to 
turn the orientation of the phone, causing some friction. To optimize the interaction, panels 
were moved on top and on the bottom of the module so that they fit in the vertical ratio of a 
mobile device.  

  
Figure 12. User’s tests on the virtual and physical prototype.  

  



 

356 
 

 

Discussion and Conclusion  
Prototyping methods can be useful tools during the design process for several reasons. In 
fact, the creation of virtual or physical prototypes allows for verifying aspects related to 
functionality and interaction, gathering direct feedback from users, and consequently 
exploring and validating innovative solutions quickly. This offers the possibility for the 
stakeholder, and especially for designers and engineers, to iterate some phases of the 
design process based on the obtained feedback with the aim of reaching an insightful 
solution. 
   
The paper suggests using virtual and physical prototyping to explore the use of sensors and 
actuators in designing devices for smart homes. It also proposes gathering data on user 
interactions and design variables. The paper starts by discussing the potential benefits of 
smart homes and the barriers to their widespread adoption, such as interoperability, 
reliability, and usability issues. It suggests that horizontal integration of different industries 
and user-centered development of interfaces can help overcome these barriers. The paper 
also highlights the need for sustainable solutions that allow for the modernization of older 
devices instead of replacing them with new ones. It presents a prototype of a device 
developed for modernizing old smart home devices called ModulAR system. 
 
ModulAR system uses Augmented Reality and MQTT to control aftermarket appliances 
designed to retrofit older devices, which allows for customization and personalization. The 
target audience for this product is people looking for affordable and sustainable ways to 
improve their living spaces. The result of the iterations on the different prototypes resulted 
in a product that presents a high degree of usability and appeals to users for its novelty. 
Users report to be intrigued by the way the different layers of virtual and physical intertwine 
and the latest tests report smooth transitions between the different stages. Users also 
thought it was a fun product that they would gladly try out with the devices they have at 
home. During the debriefing of the tests, some people also shared some ideas for how the 
modules could be used, showing that the DIY aptitude required by the product is elicited by 
the exposure to the introductory animations. ModulAR is a product with the potential to 
introduce people to spatial logics of interconnection among objects, giving them a taste of 
how a fully connected home will be. 
  
The research presented in the paper shows that prototypes can be developed starting from 
existing old devices, aiming at filling only the issues found and focusing just on aspects to be 
verified with end users related, for example, to the usability of the proposed solution. In this 
case, prototypes do not represent the final product entirely but reflect hybrid solutions that 
can be combined with existing objects just to be adopted in the testing phase. This aspect 
proves to be very useful, especially for the design of IoT systems, which usually present 
complex configurations, and in which prototyping methods can offer the opportunity to 
update old existing devices by adding functional and interactive components. 
 
Testing new interactive IoT configurations with end users can be useful for understanding 
the limits and possible improvements of existing objects in relation to design aspects, such 
as usability, and implementation aspects, such as hardware and software configuration. The 
use of prototypes to understand how old objects can be modernized, integrating 
technological components, and avoiding completely replacing objects with new solutions, 
offers an interesting starting point also in relation to the sustainability issue.   
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Abstract  
 
Old or waste textiles are a modern phenomenon and a problem of highly industrialised societies. The linear 
economic model of the textile industry and our appetite for fast fashion has serious impacts on the 
environment, characterised by short use phases, low reuse and reparability, and low rates of fibre-to-fibre 
recycling. The European ecodesign requirements regulation establishes a framework for improving the 
environmental sustainability of products by 2026. 1 
This paper focuses on the spinning process using recycled fibres as a sub-sector of the circular economy 
and the specific hurdles arising from the ecodesign requirements for the design process. 
With concrete, marketable prototypes, the complex challenges relating to the spinning sector are 
addressed using examples. The development of a prototypical poly-cotton recycled ring yarn from pre-
consumer baker uniforms is shown: from materials sourcing to production and product application. This 
research project combines empirical, experimental approaches in cooperation with textile producers, 
including research on the framework conditions, regulations and standards which pose real challenges for 
spinning mills and designers when dealing with mechanically recycled fibres. 
 
Prototype, recycling ring yarn, mechanical textile recycling, design, ecodesign requirements  
 

Introduction 

 
Textiles are the fourth largest consumer of primary raw materials and water, and the fifth largest 
emitter of greenhouse gases, after food production, housing and transport.2 It is estimated that less 
than 1% of all textiles worldwide are recycled into new textiles.3 
Given the complexity of the textile value chain and the significant challenges related to textile 
sustainability, the European Commission is developing a comprehensive strategy to address the 
environmental challenges.4 The strategy's objectives include building a sustainable framework for 

 
1 COM, 2022, 142 final 
2 Cf. EUA-Briefing, 2019 in COM, 2020, 98 final 
3 Ellen McArthur Foundation, 2017, A new textiles economy 
4 Cf. COM, 2020, 98 final, COM, 2022, 142 final 
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the circular economy of suitable textile products and ensuring the use of secondary raw materials. 
The strategy also aims to promote the sorting, reuse and recycling of textiles. 
With the emergence of circular practices that re-envision waste as a resource, end-of-life textiles 
are undergoing a shift in value as well as a resurgence.5 As a result, a key field of action has 
opened up, particularly from a design and industry perspective. “Recycling” is defined as the return 
and introduction of used and waste textiles into the manufacturing process of consumer goods or 
the reuse of these materials.6 It includes industrial textile waste in the form of fibres, yarns, fabric 
remnants, materials from production phases (post-industrial waste), unworn or unused textile 
products (pre-consumer-waste) and garments after use (post-consumer waste).7 
In the 2020 Action Plan for the Circular Economy, it is said that textiles were urgently identified as 
an essential product value chain with great potential for transitioning to sustainable and circular 
production, consumption and business models8. By promoting reuse, repair as a means to extend 
the life of products, recycling of individual components, and textile recycling9 (explicitly targeting 
fibre-to-fibre recycling), a change in the current situation can be brought about. The aim is to 
reduce the use of non-renewable resources and the environmental impact of production and 
consumption.10 
Embedded in the traditional process chain that constitutes industrial textile recycling are the 
collection, sorting, processing and reselling of used textiles, as well as further processing in the rag 
industry, the production of tear fibres, and processing into insulation materials and recycled 
yarns.11 To date, the individual processes have mostly been labour-, cost-, and energy-intensive. 
Precise sorting according to specific criteria (condition, typology, material, colour) forms the basis 
for quality in the subsequent process steps. The frequent use of material mixtures by industry, 
which is used due to their functional properties and price advantages, also poses a challenge for 
today's recycling technologies.12 In the sense of a designed end-of-life, there is an urgent need for 
action in order to develop closed technological or biological cycles in alignment with adequate 
recycling or recovery processes. All of these challenges require systemic solutions in line with the 
European Green Deal,13 which aims for sustainable, climate-neutral, energy- and resource-
efficient, and nature-friendly growth based on a circular economy. 
Some companies are now focusing on improving sustainability towards a circular economy in the 
textile sector although progress is somewhat slow. As such, design research can support these 
processes and drive them forward by developing laboratory-scale feasibility studies and 
exploratory experiments, while developing proof of concepts using prototypes. Moreover, such 
research can test feasibility in iterative processes and, in particular, make theory-based ecodesign 
practices both able to experienced and communicable. However, the methodological approach in 
this project involved a combination of process design and material- driven design14 at a micro and 
macro level.15 
Bearing this in mind, the present paper will examine the significant challenges that designers and 
spinning mills encounter when dealing with recycled fibres. A recycling yarn prototype will be used 

 
5 Stahel, 2016 
6 Sandin, 2018 
7 Sandvik and Stubbs, 2019 
8 COM, 2020, 98 final 
9 Cf. Ellen Mac Arthur Foundation, Circular economy systems diagram, 2019, www.ellenmacarthurfoundation.org, diagram based on Braungart and McDonough, Cradle to cradle 

principle 
10 Kazancoglu et al., 2020 
11 http://www.bvse.de/themen/geschichte-des-textilrecycling/der-weg-von-der-sammlung-zur-wiederverwendung.html, [Visited : 31.2.2022] 
12 Of particular concern here are the effects of the world’s most widely used pulp polyester, which, according to the Textile Exchange 2021, accounted for around 57 million tonnes, 

or 52%, of total pulp production in 2020, see Textile Exchange 2021 at https://textileexchange.org/wp-content/uploads/2021/08/Textile-Exchange_Preferred-Fiber-and-Materials-
Market-Report_2021.pdf, [Visited: 28.06.2022] 

13 COM, 2019, 640 final 
14 Karana 2015. 
15 Latour 2006. 
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to demonstrate the complexity of the interplay between external influencing factors — the future 
EU legal situation and the quality standards already in-force — and the internal, real challenges of 
the spinning process. 
 
Conceptual framework 
 
The answer to the above research question is based on the example case and yarn prototypes, 
which are part of the Texcircle research project based at the Lucerne University of Applied 
Sciences and Arts.16 The project developed and examined the vision of a paradigmatic textile 
circular economy for used textiles. Based on real conditions, Texcircle optimises processes, while 
also designing and developing specific product cycles. Furthermore, it also examines significant 
product sustainability decisions concerning the design phase in circular processes. 
As part of the research project, a “decision tree” tool has been developed in order to assist 
designers in making informed decisions about material resources, material combinations, and 
processing technologies along and beyond the entire life cycle of products. Since materials are 
treated, combined and joined in such a way that they are recyclable or biodegradable, from a 
design perspective, the tool also supports the spinning process and provides information by 
making tangible the dependencies and complexities of a given issue.17 
In the study described here, the clear challenges for the yarn production sub-sector will be 
examined from the two internal perspectives of design and the spinning mill, and reflected upon, 
based on external influencing factors such as standards and the legal situation. 
 
The starting point of this study includes the following: 
1. Identifying three process phases relevant to spinning: the input phase (with raw material 

procurement), the spinning process (with a focus on material blends), and the output phase 
(with textile manufacturing and product development). These process phases represent 
several stakeholder groups within the textile value chain. The study of the ring yarn described 
here is based on interviews and observations from the yarn production process, which took 
place between February and August 2022. Further interviews with recyclers (input phase), 
weaving and knitting experts, and a sock and workwear manufacturer from the output phase 
(see Table 1), complement the data obtained from the spinning process. 

2. The research project was about creating a reference to reality and creating these realities 
themselves. The making of realities in the prototyping of the spinning process took place 
within the framework of existing knowledge and a new legal situation, as well as based on 
technical knowledge and design criteria. In design, yarns were to be developed beyond 
logically continuing what is and was. Thus, the yarn experiment tested the hypothesis and the 
effectiveness of this hypothesis using product prototypes. The innovation goal for targeted 
yarn was: to achieve the finest possible yarn quality with maximum recycled material content 
for mixed fibre qualities. The yarn serves as a basis for discussing the individual stakeholders’ 
knowledge transfer within the process phases mentioned in the previous point. 

3.  Information from literature, regulations and standards is used throughout the process to 
explain why specific hurdles come about during the process of producing yarns from recycled 
fibres.18 Implementing the European Commission’s ecodesign requirements (the Ecodesign 

 
16 Adler, 2022 Texcircle – circularity for textiles 
17 Adler, 2021, Design decision tool 
18 Eisenhardt, 1989 
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for Sustainable Product Regulation) is expected to significantly improve the environmental 
sustainability and recyclability of textile products.19 Later in this paper, the empirical material 
and findings from the spinning process will be presented in tabular form and contrasted with 
the relevant contextual factors from literature. On the one hand, this approach confirms the 
reality but also pinpoints the gaps, as well as the research and action fields concerning 
targeted regulations and standards. 

 
 
Methodology 
 
The role of design is considered, for the purposes of this paper, as the clear starting point of 
recycling practices.20 The focus is on developing a marketable prototype as a means of 
cooperation between research and production.  
The qualitative research method and the explorative research approach chosen are central to this 
paper. As mentioned in the Conceptual Framework, they are conducted from two perspectives: a 
design one and a spinning one. The observations and analyses from the iterative series of 
experiments along with the interviews conducted with representatives from the different process 
phases made it not only possible to filter out the most relevant internal challenges in the spinning 
process, but also to formulate recommendations for both the design and the spinning processes. 
Responding to the research question, four interviews were conducted with recycling experts, two 
were performed with spinning experts, while another two interviews were held with fabric or 
product manufacturers. All interviewees were directly involved in the research project described 
above. The interview questions were designed in such a way that experiences and difficulties 
encountered when dealing with recycled fibres could uncover any knowledge gaps between the 
individual process phases. The exchange between the stakeholders could also lead to a better 
understanding of the requirements and needs. 
The interviews with experts from the input, spinning and output phases were semi-structured and 
open-ended; they took the form of guided conversations rather than structured interviews. 
Interviews generally lasted between one and two hours, and were recorded and later transcribed. 
The subsequent analysis of the interviews was based on descriptive coding concerning the 
challenges faced by the given design and spinning experts in order to condense the relevant topics 
affecting these two perspectives.21 
In the following, interviewed development partners are anonymised. Documents provided by them 
are not mentioned separately in the source appendix. The interviews have led to answering 
questions on process stability in the manufacturing process and among textile and product 
manufacturers in relation to the technical and aesthetic performance of the recycled yarn. The 
evaluation of the interviews from the tearing process resulted in factsheets with cumulative data on 
the target sizes for fibre lengths and blends, target sizes for the targeted yarns, process stability, 
fibre waste and spinning quantities. 
Furthermore, laboratory tests of different tear fibres proved their suitability. The starting point of 
these tests was an analysis of the material composition, colour and processing types (knitted and 
woven) ten different types of tear fibres. From this, the spinning partner was able to define the 
maximum spin-out limit for post-consumer and pre-consumer recycled yarns, and derive 

 
19 COM, 2022, 142 final 
20 Hall, 2021 
21 Miles, Huberman, and Saldaña, 2014 
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recommendations for the preferred fibre blend of recycled fibres with virgin fibres. The criteria 
describing the quality of the tear fibres for the spinning process are a balanced proportion of short, 
medium and long fibres.22 The data from the tear fibre and yarn tests were reviewed in order to get 
an overall understanding of yarns made from recycled fibres. In addition, the yarns were examined 
to ascertain their regularity, tensile strength, hairiness and nep content. In turn, the products made 
from recycled yarns were subjected to abrasion and pilling tests. The findings from a spinning 
perspective were published in Melliand Textilberichte.23 It should be noted that the case described 
is distinguished from yarns made from virgin fibre material. 
The findings from the input phase, the spinning process and the output phase are described in the 
following chapters. 
 
 

  

Table 1: Overview of the relevant process phases and anonymised partners for the individual case study. Process 
model based on Karell, 2019 in: Addressing the Dialogue between Design, Sorting and Recycling in a Circular 

 
22 Rieter https://www.rieter.com/fileadmin/user_upload/services/documents/expertise/textile-technology/rieter-special-print-recycling-3379-v1n-en_01.pdf, p. 9 
23 Melliand Textilberichte 4/2022 

https://www.rieter.com/fileadmin/user_upload/services/documents/expertise/textile-technology/rieter-special-print-recycling-3379-v1n-en_01.pdf
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Economy24 

 

Findings of the input phase 

Using the example of pre-consumer baker trousers made from poly-cotton25, processed into a ring 
yarn26, this chapter shows the interdependencies between and the challenges of recycling the raw 
material and the spinning process. The grey-white woven textile (PES 65%/CO 33%) was once 
part of a baker uniform. Like most workwear, this uniform was made from mixed fibres because of 
the high demands of its function and its cleaning requirements. Before the recycling process, all 
zips, buttons, and trouser pockets were removed from the trousers, the fabric was cut and reduced 
in size, and then it was mechanically recycled. 
 

  
Figure 1 Figure 2 

 
Figure 3 
Figure 1 to 3: Baker trousers, removal of non-recyclable components and mechanically torn fibre material,  HSLU D&K 
 
 

The spinning expert (Epsilon) described as follows the torn fibre material from the recycling 
process in an internal development protocol: 

“There were many pieces of yarn left in the torn fibres. Removing or opening these pieces in the 
blow room or on the carding machine posed a great challenge. After removing 5% waste from the 

 
24 Karell, 2019 
25 Fabric made from a mixture of polyester and cotton fibre 
26 Most yarns made from staple fibres are ring-spun yarns. The structure of ring-spun yarns gives them visual, tactile, and aesthetic properties suitable for various end uses. 
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blow room and the carding machine, many white neps remained in the sliver. These white neps27 
did not fully integrate into the fibre structure and were carried on to the yarn and fabric.” 

One difficulty in using post-consumer waste (PCW) recycled fibres in the spinning process is the 
increasing use of blended fabrics in our clothing.28 While raw materials recycled from mono-
materials such as wool or cashmere offer the highest recycled quality, blended textiles fall into the 
lowest category of recycled quality. These recycled grades are often used in the automotive 
industry as insulation materials. Post-industrial waste (PIW) is often used in recycling. In factories, 
25 to 40% of all materials used either remain or become waste.29 An important design aspect that 
affects the environmental performance of textiles is material composition, including the fibres used 
and their blends, or the presence of chemicals of concern that hinder the recycling of textile waste. 
These are easier to identify in PIW, in contrast to PCW. The origin and quality of mechanically torn 
fibres must have a balanced fibre index, whereby a short fibre content of 60% should not be 
exceeded. Information from recyclers on the expected purity of the raw material (fibre blend, yarn 
content, impurities) and information on the long-, medium- and short-fibre content would help 
spinning mills establish the proper processing settings, including the final spinning system or 
product concept. Another challenge is the damage to recycled raw material caused by the 
mechanical tearing process. This process damages the recycled raw material, resulting in a lower-
quality fibre.30 According to Sandin, this need not apply to other qualities in the final product, such 
as aesthetics or practicality, which are defined by the type of processing used and utility rather 
than fibre quality.31 Sandin further argues that just because the mechanical recycling of fibres is 
downcycling in terms of the original fibre quality, it is not necessarily less beneficial from a waste 
hierarchy perspective than the recycling of polymers, oligomers or monomers. In a cascade 
approach, where textile waste is first sent to be mechanically pulped or for fibre recycling, 
mechanically torn fibre material may already be in an optimal state. Once the fibre length is 
reduced to a level where the material is no longer suitable for fabric or fibre recycling, it can be 
sent for polymer, oligomer or monomer recycling for other life cycles.32 According to interviews with 
spinning experts, mechanical recycling is an established process which, from today's perspective, 
is more economical than chemical recycling processes. 
In order to be able to optimise, in a design sense, the necessary process steps in the input phase, 
the following points are significant: 

− Coloured recycled raw materials pose another challenge. Over-colouring, common in the 
recycling process, should be avoided by using an innovative design strategy. Karell 
recommends shaping the design process at sorting- and recycling-process level, because this 
is where the material and structural decisions on the products that will follow are made.33 
Sorting the raw material by colour is a key recycling process. 

− The fibre length distribution and the short fibre content of the recycled raw material determine 
the blending ratio, the final spinning system to be used (ring or rotor spinning) and the 
subsequent application of the yarn in products. Design potential can be derived from this. 
Blends with higher short fibre content can naturally be processed well in the rotor spinning34 

 
27 A nep is a small knot of entangled fibres, usually comprising immature or short fibres. 
28 Elander and Ljungkvist, 2016 
29 Moora, R., H., Vihma, M. et al., 2021 
30 Karell, 2019 
31 Sandin, 2018 
32 Ibid. 
33 Karell, Niinimäki, 2019 
34 Compared to ring-spun yarn, the production of rotor yarn is bulkier, more elastic and absorbent. Unlike ring-spun yarn, rotor yarn it is made of short fibre. This factor increases 
production while reducing costs. Furthermore, rotor yarn enables using more recycling fibres than ring yarns. 
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process. In contrast, the standard ring spinning process requires a narrow fibre length 
distribution and a short fibre content similar to that of standard raw cotton. The selection of the 
blending raw material is not only an essential factor that must be matched to the end 
application but, at the same time, determines the aesthetics, function and sustainability 
potential of the yarns. Research potential exists in improving fibre lengths, function, aesthetics, 
and recyclability of the raw material. 

 
 
Table 2: Input phase with challenges for the design and spinning process 
 

Findings in the spinning process 

While sorting and recycling technologies need to be developed further, improving yarn design is 
the first step in overcoming technical challenges. For example, fibres are often mixed, which 
makes recycling difficult due to the low availability of technologies which according to fibre type. In 
addition, elastane, which is often added to increase the functionality of textiles, can act as a 
contaminant in almost all recycling processes. As a result, it harms the recycling process's 
economic feasibility and increases environmental costs. In the case of poly-cotton ring yarn from 
pre-consumer waste, the raw material was mixed with cellulose fibres (Refibra, Lenzing) in a 50/50 
ratio, taking into account later applications. A careful balancing of aesthetics, functionality and 
recyclability of the yarn is needed in order to comply with the Global Recycling Standard, which 
requires a minimum of 50% recycled material in the final product. 
According to the spinning expert, the card sliver35 contained many white neps located on the 
surface of the yarn and which were not integrated into the yarn body. What is certain is that the 
quality of the ring yarn described above differs from 100% virgin fibre ring yarns, and does not 
currently meet comparable standards. In principle, standardisation helps to maintain comparisons 
of key parameters along the entire value chain: from raw fibre to card slivers and roving to finished 
yarn and beyond. They provide weavers, knitters, yarn merchants and retailers with the framework 
to specify and achieve the required quality. However, as such standards are oriented towards 
yarns made from virgin fibre, yarns made from recycled materials inevitably fail to meet the quality 
standards or are not available for recycled materials. 

 
35 Loose, untwisted bundle of fibre that is used to spin yarn. A sliver is created by carding the fibre. Carding is a mechanical process that disentangles, cleans and intermixes fibres to 
produce a web or sliver suitable for subsequent processing.  
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Another design focus within the spinning process is the definition of proper application contexts for 
recycled ring yarns and their yarn properties in terms of aesthetic, qualitative and functional 
attributes.36 Yarn properties are often created using material blends. Within the cradle-to-cradle 
principles, mixing technical and biological materials or, as in the case described here, the fibres, is 
identified as problematic.37 Moreover, the Ellen McArthur Foundation butterfly model follows the 
cradle-to-cradle approach with a biological and technical cycle. In the context of fibre blends, this 
means that natural and synthetic materials should not be combined, which often does not 
correspond to the current handling of fibre blends in yarn production. 
 
Material blends in the textile recycling process can be identified on five levels: 
− In the raw material extraction phase 
− In the mixing chambers of the recycling process 
− In yarn production 
− In textile manufacturing 
− In the product manufacturing phase 
 
This paper focuses on blending at yarn level, with Table 4 showing the relevant blending processes 
in textile manufacturing. Initial fibre blending takes place in the blow room38 during the spinning 
process. Further blending may be carried out on the draw frame39 and during the twisting 
process40. As with all blending strategies, the aim is to optimise compliance with the requirements 
of the final material, on an aesthetic, functional, qualitative, and/or price level. These strategies 
offer excellent design potential. 

 
36 Sandin, 2018 
37 Braungart and McDonough, 2002 
38 The blow room is the first step in the spinning process. The compressed fibre bale is turned into a uniform mass by opening, cleaning or mixing. 
39 The sliver is blended, doubled, levelled, and drafted on the draw frame. 
40 In yarn production, twisting binds fibres or yarns together in a continuous strand. 
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Table 3: Blending possibilities during yarn production,  HSLU D&K 
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Figure 5 Figure 6 

  
Figure 7      Figure 8 
 
Figures 5 to 8: Poly-cotton tear fibres mixed with RefibraTM 41, sliver, roving42 and final yarn,  HSLU D&K 
 
 
 
The blending process of the poly-cotton yarn sets the material composition with recycled raw 
material from the input phase. The high short-fibre content is an important reason why fibres are 
blended, both in this example and recycled fibres in general. The fibre blend is crucial for the final 
spinning system to be used. Blends with higher short-fibre content can be processed well in the 
rotor spinning process. In contrast, the standard ring spinning process requires a narrow fibre 
length distribution and a short-fibre content similar to virgin raw cotton. Therefore, selecting a virgin 
fibre blend is a crucial factor that influences the end application and the process stability. While 
rotor yarns made from recycled fibres make up a large proportion of recycled yarns, the use of 
recycled fibres in ring yarns is lower. 
 
− Mixing different types of recycled fibres (pre- and post-consumer) is commonly employed in 

spinning.43 Pre-consumer fibres are taken in the manufacturing process and are cheaper than 
PCW, obtained through complex sorting, cleaning, and tearing processes. Pre-consumer fibres 
are also more consistent in terms of fibre type, colour, and structure, than post-consumer 
fibres.44 

− In industrial processing, the blend proportions required are usually examined on a case-by-case 
basis. However, the lack of standardisation for recycled yarns and tear fibres leads to iteration 

 
41 Lenzing developed and patented the REFIBRATM technology, which involves wood pulp and cotton textile scraps. 
42 A roving is a long, narrow bundle of fibre used in the ring-spinning process.  
43 Hall, 2022 
44 Fontell and Hekikilä, 2017 
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loops and individual procedures, which make the processes and, ultimately, the products more 
expensive. 

− Product concepts that take the properties of recycled yarns into account could boost their use 
as alternatives to yarns made from virgin fibres. It is essential, in addition to recycled rotor 
yarns, ring yarns with recycled content to increasingly enter the market in order to be able to 
serve a broader product range. Ring yarns accounted for 65% of global yarn production in 
2017.45 While rotor yarns have the advantage of being able to process a more significant 
proportion of recycled fibres, ring yarns are necessary so as to guarantee required strengths 
and to open up new markets and products. 

 
Table 4: Challenges in the design and spinning process 
 

Findings in the application phase  

Hall identifies the material sourcing (recycling process) and blending (spinning) phases, as well as 
determining the application context, as key research areas for design.46 Determining the 
appropriate application for the poly-cotton recycled yarn discussed here impacts the targeted 
products' durability, function, and aesthetics. 
The Ne20 poly-cotton ring yarn was used to design a sports sock. For reinforcement, a recycled 
polyamide was processed with the poly-cotton ring yarn. The recycled content of the final product 
is 70%, well above the 50% in the GRS standard. In addition, material characteristics, such as 
melange47, can be easily incorporated into the sock, which is particularly suitable for sock 
applications. 

 
45 ITMF, Rieter, 2017, https://www.rieter.com/fileadmin/user_upload/services/documents/customer-magazines/link/72/rieter-customer-magazine-link-no-72-88317-de.pdf 
46 Hall, 2022 
47 A melange yarn is produced with various combinations of coloured or raw white fibres (multi-coloured yarn). 



 

372 
 

In the example of the socks, the advantage of a more sustainable use of raw materials is offset by 
a shorter product life of the end product. In the case of the sock, the product life was measured 
using the abrasion resistance and pilling resistance Martindale method in accordance with ISO 
12947-2:2016. According to the data, the sock produced comparable values to socks made from 
natural fibres. Due to their frequent use, socks are relatively short-lived products and are suitable 
for applying recycled yarns, among other things, because the knitted structure can conceal 
irregularities in the yarn. According to Goldsworthy (2017), to improve the environmental costs per 
wear of a relatively short-lived product, the material and production impacts could be reduced, for 
example, by using renewable energy and recycled materials. Life cycle assessment studies in 
Mistra Future Fashion have calculated “impact per wear”.48 In other words, it does not matter 
whether a garment is worn ten times in one year or ten times in five years. It is the “number” of 
uses before the end-of-life that is important from an ecological point of view. Therefore, the way 
we think about the lifespan of products in the design process is important. 
Another implementation with potential was the use of poly-cotton recycled yarn in warp and weft in 
fabric. In contrast to the knitting application, the speed of the weaving machine had to be adjusted 
here. Furthermore, the high number of neps impaired the weaving process and led to thread 
breaks. The feedback from the application partners regarding fabric quality indicates a need for 
further optimisation in terms of process stability in industrial production (weaving) and the optical 
appearance of the twill. Despite good abrasion and pilling tests, the fabric did not form a 
homogeneous surface and did not meet expectations. In order for yarns made from recycled fibre 
blends to achieve market acceptance, technical hurdles have to be overcome, and optical 
requirements must be clarified with designers, textile manufacturers and brands. 
 

     
Figure 9 Figure 10 
 
Figures 9 to 10: Socks made from recycled baker trousers,  HSLU D&K 
 
 

 

 
48 Goldsworthy, 2017 
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Table 5: Challenges in the output phase (manufacturing of clothes) that affect the design and spinning process 
 
 
 

Discussion 
 
The new EU regulations for transitioning from a linear to a circular economy will be systemic and 
profound. The example of post-consumer baker trousers described here highlights specific findings 
regarding the external regulatory influences in the design and spinning process. However, this 
paper only gives a small insight into the state of research on the circular economy of textiles from 
design and spinning perspectives. Furthermore, product manufacturers, users and used textile 
collectors were excluded from the investigation due to their specific focus, which can be seen as a 
limitation in addressing systemic challenges. Nonetheless, the aim was to expand the state of 
research from the design and the spinning perspectives based on real experiences, and to initiate 
a discussion about this here. 
In principle, spinning yarn from the poly-cotton recycling blend was possible. Further processing 
into knitted and woven goods also worked. The trials can be considered positive in principle but 
showed the need for further improvements and optimisation at all process levels: from ripping to 
spinning and beyond to fabric production and end use. Future research in yarn development using 
recycled fibres should therefore focus on the following aspects: 
− Further optimisation of the tearing process. A gentler tearing process with a higher degree of 

fibre opening is important, especially for ring-spinning applications. Cooperation with ripping 
mills or machine manufacturers is essential. 

− Fibre length distribution and short-fibre content determine the blending ratio and the final 
spinning system. Therefore, the selection of blend fibres is an essential factor that must match 
the end application. An optimisation of fibre lengths can be generated by adding fibres which 
are as similar as possible to fibre lengths from virgin fibres. 

− In general, the quality of knitting and weaving yarns corresponds to their yarn structure, 
achieved due to the different degrees of twist. Unfortunately, there currently needs to be a 
comparative, standardised recycling database. 



 

374 
 

The investigated ring yarn can be used in the knitting sector and is suitable for scalability. By 
carrying the plating yarn along in the knitting process, the durability and wearing comfort of the 
sock are optimised. However, at the same time, a return to another recycling loop is prevented. 
One thing is sure: the appearance of the sock differs from comparative products made from virgin 
fibre material. The slight yarn unevenness and the neps show that a blend of 50% recycled fibres 
leads to a specific yarn structure with character. Therefore, it is crucial to know the quality and 
design requirements of the intended product. 
Are the characteristics of the recycled yarn perceived as defects? Can a product made from a 
recycled material be a substitute for a product made from virgin fibres? Or should the “new 
aesthetics”, the slight irregularity in the visual assessment of the products, be emphasised? Yarns 
made from recycled material require an interactive design approach, a reaction to the 
characteristics and properties of the recycled yarn in contrast to the usual acting with yarns made 
from virgin fibres (reacting vs. acting). Therefore, a clear product vision is required to integrate the 
aesthetics and function of the yarn into products. The questions are, therefore, what can the 
material do, what characteristics and features does it bring to the table, and what design strategies 
can be used to create an optimal product? Design research on material and product strategies can 
make a significant contribution to these ends. 

 
Table 6: Recommendations for the design and spinning process using recycled fibres 
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Conclusion 
 
This article focuses on the spinning process using recycled fibres and fields of action, design and 
research that arise from it. The challenges affecting the spinning process using recycled fibres not 
only concern questions of design or technical aspects in the manufacturing process: they also 
include external influences, which can be systemic, economic, and information-related. These 
challenges cannot be addressed by a single group or at a single point in the value chain. However, 
there is often a need for a shared understanding of what the individual actors want and what they 
can do, on the one hand, and what can be done using recycled material, on the other. Therefore, 
successful spinning design requires an active and open dialogue between recycling companies, 
spinning experts, fabric manufacturers, and brands. Regarding the material properties of recycled 
fibres and/or yarns, an interactive process (reacting vs. acting) is required from designers. The 
question of fibre properties or the specific characteristics of recycled yarns is included in the 
product development. 
Research cooperation between a university and textile producers developed a recycled yarn made 
from a pair of poly-cotton baker trousers and marketable products. This article acts as a reality 
check, showing prototypes where there is a need for action and where the right course can be set 
through design decisions. 
For a recycling-positive view at user and producer level, approaches in prototyping must continue 
to be developed in order to take into account new processes and recycling aesthetics, and to 
further increase the acceptance of secondary raw materials. 
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Abstract 
In traditional woven structures, longitudinal warp yarns are held in tension on a frame while transverse weft 
yarns are drawn through them. This arrangement secures the threads; however, it also fixes them to one 
geometrical plane. Manipulation of the warp threads has the potential to enable a more flexible shaping of 
woven structures, enabling generation of freeform textile architectures. However, established textile 
notation methods and the implicit nature of a craftsperson’s knowledge restrict the availability of craft-led 
techniques of thread manipulation within cross-disciplinary undertakings. To address this, shape grammars 
are proposed as means for the systematization and dissemination of those techniques and the associated 
tacit knowledge. 
This paper follows iterative cycles of contextual analysis and creative practice, which facilitate the continual 
refinement of a design prototype. Firstly, archival materials and drawings of thread manipulations were 
analyzed and described in terms of the spatial relations between individual components. A phase of hand-
making allowed for implementation of those findings into a weaving practice, which generated new 
understanding of possible structural arrangements. These were reviewed and codified according to the 
principles of shape grammar theory, and a preliminary weaving grammar was formulated. Finally, the 
grammar was translated into the digital environment of Shape Machine, a Rhino plug-in for computing with 
shapes. Implementation of the grammar was used to verify and improve the framework by highlighting 
design qualities which were not previously considered. The new findings were reflected on, and the 
framework updated to include parameters deemed most relevant to the current stages of its development. 
This paper presents and reflects on the roles of prototyping in the context of exploring a novel approach to 
textile design through a craft-led research inquiry. Concepts of experiential and new knowledge are 
considered, together with methods of their application, explication, and translation into discreet 
communicable actions. Consequently, the study serves as an example of a successful implementation of 
craft practice within design research. 
 
Craft; Textiles; Computation; Shape grammars 

Recent scholarly interest in craft as a method of research has contributed to a revival of 
discussions surrounding the meaning of the word ‘craft’ itself. As a domain, craft is usually placed 
in opposition to other, better-defined fields (Adamson, 2018); it is most often described in relation 
to art, design, and mechanized or automated manufacture. However, a clear setting of boundaries 
between those areas has proven challenging thus far, especially considering the cross-
disciplinarity of real-life practices. 



 

381 
 

Similarly, as an inherent aspect of many craft disciplines, making has gained recognition as a 
contributing source of knowledge within academic inquiry (Bier, 2009, Gürsoy, 2016, 
Nimkulrat, 2012, Niedderer and Townsend, 2014). In times where new, highly responsive 
means of design and production are becoming widely available, it becomes more relevant 
than ever and finds universal application across disciplines (Veliz Reyes et al., 2019, Fanfani 
et al., 2020, Noel, 2015). Moreover, it has been argued that craft processes are open-ended 
in nature and capable of building upon previous findings to generate new outcomes (Dormer, 
1997a, Paterson and Surette, 2015). It is therefore of utmost significance to not only 
preserve the knowledge stored within craft practices, but also to distribute it for the sake of 
cross-disciplinary advancement (Pye, 1971, Noel, 2015). This research adds to these efforts 
by analyzing and systematizing techniques of craft-led textile manipulations, with the aim of 
developing and disseminating a system for generative design of textile structures. 

The next sections introduce the background to this research, its approach, and outcomes, 
followed by an analysis of findings and concluding remarks. Firstly, the value of craft as a 
method of research is discussed and presented in an inter-disciplinary context, outlining the 
methodological approach of this study. Three practical research stages are described, 
accompanied by visual documentation of the process and preliminary reflections. The 
findings are analyzed, highlighting the role of prototyping in utilization and generation of 
knowledge, while the last section summarizes the significance and impact of this study in the 
context of design research. 

Research background 

To understand the mechanisms of crafting as means of carrying out research, it is crucial to 
determine the specific qualities of craft which play a role in the exploration and generation of 
new knowledge. This section introduces the proposed subject in relation to relevant theories 
and academic developments spanning the fields of craft, textiles, design, and computation. 

Defining craft practice 

In their attempts at defining the word ‘craft’, several theorists have proposed considering it as 
a verb rather than a noun (Paterson and Surette, 2015). In doing so, its dynamic nature and 
the resultant malleable and innovative qualities become emphasized. Additionally, this 
reframes the conversation on craft from tradition, function, or discipline to that of a universal 
methodology, a way of thinking through problems (Adamson, 2018, Dormer, 1997a, 
Nimkulrat, 2012). This, in turn, supports the idea of making as an active handling of physical 
matter and forces, rather than as application of a preconceived design to passive materials, 
as argued by Tim Ingold (2010). In his work on the principles of making, craft is depicted as 
perpetually in motion, changing under the control of the skilled practitioner. The active 
evolution of material can be corrected and redirected at any moment, which requires the 
bodily awareness and dexterity that craft knowledge implicates. While to the outside observer 
the tasks of a craftsperson might seem repetitive, each movement is an altered response to 
what occurred before it (Brezine, 2009, Fanfani et al., 2020, Ingold, 2010). 

In the concept of ‘making for’ (Gürsoy, 2016, p.18), hands-on exploration of materials serves 
an active role in the process of ‘ideation, representation and materialization’. Gürsoy frames 
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the personal, sensorial experience as a form of information processing and proposes a 
framework of abstracting-materializing-abstracting, wherein the acts of cognition and making 
interlink and alternate. Like the well-established design theory of seeing-moving-seeing 
developed by Schön and Wiggins (1992), the framework indicates a shift from drawing to 
making or, in Gürsoy’s words, ‘from visual to spatial reasoning’ (2016, p.40). 

As the personal know-how of a craft practitioner cannot be fully expressed through 
conventional textual means, sections of it escape translation (Niedderer and Townsend, 
2014). Consequently, visual means of presentation and communication can support more 
creative, sensorial experiences of complex information. In the case of textiles, embedding the 
tacit knowledge in design systems has the potential to not only improve its distribution but 
also establish a foundation for exploration of new forms (Dormer, 1997a, Harlizius-Klück and 
McLean, 2021). To best understand and utilize the generative potential of hand-based textile 
techniques, it is crucial to systematize and disseminate them across disciplines. 

Craft computation 

The scientific analysis of ancient and contemporary artisanal textile practices suggest an 
involvement of complex algorithmic and geometrical concepts in the construction and 
decoration of fabrics (Bier, 2009, Brezine, 2009). Hand-making has been reasoned as a 
logical origin of numerical conventions, while traditional hand-weaving techniques are 
considered as early precursors to the automated looms of the Industrial Revolution and, 
ultimately, the first computers (Jefferies et al., 2015). Thus, it was the process of methodical 
analysis and extraction of the rules of craft practice that, over time, led to advancements in 
the fields of textiles, manufacturing and computation (Pye, 1971). 

Nevertheless, a review of relevant literature reveals wide-ranging incompatibility of existing 
computer-aided design tools with real-life creative practices (Jowers et al., 2008, Kucukoglu 
and Colakoglu, 2013, Harlizius-Klück and McLean, 2021, McKay et al., 2010) and 
consequent failure in fully utilizing their innovative capacity. In the context of textiles, 
improving fabrication techniques offers the potential to remove out-of-plane weaving 
limitations brought about by mechanized textile manufacturing processes and tools (Veliz 
Reyes et al., 2019, Brezine, 2009). An in-depth understanding of how weavers identify and 
transform emergent textile forms could enable creation of a design system which allows for 
less restricted investigations and synthesis of complex, freeform architectures (Knight, 2018). 
Additionally, if developed in line with the principles of craft practice, digital modeling 
and production tools could equip the maker with new, sustainable means of engagement 
with their materials (Veliz Reyes et al., 2019, Noel, 2015). The recognition of rules present in 
craft textiles and their notation through computational means could facilitate the switch to the 
hybrid, cross-disciplinary practices made possible by the digital era (Gürsoy, 2016).  

Knight and Stiny (2001) argue that approaches to the computation of craft should reflect the 
computational characteristics of craft itself. Therefore, it should be non-classical in 
representation - visual or even sensorial, rather than numerical; and classical in process – 
allowing for ad-hoc manipulations, rather than focus solely on achieving results. One such 
method developed by Stiny (1975) is shape grammars – a computational framework for 
designing with shapes. Shape grammars are visual, yet allow for mathematical interpretation, 
making them suitable for use by artists, designers, and engineers alike. A small set of initial 
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shapes and rules can be used to create a multitude of existing and new designs without the 
need for full predetermination of design components. The user remains in control of 
recognizing, selecting and manipulating emerging forms (Jowers et al., 2008, McKay et al., 
2010). Grammars have been utilized in the process of craft computation (Knight, 2018), 
including basket weaving (Muslimin, 2010) and wire-bending (Noel, 2015), proving suitable 
for the exploration of the subject presented in this paper. 

Craft-led textile practice 

Arguably, only a selection of textile techniques has so far been utilized on an industrial scale, 
mainly due to the relative ease with which they can be automated (Pye, 1971, Brezine, 
2009). Consequently, more creative approaches to textile making have not been 
documented in a way that supports their transmission and implementation by creatives, 
scientists, or engineers. Further analysis of historical materials can assist contemporary 
researchers and designers in detecting new methods and tools of textile production. This is 
especially significant in the case of craft practices, wherein tacit knowledge is inherently 
challenging to describe and, instead, often passed on through non-verbal means (Pye, 1971, 
Fanfani et al., 2020, Harlizius-Klück and McLean, 2021). 

As a result of extensive documentation efforts, the mathematical rules of weaving are now 
well understood, partly due to their intrinsically binary nature. Other textile techniques, such 
as multi-axial weaving (Bilisik, 2012), knitting (Popescu et al., 2021), crochet (Kucukoglu and 
Colakoglu, 2013) and bobbin lace (Irvine and Ruskey, 2014), have also attracted interest and 
undergone scholarly analysis for the purposes of mechanisation and production of technical 
materials. Those which prove more challenging to classify mathematically and, consequently, 
automate have remained in the hobby crafts category (Brezine, 2009). 

Craftspeople routinely experiment with their practice, hacking techniques and tools available 
to them (Irvine and Ruskey, 2014). Craft-led textile practice accommodates experimental 
approaches to making, wherein different techniques can be combined to achieve an outcome 
not typically accounted for by traditional manufacture. Based on the contextual review and 
personal craft practice of the first author, it is hypothesized that spatial manipulation of 
threads has the potential to enable freeform textile construction, characterized by irregularity 
and three-dimensionality of form. In search of hand-based techniques suitable for the 
exploration of this capacity, a range of methods was considered, including leno and open-
reed weaving, twining, and sprang. This paper presents the process of prototyping a craft-led 
textile design framework based on the systematisation of sprang1 structures specifically. 

  

 
1Sprang is a method of interlinking longitudinal threads, wherein the structure is maintained through 
appropriate tensioning. It is kept taut during the making process by temporary placement of rods, worked 
simultaneously from top and bottom, and then secured by several diagonal threads woven into the middle 
where both sections meet. 
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Textile notation 

Due to the distinct presence of textiles within automated industries, their mechanisms have 
been well studied and adapted to mechanical production (Dormer, 1997a). Weaving, as 
arguably the most industrialized method of fabric manufacture, required a consistent system 
of representation allowing for ease of communication and repeatability (Dormer, 1997b, 
Brezine, 2009). The 0, 1 binary format, wherein the numbers represent dropping and lifting of 
warp threads respectively, is a simple, yet accurate numerical depiction of the physical act of 
weaving (Fanfani et al., 2020, Harlizius-Klück and McLean, 2021). In textile design it is 
usually represented visually as a diagram of black and white squares corresponding to the 
up-and-down movement of individual threads (Figure 1a). Additional colors or symbols might 
be introduced to indicate multiple layers of warps or wefts (Figure 1b). 
 

 
Figure 1: Examples of weave drafts: a - plain weave; b - pictorial extra weft 

 

However, this method of notation does not reflect the performative nature of hand-weaving. 
Instead, it usually represents the resulting patterns, rather than the structural transformations 
taking place in the process of textile emergence. The weave drafts can be found insufficiently 
intuitive, requiring a high level of abstract thinking and familiarity with this method of notation, 
which is especially evident in the case of more spatially complex designs or freeform 
structures. Although the diagrams represent the rules of textile manufacturing algorithmically, 
they do not resemble the real-life practice of hand-weaving. Ideation and execution within a 
craft process are often intertwined and spontaneous, based on earlier transformations, 
sensorial perception, and reflection on emergent forms (Ingold, 2010). In comparison, 
weaving drafts seem simplistic and generalized to suit the common notational method, 
distorting the performative quality of textile making. They are better suited for presentation of 
final results, rather than exploration of potential designs. Moreover, historical making of cloth 
was often carried out without any notation, relying on the experience and dexterity of the 



 

385 
 

craftsperson (Brezine, 2009). In the case of textile structures which have so far escaped 
technical documentation, physical samples, artifacts, and models provide a rich source of 
data on the assembly techniques involved in their production (Harlizius-Klück and McLean, 
2021). It is therefore necessary to analyze and systematize the visual and tactile evidence to 
best disseminate the unspoken rules of craft-based textile arrangements. 

Research approach 

Inclusion of craft practices within research settings not only enhances contemporary design 
discourses, but also facilitates advancements in our understanding of craft as a means of 
material reasoning (Nimkulrat, 2012, Niedderer and Townsend, 2014). The craftsperson’s  
in-depth understanding of the rigorous, technical principles of material properties and 
processes supports innovation through improvisation (Brezine, 2009). The ability to augment 
one’s process at any point is what facilitates spontaneity, originality, and discovery; yet it 
concurrently introduces the possibility of continual failure (Pye, 1971). It is therefore essential 
for this exploration of ‘the unknown’ to be rooted in experiential knowledge which guides 
one’s often subconscious and habitual, but controlled actions (Nimkulrat, 2012, Niedderer 
and Townsend, 2014). Only once the laws of a particular domain are fully comprehended, 
one gains the ability to manipulate them to their advantage (Dormer, 1997a, 1997b). 

Craft processes rarely rely exclusively on hand practice but rather utilize a range of hand and 
automated or, in recent times, analog and digital tools (McCullough, 1998, Pye, 1971). It can 
therefore be argued that it is not a person’s tools or materials that define their craft, but the 
physical and intellectual processes it involves. As such, a mix of both hand- and computer-
based methods was employed in this research, under the methodological guidance of 
research-through-design and action research frameworks, which provide a structure to the 
complexity of a craft practice. 

The research presented in this paper consisted of three separate stages with distinct 
practical outcomes, each testing and expanding on earlier results through a range of design- 
and craft-led methods: hand- and computer-based drawing, hand-weaving, and digital 
designing using Shape Machine, a Rhino plug-in for computing with shapes. The repeating 
cycles of making, reflecting, and analyzing continually refined the research outcomes by 
establishing a foundation for the next stage of explorations, eventually achieving the aim of 
this study (Figure 2). As such, prototyping within this craft research took on a form of creative 
reasoning through problems, a means of simultaneous development and testing. A more in-
depth discussion of the processes and methods employed in this study is presented in the 
next section of this paper.  
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Figure 2: Diagram of research progression, methods, and outcomes 

 

 

Research process and outcomes 

This section introduces the outcomes of three practical phases undertaken as part of this 
study and discusses the methods employed at each stage in the context of craft-led 
research. It presents early reflections on the research process and its findings – from 
abstract to concrete - highlighting the gradual improvement of the design prototype and the 
resulting progression of knowledge. 
 

Stage 1 – Analysis of textile techniques of warp manipulation 

The first stage of the study focused on a contextual review of craft textile techniques. A range 
of hobby craft booklets, magazine articles and online blogs were examined, serving as ‘how-
to’ guides for experimenting through hacking of hand-based methods and equipment. 
Terminology such as ‘byways’, ‘off-the-loom’ or ‘fingers-as-tools’ were found to denote the 
divergence and novelty within domestic craft practices, demonstrating their innovative 
capacity (Russell, 1975, Atwater, 1954). 
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The initial encounter with sprang was through purely visual means such as photographs, 
sketches, and diagrams which provided a theoretical insight into the new technique. Through 
the lens of existing knowledge of textile making and its notation, an initial assessment of 
sprang’s suitability to the study of warp manipulations was made. This was then investigated 
in more depth through an archival review of the Collingwood Ethnographic Collection carried 
out at Crafts Study Centre, University of the Arts London. Here, a large amount of material 
samples and accompanying notes was studied to establish a cohesive understanding of the 
underlying rules of sprang construction. The haptic experience of materials facilitated a more 
comprehensive understanding of the spatial arrangements of individual threads and their 
relation to the structural properties of the fabrics. Samples which exhibited a variety and 
clarity of arrangements were selected as a foundation for further investigations through visual 
and tactile analysis, followed by a hand-based notation as means of exploring and testing the 
findings (Figure 3). 
 

 
Figure 3: Study of sprang – from archival material to drawing 

An assortment of sketches was made throughout and following the archival study which 
enhanced the processes of learning and subsequent experimentation with new structures. 
The findings were applied to a weave-like setting through a series of speculative drawings 
(Figure 4a) and exposed crucial structural differences in some of the thread arrangements 
(Figure 4b,c). Sketching was used as a means of processing and testing new information in 
the context of this research, while the digital diagrams served to communicate it visually. 

At this point, a preliminary set of weaving rules manifested (Figure 5), visualizing the 
transformations taking place in the process of textile emergence. This developed intuitively 
but intentionally, as a result of previous drawing exercises, with the goal of achieving a more 
consistent grammar-like representation of warp manipulations. The early grammar was 
drawn by hand (Figure 5a), which was found most suitable for the exploratory stages of the 
design process. Translation into a digital format (Figure 5b) ensured a more uniform portrayal 
of the shapes in terms of their geometry, which enabled more systematic testing at later 
stages of the research and improved the communicability of the data produced. 
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Figure 4: Early visual description of warp manipulations: a – hand drawings of warp thread switching; b–digital drawing of 
warp threads in leno-like structure; c - digital drawing of warp threads in sprang-like structure 

 

 

 
Figure 5: Early grammar-based descriptions of manipulations: a –hand drawings; b– digital drawings 

 

Although the archival material provided sufficient information on the general principles of the 
studied technique, personal engagement with the findings reinforced the insight on its 
reinterpretation as a novel construction method. Sprang is not a method of weaving as it 
does not require diagonal threads to secure the structure; rather it relies solely on the tension 
of the longitudinal threads (Collingwood, 1974). To better understand its suitability to the 
subject of this research, the next stage aimed to determine how the sprang-based thread 
manipulations can be implemented into real-life weaving practice. 
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Stage 2 – Hand-based textile explorations of warp manipulation 

Hand making, as an essential step in contemporary design practice, offers a sensorial, rather 
than purely intellectual, perception of materials which leads to a more thorough 
understanding of one’s discipline (Ingold, 2010, Jefferies et al., 2015, Niedderer and 
Townsend, 2014). Correspondingly, making in this craft-led study played a role of spatial 
reasoning (Gürsoy, 2016) accompanied by reflection in and on action (Schön, 1983), where 
hand-weaving was used to test the notational format, directly informing further development 
of the grammar. Mechanisms of emergence in a top-down weaving setting were followed, 
where only the top warp ends were permanently attached to allow for flexible manipulation of 
the threads (Figure 6). 
 

 
Figure 6: Progression of the hand-weaving process 

 

To ensure rigor within the practical explorations, two criteria were set for the first phase of 
making: firstly, to maintain the plain weave structure throughout the sample, for which a 
selection of applicable rules was made; and secondly, to ensure the warp threads are 
secured in their new position after twisting, as some weft arrangements do not achieve this. 
While this was not perceived as an issue for certain applications, it narrowed down the initial 
testing space which prioritized structural integrity of the material. 

The making phase was documented through a visual catalog of the weaving process, while 
the resulting material served as its tangible record. This prompted reflection on the 
undertaken practice and its outcomes, complementing the implicit evaluation and decision 
making which took place throughout the dynamic process of crafting. The sample was then 
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additionally analyzed and tested through further sketching (Figure 7). Repeating the same 
movements in a different creative medium and switching from visual to spatial reasoning was 
both an exercise in the ongoing process of learning and a step towards embedding the 
resultant craft knowledge into a computational schema. Furthermore, drawing facilitated an 
effective translation of three-dimensional forms and movements into a two-dimensional 
format without distorting the craftsperson’s experience of them. 
 

 
Figure 7: Progression of visual descriptions from hand-woven material sample to grammar-based structure 

 

Figure 8: Grammar rules and emergence based on hand-woven material sample 

 

The progression from material to hand sketch to digital drawing concluded with a visual 
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representation in line with the principles of the previously set grammar. The resulting diagram 
of the structure was then used as a fixed design to be replicated through grammar-based 
processing (Figure 8). The transformations were drawn out in the sequence of emergence 
observed during the hand-weaving practice, which amplified the clarity of the distinct 
transformations carried out by the weaver as represented by the shape rules. 

This stage of the research project utilized experiential knowledge in new contexts, which 
generated a new level of understanding of the craft practice, while sensory feedback from 
materials facilitated a more comprehensive experience in line with the principles of craft-
based learning. Findings from the previous stage were tested in practice to ensure their 
applicability to real-life settings, enabling further refinement of the framework prototype. New, 
previously unconsidered parameters, such as the behavior of weft threads in relation to warp 
thread manipulation, were identified and fed back into the next iteration of the grammar. 

Stage 3 – Digital computing with Shape Machine 

The final stage of this research phase comprised of, firstly, converting the analog and digital 
grammar drawings into the Rhino interface and, secondly, using Shape Machine as a tool for 
computer-based programming with shapes (Economou et al., 2021). Previous hand-based 
notational representation of the weave structures and their transformations proved especially 
useful as they facilitated a more straightforward implementation of the grammar into the 
software environment. To better understand the operating principles of the Shape Machine, a 
range of preliminary tests was undertaken with traditional weaving transformations only. 
 

 
Figure 9: Shape Machine: grammar rules and emergence in a traditional weaving set up 

Within the Shape Machine interface, an empty rule template is readily available to the user 
and includes the left-hand side, denoting the initial shape, the arrow as a sign of 
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transformation, and the right-hand side, indicating the new shape. The first task was to draw 
out the weaving rules necessary for producing a plain weave structure; as shown in Figure 5, 
this initially included six weft rules (T1-T6) and two warp rules (P1-P2). However, through the 
process of testing, this decreased to just three rules – two weft rules and one warp rule 
(Figure 9). This was achieved thanks to the software’s ability to recognize and convert 
independent sub-shapes contained within more complex designs and, consequently, require 
less data to process a computation. This tested and improved the grammar prototype both in 
and outside of the Shape Machine environment, reduced its complexity and increased 
efficiency of further developments. 

As Shape Machine allows for a range of visual transformations (Economou et al., 2021), all 
were explored at this stage. Eventually, a set of plain weave structures was produced using 
the isometric function which maintains the form and size of the initial shapes. This setting 
was concluded as most applicable for this phase of the research because it ensured 
continued coherence of the computations to the mechanisms of the craft-led textile practice 
observed in previous stages. However, a number of potential alternatives were encountered 
and noted to be considered in the future. 
 

 
Figure 10: Shape Machine – mock-up design of grammar rules and emergence including warp manipulations  

The next step attempted to apply the Shape Machine workflow to warp thread manipulations. 
The set of rules used for plain weave structures was extended to include the twisting 
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transformations (Figure 10). Following on from the previous iterations of the grammar 
prototype (see Figure 8), a set of rules (T4, T5, PW1 and PW2) was used which limited the 
weft arrangements to plain weave structures only. Early computations identified 
inconsistencies in sub-shape recognition which prompted a reconsideration of appropriate 
shape representation within the Rhino environment. Additional testing should be carried out 
to ensure successful implementation of the analog grammar into this programming software. 

Nevertheless, the Shape Machine provided an unbiased perspective for generation of 
designs, which could then be analyzed and discarded or developed further by the user. It 
highlighted the importance of uniform representation of shapes and sub-shapes in 
developing a visual computation system. Furthermore, by offering different geometric options 
for searching and transforming shapes, the Shape Machine introduced a new angle to the 
development of the design framework. As such, it completed this phase of prototyping and 
set a foundation for further developments. 
 

Reflection 

The examples above outline the making, designing, and testing activities which were 
undertaken as part of a craft-led research process. In Stage 1, previous know-how of craft 
textiles served as a foundation for the contextual review and critical analysis, while archival 
study validated and advanced the development of a first design prototype. In Stages 2 and 3 
prototyping took on the form of hand-based material manipulations and Shape Machine 
computer simulations respectively. Each stage was crucial in exploring and testing the 
subject of this research project, as it facilitated different forms of engagement and feedback. 
Archival study of materials provided an opportunity for a haptic and visual engagement with a 
new technique, reinforced by its analog and digital notation. A later phase of hand-making 
aided an application of the findings in practice, while computer-aided design exercises 
offered a more structured/systematic experience. The range of media used in this study 
required different approaches to creative reasoning and reflects the complexity of craft-based 
practice. As such, it enabled a more comprehensive review, testing and analysis of the 
proposed framework which was additionally reinforced by the iterative methodology. 

Here, hand and computer-based drawing ran alongside the research activities as means of 
reflection-in-action, ideation, and documentation, but also continual testing and refinement of 
findings. In the early phases, it was used as a tool to explore the design space and to 
describe visually the mechanisms of hand-based textile making observed through contextual 
review. Moreover, drawing assisted in systematizing and explicating the complex, implicit 
actions undertaken during the weaving practice, while the Shape Machine introduced a new 
dimension to its pictorial notation. Consequently, it confirmed the suitability of the adopted 
approach to the computational design of craft-led textile structures. 

As previously argued, craft knowledge is the basis of any craft practice; it serves as a 
foundation for creative exploration of a novel subject and facilitates the extraction of new 
findings (Paterson and Surette, 2015, Bier, 2009, Dormer, 1997a). In this study, the 
consecutive cycles of making and analysis transformed and refined the knowledge of the 
craft researcher, facilitating the next phase of development. Prototyping made use and tested 
the experiential understanding of a craft textile practice, while simultaneously producing new 
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insights about the materials, tools and methods engaged with during the research process. 
The transformation of sensorial feedback into new knowledge required reflection in and on 
action (Schön, 1983), which related the newly discovered variables to previous experiences 
and relevant contexts. Both the seeing/sensing/abstracting (Schön and Wiggins, 1992) and 
the moving/materializing/making (Gürsoy, 2016) phases involved implementation and 
generation of knowledge, whether deliberate or intuitive, intellectual or tacit. 

Both successful and failed outcomes provided useful information about the subject at hand; 
the experiences accumulated to establish a new, improved level of knowledge, which 
became the basis for the next stage of explorations. This process was dynamic and open-
ended as it facilitated a continual refinement of knowledge throughout the process of craft 
research while not striving to achieve a complete form. As such, it is proposed that one’s 
level of understanding of a craft evolves through the process of prototyping, wherein acting 
and reflecting interlink to continually refine the design. 

Moreover, artifacts produced as part of this craft-led research are embedded with the 
knowledge involved in its process (Dormer, 1997a) and, as such, can be utilized as tools for 
documentation, clarification and communication of findings at different stages of creative 
exploration. Visual representation of craft-based textile structures through hand drawings, 
digital renderings and physical samples clarifies the craft researcher’s implicit and sensorial 
understanding of them. The complex mechanisms of a craft process are depicted as distinct, 
computable actions, achieving the aim of their systematization and dissemination in line with 
the principles of craft practice. 
 

Conclusion 

This paper presents a process of iterative prototyping in the development of a visual 
computation framework for craft-led textile design. It introduced relevant theories in reference 
to craft practice, design processes and experiential knowledge, setting a theoretical and 
methodological foundation for its execution. In particular, it examined the recent increase in 
cross-disciplinary interest in craft methodologies and the role of making in knowledge 
generation (Gürsoy, 2016, Bier, 2009). This, in turn, identified shortcomings in the general 
understanding of the mechanisms of craft-led research and the role of prototyping within it. 
The paper engages with these concepts through a reflective textile design practice, 
addressing a wider gap within design research. 

The contextual review within this study focused on cross-disciplinary undertakings which use 
computational frameworks to analyze and formalize craft-based construction techniques. 
Accordingly, this paper acknowledges the high cultural and generative value of these 
methods (Noel, 2015, Townsend and Niedderer, 2016, Harlizius-Klück and McLean, 2021) 
and argues for their preservation and distribution outside of the hobbyist sphere. It further 
comments on the innovative potential of craft-led textile techniques, while recognizing the 
difficulties in their distribution stemming from the tacit nature of craft processes. In response, 
the authors propose shape grammars as a means of systematizing and disseminating the 
hand-based techniques of textile manipulation and associated tacit knowledge. 

The research was approached through a craft-based methodology and used prototyping as a 
method of discovery and iterative refinement of the visual computation framework. By 
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considering and engaging with the premise of craft-based practice as a reflective one 
(Schön, 1983), this study contributes to the wider conversation on the role of prototypes 
within art and design research contexts. It provides an insight into the mechanisms of 
knowledge progression as a result of such a process – from applying existing experience in 
new contexts to generating new theoretical and practical concepts. Further, it comments on 
how new findings can feed back to the general pool of knowledge with which the next 
iteration of research is approached, complementing the dynamic and open-ended nature of 
craft practices. 

Additionally, the craft-led prototyping confirms the applicability of hand-based thread 
manipulations to a weaving set up, facilitating further exploration and design of novel textile 
structures. Testing of the model grammar against real-life textile practice ensured its 
functionality; however, additional hand and computer-based investigations should be carried 
out to validate its further iterations. A finalized visual computation framework has the 
potential to not only disseminate the overlooked textile techniques across disciplines, but 
also form a foundation for development of novel structures and manufacturing methods. 

Finally, the prototypes resulting from this study reflect the consecutive stages of the research 
practice and remain valuable as its records. They serve as static snapshots of an active 
process of discovery, as tangible reflections of the researcher’s knowledge from a specific 
moment in time. They hold a wealth of information on the materials, tools and processes 
involved in craft-led research. If utilized further as visual, sensorial, or even interactive tools 
for the distribution of tacit knowledge, they could contribute to cross-disciplinary exchange 
and consequent advancements. 
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Abstract 
Experiential knowledge plays a crucial role in exploiting new materials within real contexts, i.e., designing 
products and applications. As a result, understanding and transferring this kind of knowledge has gained 
increasing attention, as well as developing new experiential tools addressing this challenge. 
This contribution investigates the role of physical prototypes in designing new experiential tools for the 
knowledge transfer of emerging materials and technologies, i.e., Materials Libraries. The analysis is 
performed through a reflective practice approach based on two practical case studies dealing with new 
materials from waste for 3D printing. The former Materials Library focuses on the recycling of composite 
materials from products at their End-of-Life in industrial contexts, i.e., wind turbine blades. The latter one, 
RepMat Library, is an ongoing experimentation that aims to develop an open source Materials Library to 
collect new 3D printable materials and applications from waste-based polymers and biomass involving 
distributed networks and local communities, i.e., makerspaces and fablabs. 
After briefly explaining the two case studies, this work defines an outline proposal of the main contributions 
of prototypes in designing new Materials Libraries, which means: (i) generating and detecting the 
experiential knowledge to transfer; (ii) categorizing and defining the taxonomy of the tool; (iii) testing the 
experiential knowledge transfer; and (iv) speculating on new possible ways of using Materials Libraries. In 
short, prototypes were mainly used as a physical learning medium to preliminary tinker with materials and 
technology, as well as a validating tool for the interaction between the users and the library. Furthermore, 
prototypes may contribute to envisioning new ways of developing and using Materials Libraries to spread 
experiential knowledge, i.e., democratizing the design process of the tool by encouraging distributed, 
accessible, and collaborative work within local communities and distributed networks. 
 
Materials Experience; Material Tinkering; Research through Design; Material Driven Design; 3D printing.  
 

Experiential knowledge is a tacit and non-discursive way of knowing that originates from 
practical experiences and experimentation (Groth et al., 2020; Niedderer, 2007). Contrarily to 
other kinds of knowledge, it cannot be entirely articulated by textual or verbal media, and it 
often requires different non-textual approaches for its effective transfer, i.e., translating 
abstract concepts into tangible artifacts (Niedderer, 2007; Nimkulrat, 2021). Experiential 
knowledge has a crucial role in design practice. Designers often rely on hands-on 
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approaches to build new practical knowledge for their professional activities, i.e., through 
samples and prototypes (Camburn et al., 2017). Furthermore, this kind of tacit knowledge is 
a powerful way to connect theory and practice, especially dealing with practical 
implementations of new products and applications. This approach has been recently linked to 
new emerging materials and technologies within the design field, fostering new practical 
inquiries. Material designers interact with materials and spread new content through different 
experiential ways of knowing (Clèries & Rognoli, 2021; Santulli & Rognoli, 2020). 

In general, samples are the most spread and effective way to interact with materials and 
encourage experiential knowledge transfer among designers through their tangibility and 
immediacy (Barati et al., 2019; Karana et al., 2015; Parisi et al., 2017). However, samples 
only represent the final stage of a deeper investigation and analysis, especially when dealing 
with emerging materials and technologies to be implemented in real contexts. In this case, 
intermediate prototypes may add further insight and perspectives to the resulting outcome, 
i.e., learning how to handle and process a specific material or highlighting some non-
quantifiable aspects to be further investigated, such as expressive-sensorial qualities 
(Camere et al., 2018; Veelaert et al., 2020). Furthermore, using prototypes at different stages 
is a valuable practice when directly experiencing new materials, helping acquire new 
experiential knowledge from hands-on activities and direct experimentation. However, 
transferring this knowledge to a broader audience of practitioners may be difficult, especially 
when practical experimentations are not engaging them. To this end, experiential tools may 
help foster this knowledge transfer, and prototypes potentially support their design and 
development. As a matter of fact, experiential tools should be seen as new artifacts to be 
designed, tested, and refined through prototypes, including the interaction between the tool 
and its potential users. Among those, Materials Libraries represent a good way to foster 
experiential knowledge transfer linked to materials and manufacturing processes. These 
collections of physical material samples aim to support designers and practitioners during 
materials selection by providing a tangible experience with materials, understanding their 
expressive-sensorial qualities, and transferring part of the experiential knowledge entangled 
in their materiality (Akın & Pedgley, 2016; Rognoli & Levi, 2004; Wilkes & Miodownik, 2018). 
However, the contribution of multiple prototyping activities in the design of this knowledge 
transfer has not been adequately explored, and a definition of the different contributions 
given by prototypes during the whole process is still missing. 

This work investigates the role of physical prototypes in designing new experiential tools to 
spread the knowledge of emerging materials and technologies, such as Materials Libraries. 
Two practical case studies dealing with waste-based materials and 3D printing are here 
outlined to critically reflect on the use of prototypes within the design process of the two 
Materials Libraries. The first one originates within the Horizon 2020 EU Project FiberEUse 
and considers recycled glass and carbon fiber composite materials as new resources for 
materials and applications. The second one is an ongoing work focused on new materials 
and products from waste-based polymers and biomass within distributed networks and 
communities. After briefly explaining the methodology, the two case studies are presented by 
resuming the design and development of the two Materials Libraries, the FiberEUse project 
Library and the RepMat Library. The contribution given by prototypes in designing new 
Materials Libraries is then provided, resulting in four different possible uses, as well as 
different roles in shaping and spreading new experiential knowledge. 
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Methodology 

Reflective practice through prototypes 

Reflective practice, or Reflection-in-action, helps in linking theoretical concepts of inquiry to 
real contexts by using practical experimentations and projects to reflect on new theory 
(Schön, 1992), using design practice as a way to perform research (Friedman, 2008; 
Goldkuhl & Sjöström, 2018). In other words, artifacts, exhibitions, or products are intended as 
practical inquiry tools to conceptualize and build new theoretical knowledge from practice 
(Reich, 2017). Considering the design field, prototyping is one of the most common ways to 
explore new concepts from the practical context and translate them into theoretical 
knowledge (Horváth, 2016; Mäkelä, 2007). Prototypes are approximations of artifacts, 
features, and concepts aiming to refine, communicate, explore, and learn new contents, i.e., 
products, services, or even knowledge (Camburn et al., 2017; Mäkelä, 2007). From a certain 
point of view, prototypes are also seen as a tangible result of design experimentations, 
extending their use in research contexts (Brandt & Binder, 2007). 

For the sake of this work, prototypes may assume a double interpretation as methods of 
inquiry: as an experiential knowledge transfer or a medium to conceptualize theoretical 
knowledge. The former aspect is discussed within the following sections, and its investigation 
falls under the objectives of this work. The latter one represents the approach used to 
understand the role of prototypes in the experiential knowledge transfer or Materials 
Libraries. In particular, the two case studies described hereinafter represent some situational 
design inquiries directly performed by the authors. These inquiries allowed us to theorize the 
role of prototypes through post-evaluation analysis, using the two cases as practical sources 
for abstraction (Goldkuhl & Sjöström, 2018). This evaluation was performed after the 
development of the two Materials Libraries, resuming the main steps for the development of 
the tool itself and the use of prototypes in each phase. The prototypes used during the 
experimentation were collected and classified according to the main development steps of 
the two Materials Libraries, better explained in the next section. These prototypes were then 
analyzed according to: their objectives; their way of use, i.e., to refine the contents or the 
structure of the library; and their refinement, for instance, preliminary, intermediate, or 
advanced conceptualization of some parts of the tool. The main contribution of prototypes 
within this process was then outlined by mapping these differences. 

Experimenting with materials from waste for 3D printing 

As mentioned, artifacts play a key role in design research and practice, acting as inquiry 
tools to build new theoretical and experiential knowledge. They may be seen as possible 
outcomes of design experimentations, which, in turn, are meant as ways to frame new 
knowledge through making (Brandt & Binder, 2007; Mäkelä, 2007; Niedderer, 2007). This 
practical approach in design research has been previously exploited to investigate emerging 
materials, as well as new technologies and digital fabrication (Bauer, 2019; Karana et al., 
2015), entangling them with complex socio-technical aspects such as sustainability (Clèries 
& Rognoli, 2021). As a result, these experimentations aim not only to develop new materials 
or emerging technologies but also to build tacit and experiential knowledge during the whole 
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process, as well as to foster their transfer to design practitioners (Dew & Rosner, 2019; 
Santulli & Rognoli, 2020). From the literature, designers are not always aware of these new 
possibilities for their work. Hence, new ways to foster the knowledge related to emerging 
materials and technologies are currently required in the next few years (Romani et al., 2021). 

The two case studies analyzed in this work are practical experimentations on developing two 
different Materials Libraries. Their goal is to spread emerging materials and technologies, 
i.e., materials from waste for 3D printing, for their implementation in real contexts. The main 
phases of the two case studies are resumed in Figure 1. These steps also correspond to the 
process followed for building the two Materials Libraries, representing a possible design 
process for this kind of experiential tool. In detail, the practical experimentations linked to the 
libraries were structured as follows: (a) Tinkering with the emerging materials and technology 
through sampling; (b) Defining a taxonomy to classify the knowledge to showcase; (c) 
Designing and producing the samples according to the classification; (d) designing and 
developing the structure of the Materials Library; (e) testing the knowledge transfer of the 
tool, and (f) releasing the new Materials Library.  

 

 
Figure 1: Phases of the practical experimentations from the two case studies: (a) Case study 1 (FiberEUse project 
Library); (b) Case study 2 (RepMat Library). 

Materials Libraries case studies 

The two selected case studies aim to spread the experiential knowledge of new materials 
from waste for 3D printing, fostering their use for new products and applications. The former 
one, FiberEUse project Library, deals with recycled composite materials from industrial 
products at their End-of-life, such as wind turbine blades. The latter one, RepMat Library, is a 
work-in-progress project of an open-source replicable Materials Library for new 3D printable 
materials from waste-based polymers and biomasses. The case studies were selected for 
their practical approach to experiencing materials and 3D printing, avoiding those 
experimentations that focused on designing new applications through prototypes. Indeed, 
their focus is on developing new experiential tools, in this case, Materials Libraries, because 
the main goal is to frame the role of prototypes in building and spreading new experiential 
knowledge. 

In short, the two case studies are both focused on Materials Libraries containing new 
materials from waste for 3D printing. For this reason, the selected process parameters are 
similar, resulting in similar sample categories. The same taxonomic model was mainly used, 
and the second case study represents the refinement of the taxonomy used in the first one. 
Similarly, the second case study can be considered a step ahead in terms of possible uses of 
the materials library, introducing the concept of replication and structured hands-on activities. 
To this end, the concept of guided practical experimentations emerged after the development 
of the FiberEUse project Library as a possible implementation of the experiential tool. 
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Consequently, the second case study considered this aspect during the development of the 
second library. 

FiberEUse project Library: Materials and Product Library System 

The first case study comes from the Horizon 2020 EU Project FiberEUse. It mainly focused 
on recycling and reusing glass and carbon fibers from waste, especially from products at 
their end-of-life, i.e., wind turbine blades, construction structures, and technical components 
from aerospace. The project aimed to integrate new solutions based on recycling and reuse, 
developing new materials and products by linking research and practical contexts, i.e., 
industrial partners and designers. 

This project resulted in several exploitations dealing with emerging materials and 
technologies within different application fields, i.e., furniture, sport, and automotive. To better 
spread their knowledge and foster new practical collaborations, a Materials Library has been 
designed to include all the solutions from the project. In detail, the original concept of 
materials libraries has been reconsidered, defining a new experiential tool that includes a 
physical and virtual experience with materials and products (Romani et al., 2022). This tool, a 
“materials and product library system,” aims to collect materials samples and new products, 
applications, and other non-textual content. The system comprises two parts: the Physical 
Library, focused on tangible use, and the Virtual Library, linked to the virtual fruition. Flat 
samples, product cut-offs, photos, renderings, and technical data can be used and 
experienced throughout the whole design process, making more accessible the knowledge 
related to these emerging materials and technologies. After a demo showcased at Milan 
Design Week 2021, the system has been released for consulting. The physical part is freely 
accessible on request, whereas the website (anonymized website) includes the virtual part. 

This case study mainly considers the Physical Library, which is divided into two parts: the 
Physical Materials Library (Fig. 2a) with flat material samples and the Physical Product 
Library (Fig. 2b). This last part represents the focus of the experiential knowledge transfer 
thanks to physical cut-offs or parts of the main products developed during FiberEUse. The 
taxonomy of the Physical Product Library was designed to create different three-dimensional 
structures, one for each combination of material and manufacturing technology, where each 
sample is defined with a coordinate system and a position. This four-variable spatial 
taxonomy allows linking a set of variables, i.e., finishing, shape complexity, and process 
parameters, to a specific spatial position, facilitating comparisons and assessment amongst 
different parts (Romani et al., 2022). 
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Figure 2: Insight of the Physical Library (Materials and Product Library System) from FiberEUse project: (a) flat samples 
from the Physical Materials Library; (b) one of the tetrahedral structures of the Physical Product Library. 

RepMat Library: Open Source Materials Library System 

The second case study is part of RepMat (Replicating Materials Library), an ongoing work 
focused on new materials, applications, and strategies to implement new circular practices 
starting from waste-based polymers and biomass. This project originates from the 
collaboration with local partners, i.e., design studios and maker spaces, aiming to understand 
the interaction with emerging materials and technologies within the distributed networks of 
local communities from the Maker culture (Camburn & Wood, 2018; Haldrup et al., 2018; 
Rayna & Striukova, 2021). 

The project's name, RepMat, is explicitly inspired by the RepRap project (Replicating Rapid 
prototyper: https://reprap.org/wiki/RepRap), the first project aiming to develop a self-
replicable Open-Source low-cost 3D printer in 2005. As for the previous case study, this 
project explores different applications, i.e., furniture, sport, and healthcare. The 
experimentations have focused on polymer waste from industrial processes and post-
consumer goods, i.e., 3D printed scraps, and biomass from the agro-industrial sector, such 
as hemp hurd. Considering the framework of this project, a more accessible Materials Library 
is being developed to allow the free use and replication of the system amongst distributed 
networks of local communities, such as makerspaces. The previous concept of “materials 
and product library system” has been modified to define an open source system to be freely 
replicated, modified, and even improved by the users, allowing distributed collaborations. 
Also in this case, the tool will collect different physical and virtual contents, sharing local 
experimentations and good practices in a distributed virtual environment. This system will be 
freely released, as well as the materials to allow its replication.  

The organizational structure is comparable to the FiberEUse project Library described in the 
previous sub-section, although its use is meant to give more freedom to the user. In this 
case, the generative path of the library structure is part of the knowledge transfer that the 
users can experience through RepMat since it encourages them to directly tinker and 
experiment with emerging materials and technologies. The Physical Materials Library (Fig. 
3a) and the Physical Product Library (Fig. 3b) are therefore meant as practical 
experimentations rather than just collections of samples. The RepMat Library uses the same 
taxonomy as the FiberEUse project Library and encourages the user to interact with it by 

https://reprap.org/wiki/RepRap
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choosing the possible variables to be compared. 
 

  
Figure 3: Insights from the open source Materials Library system of RepMat: (a) flat samples from the Physical Materials 
Library; (b) some physical 3D printed product cut-offs of the Physical Product Library. 

Prototypes and experiential knowledge 

According to the analysis of the different prototypes used during the development of the two 
libraries, prototypes may assume different meanings and functions in designing knowledge 
transfer, especially when dealing with experiential knowledge and new tools. Depending on 
the phase of the design process of the library (Fig. 1), prototypes can give different 
contributions in shaping their structure, interactions, and uses. As shown in Fig.4, four 
different roles of prototypes are outlined in the following sub-sections, thanks to the analysis 
of the prototypes used in the two case studies. In detail, prototyping helps in: (i) generating 
and detecting the experiential knowledge; (ii) categorizing and defining the taxonomy; (iii) 
testing the experiential knowledge transfer; and (iv) speculating on new ways of using 
Materials Libraries.  

 

 
Figure 4: Contribution of prototyping in developing new Materials Libraries and their experiential knowledge transfer 
linked to the specific development phases. 
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Generating and detecting the experiential knowledge 

The first step in developing a Materials Library aims to understand and select which 
knowledge should be transferred through the new tool. For emerging materials and 
technologies, it also means beginning the generative path to give them concreteness. At this 
starting point, tinkering with the materials and technology allows building this experiential 
knowledge through practical experimentations, directly experiencing them in the physical 
world (Fig. 4, Phase A). 

Prototypes are, therefore, explorative media that usually do not even appear in the final 
version of the Materials Library, as for the two case studies (Fig. 5). They aim to 
progressively define the kind of knowledge to be transferred, encouraging re-iterations during 
the experimentation. This means trying different material formulations and tuning the 
processing parameters, both in a structured or non-structured way. Prototypes can represent 
failures and good results, as both options help understand what needs further investigation. 
They also contribute to making tangible the tacit knowledge behind these experimentations, 
including unexpected results from the setup. During this process, the researcher also 
intertwines their learning process as the first-person actor of the experimentation. This 
aspect includes dealing with first practical problems and troubleshooting and is strictly linked 
to the skills of the user behind the experimentation, showing similarities with the concept of 
digital craftsmanship. Experiencing this crafting path with materials and technology helps 
detect the tacit contents to be considered during the design process of a Materials Library. 

Prototypes contribute to building new knowledge (knowledge building) at this stage. They 
make tangible these first experimentations, including the troubles, successes, and 
intermediate results of the iterative tinkering activity. They support knowledge building 
through tangible experimentations, acting as physical and concrete mediators of this iterative 
process. 

 

  
Figure 5: Preliminary prototypes during the tinkering phase with materials and technologies: (a) FiberEUse project 
Library and (b) RepMat Library case studies. 
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Categorizing and defining the taxonomy 

The second step implies rationalizing and organizing the knowledge to be transferred 
through the new Materials Library. In this case, the selected knowledge should be 
categorized according to some meaningful criteria, leading to the definition of a taxonomy 
before designing the physical structure (Fig. 4, Phases B and C). 

Prototypes are used to define possible classifications by combining them in multiple ways, 
following different criteria for the organization of experiential knowledge. This second 
approach in prototyping leads to producing some intermediate prototypes or even the final 
samples showcased in the Materials Library (Fig. 6). They aim to help find some 
classification criteria by interacting with them. The samples are directly experienced to 
assess their non-quantifiable aspects, i.e., expressive-sensorial qualities. They can also be 
used to design and try different taxonomies creating spatial structures to be replicated in the 
structure of the Materials Library, i.e., matrixes of samples. These interactions help in finding 
the criteria of the taxonomy and trying to rationalize their fruition. In this case, the different 
alternatives should be tracked to compare them and select the one that better matches the 
objectives of the new Materials Library. The researcher can use the experience from the 
previous tinkering phase to foresee some possible taxonomies, which would be validated or 
not by producing the prototypes. Experiencing this rationalizing path allows us to organize 
the tacit contents to be transferred with a Materials Library. 

Prototypes contribute to this step in organizing new knowledge (knowledge categorization). 
Prototypes make tangible the classification criteria in the physical world. They help in 
categorizing new knowledge through modifiable tangible combinations by spatially visualizing 
the taxonomy. 

  
Figure 6: Fabrication of some intermediate prototypes to categorize the materials and process parameters: (a) 
FiberEUse project Library and (b) RepMat Library case studies. 

Testing the experiential knowledge transfer 

The third step focuses on designing the library's structure and its use to transfer new 
knowledge, influencing the experience of potential users with the samples. Developing and 
testing the physical configuration of the tool also means defining the interactions between the 
users and the contents (Fig. 4, Phases D and E).  
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Prototypes help in defining the final layout of the experiential tool. On the one hand, they can 
be details for testing a specific aspect of the Materials Library, i.e., the fruition of a specific 
textual or non-textual content. On the other hand, they may be rough versions of the whole 
product, aiming to refine it by testing it in the real world (Fig. 7). Their goal is to refine the 
Materials Library by considering it as a product to be developed and tested as in the design 
practice and industrial contexts. Hence, their use is strictly linked to the assessment and test 
of the provisional configurations of the library, improving the layout until reaching the final 
design. Tests may lead to a better understanding of how experiential knowledge is 
transferred, and iterations help refine this crucial aspect, especially by involving users in this 
path. The previous tinkering and categorizing experience of the researcher contributes to 
assessing the usability of the tool, making changes to improve the learning experience, and 
re-iterating tests. Experiencing this testing path improves the fruition of tacit content and 
knowledge transfer. 

Within this step, prototypes contribute to refining the way to experience new knowledge 
(knowledge experience). They help test plausible interactions designed during the 
development of the Materials Library by trying and validating them. In addition, prototypes 
help in experiencing knowledge transfer through incremental configurations of the tool, 
refining its final design. 

 

  
Figure 7: First prototypes of the Materials Libraries and their fruition to evaluate the knowledge transfer and user 
interaction: (a) FiberEUse project Library and (b) RepMat Library case studies. 

Speculating on new ways of using Materials Libraries 

A further step may be considered in developing new Materials Libraries, especially after the 
second case study. When dealing with emerging materials and technologies, the release of 
the library means starting a continuous process of modification and redefinition of the tool 
itself, according to the adaptive nature of the topic. This perspective leads to possible 
speculative reflections on different aspects, such as implementing new materials, 
technologies, and applications or envisioning new possible ways of developing and using the 
tool (Fig. 4, Phase F). 

The final design of the tool can be seen not only as a prototype to be further refined and 
updated but even a provotype, a provocative prototype, to encourage participative work and 



 

408 
 

hands-on activities (Boer & Donovan, 2012). As a provotype, the RepMat Library may foster 
critical reflections and collaborative ideation, engaging the users in a wider experiential path. 
The free replication of the library in distributed networks of local communities encourages the 
users to participate in knowledge sharing and democratizing experimental activities. Users 
can experience the creation of a Materials Library by replicating its structure and prototypes, 
trying a deeper kind of experiential knowledge transfer through practical engagement. 
Meanwhile, users are also participating in a collaborative process of knowledge building, 
making their experimentations with emerging materials and technologies tangible, generating 
new experiential knowledge to be shared and added. Experiencing this speculative path 
fosters the development of new tacit contents to be shared and new engaging paths in 
transferring experiential knowledge. 

Finally, prototypes contribute to sharing new knowledge and speculative reflections 
(knowledge sharing), provoking new experimentations and replications. They help share new 
knowledge through replicable experiential tools, implementing and modifying them through 
distributed collaboration. 

Conclusions 

This work focused on the role of physical prototypes in designing new Materials Libraries to 
foster the experiential knowledge transfer linked to emerging materials and technologies. The 
different contributions of prototypes throughout the design process were investigated using a 
reflective practice approach on two selected practical case studies, the FiberEUse project 
Library and the RepMat Library. 

Four different roles of prototypes were defined through this analysis. Prototyping contributes 
to (i) generating and detecting the experiential knowledge to be transferred through iterative 
tinkering activities (knowledge building); (ii) categorizing and defining the taxonomy of the 
Materials Library through spatial visualizations (knowledge categorization); (iii) testing the 
experiential knowledge transfer through concrete interactions in the real world (knowledge 
experience); and (iv) speculating on new possible ways of developing and using Materials 
Libraries through collaborative glocal actions (knowledge sharing). 

Additional practical case studies should be considered to investigate further prototypes' roles 
in transferring new experiential knowledge. The analysis should also be performed by 
widening the perspective and considering different experiential tools, contexts, and users, 
i.e., non-designers. Nevertheless, prototypes represent a meaningful physical learning 
medium to tinker with materials or refine the configuration of the Materials Library and to 
conceive new ways of using these tools, fostering glocal collaborations to spread and build 
new experiential knowledge. 
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Abstract  
Heritage arts and crafts are vital to a nation as they are an artistic expression of its cultural connotations as 
well as a reflection of its historical development. They are visual communication tools utilised to present 
and sustain the cultural characteristics and artistic traditions of a particular region. Many of these skills, 
however, are on the verge of extinction. According to the research published by the Heritage Craft 
Association [HCA] in May 2021, the total number of ‘endangered’ crafts increased to seventy-four, along 
with an additional twenty new ‘critically endangered’ crafts added between March 2019 and May 2021. 
Finding solutions or strategies to slow down the pace of extinction has become increasingly critical for all 
heritage crafts. 
This paper considers some of the contextual and methodological issues of a practice-based doctoral 
research project that focuses on modern technologies and the endangered textile crafts and the culture 
associated with minority ethnic groups in China. The main objective of this research is to add a new 
dimension to traditional crafts by integrating new technologies such as electronic textiles to rejuvenate 
them. This paper explores the translation of aspects of traditional crafts into contemporary textiles through 
processes of replicating and prototyping. This strategy, based on the communication of textile knowledge is 
distinct from other approaches such as the use of handcraft techniques in haute couture or luxury product 
lines, it seeks to revitalise crafts by employing an unlearning process and acknowledging experiential 
knowledge through iterative, hands-on textile prototyping processes to create more contemporary modes of 
textile expression, rather than product applications. 
A selection of prototypes, including experiments with traditional weaving and embroidery techniques, as 
well as the use of these techniques in developing e-textile experiments, will be discussed. This practice-
driven research encourages creative risk-taking, happy accidents, and improvisation by experimenting with 
traditional stitch structures, ancient and new yarns and unfamiliar e-textile components and processes. This 
paper reflects on diverse prototyping processes and shares insights from a collaborative process with 
experts from various disciplines. It explores how modern technologies, contemporary materials, and 
traditional handicraft processes can be cohesively combined to produce interactive e-textile narratives 
through material understanding and making processes. 

 

Heritage crafts, Experiential knowledge, Prototyping, Unlearning, Interactive e-textile, Narratives 

 

Global production systems and the digital revolution have accelerated the abandonment of 
many practices including traditional craft and their associated skills, artifacts, and tools.  
Heritage crafts have served important purposes to societies and individuals in the past. They 
were the objects in which we stored memories, commemorated significant life events, or 
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demonstrated identities.  However, people continue to seek aesthetic gratification, community 
and meaning. This paper explores ways culture and memories can be embodied as narrative 
into new interactive textiles, offering additional meaning, relevance and value to the textiles. 
To achieve this, a process of learning and replicating was initiated. This included sourcing 
textile samples, copying, practicing and experimenting with traditional embroidery and weaving 
techniques from books or online.  The project has also involved experimentation with a wide 
range of conductive materials and consultation with multidisciplinary experts. The processes 
and methods of prototyping and un-learning (Marr & Hoyes, 2016) have contributed to the 
development of new perspectives, a broadening of cross-disciplinary and cross-cultural 
understandings, and an exploration and focusing of a design research topic.   

 

Background  
Daniel Carpenter of the Heritage Crafts Association (HCA) notes that the disappearance of 
heritage crafts is not only a loss of beautifully handmade objects but also the stories behind 
each craft and the tradition that once helped shape the people and history (Carpenter in 
Madden, 2020). A sizable percentage of the world’s population are living a faster-paced, life of 
mass consumption while the value and sense of satisfaction in taking time to create has 
diminished in importance. While awareness of heritage crafts has been better promoted in 
recent years, and governments are also working on strategies to create economic value by 
utilising such intangible heritage (Yang, Shafi, Song, & Yang, 2018), the enormous impact that 
colonisation, industrialisation and globalisation has brought to traditional cultures and their 
handicrafts has been immeasurable. The rapid development of new production technologies 
has further accelerated the demise of heritage crafts. Prior to industrialisation, most products 
were handcrafted by artisans in small workshops or at home. Expertise for each technique was 
accumulated through generations. Artisans spent years honing their skills before passing them 
on to descendants. This cycle is being discontinued as descendants loose interest in 
continuing the tradition, or cannot make a living doing so (HCA, 2017). As existing artisans 
become older and without successors, we lose more of our past and cultural heritage.  

The research documented in this paper engages with traditional textile crafts of minority Ethnic 
groups in Southern China. Their location in remote areas and localised economies, has meant 
the clothing culture of Chinese ethnic minorities has been well preserved as they were less 
affected by mainstream society and external cultures. Most of these ethnic minorities didn’t 
have writing systems or existing characters suitable for their own languages. In order to 
preserve their own history without written records, messages were embedded into their textiles 
along with the method of ‘jiang gu’ (verbally transmitted legends), as a dual assurance to pass 
on customs or knowledge to descendants. These messages or memories turned their 
costumes into carriers of traditional culture (Shijie, 2018).  

Several examples that demonstrate this aspect were identified in this study, namely heritage 
textiles from the ethnic minority groups known as the Miao and Yao. The Lanjuan dress from 
the Miao, an indigenous group living in the south and southwest areas of China, is a skirt 
decorated with migration pattern in the Guizhou area and white lantern pants from Baiku Yao, 
demonstrate how storytelling has been used in the context of minority cultures. Legend 
suggests that Lan Juan was a female leader and heroine of the ‘Miao’ group. For the purpose 
of escaping advanced enemies, she led her compatriots to the south. In order to record the 
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journey of the southward migration, Lan Juan created a method of utilising-coloured threads 
to mark different landmarks they encountered along the way on her clothes. For example, 
when they departed from the Yellow River, Lan Juan sewed a line of yellow thread on her left 
sleeve; when crossing the Yangtze River, she embroidered a blue thread on her right sleeve; 
when crossing the Dongting Lake, she embroidered a lake-like pattern on her chest. Since 
then, every time Lan Juan crossed a river or mountain, she would record the experience on 
her dress. At the end of the journey, her dress was covered with densely embroidered intricate 
patterns from neckline to the hem. According to the marks Lan Juan remembered, she later 
created an exquisite wedding dress with a variety of different coloured threads and meaningful 
symbols for her daughter. This wedding dress is named after her and has become a lasting 
memorial of the remarkable leader. Nowadays, the wedding dress for a traditional bride is 
similarly decorated as the ancient Lanjaun dress which is a way of honoring the heritage 
(Ronghui, 2007). Minority groups in China used craft techniques to record ethnic culture and 
to journal history. 

The diminishing standing of traditional crafts illustrates the need for more research in this field, 
to discover viable methods to bring new vitality to this heritage. This paper discusses work in 
progress presented through prototypes, including embroidery and weaving samples. By 
revisiting traditional textiles and surface embellishment techniques, the replication method 
focuses on learning and identifying aspects of the tradition that can be carried forward into the 
present. The prototyping method aims to examine potential ways of incorporating new 
elements into traditional approaches. An unlearning strategy (Marr & Hoyes, 2016) is 
employed to assist the researcher to engage more with the prototyping processes rather than 
a set-end product. It highlights the discovery of new perspectives and happy accidents by 
embracing uncertainty and encouraging creative risk-taking during the prototyping process. 

 

Methodology 
Replication  
Replication is a method of reproducing an item, technique, or knowledge by employing tools, 
materials and conditions that are sufficiently identical (Peels, 2019). It is also a procedure to 
validate findings by repeating the same process (Plucker & Makel, 2021). By combining 
customary knowledge and practical experience, it is also a valuable technique used in fields 
like archaeology to recover or recreate long-lost techniques or textiles (McKendry, 2019).  

Replication, in this research, is a strategy used to assist the researcher in understanding 
techniques and, above all, in establishing a connection with the past. The process of copying 
and replicating these processes connects the researcher/maker to a time when craft skills were 
needed for survival and textiles were both a significant investment of human labour and a piece 
of precious memory. This learning by-doing and making approach is acknowledged and 
promoted by craft educators (Niranen, 2021). 

 

The Un-learning Strategy 

Replication and continuity are critical to the practice and sustainability of traditional craft. They 
have been vital not only in understanding technique, but in understanding deeper cultural 
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contexts and values. Processes of replication were the first step in understanding and 
practicing traditional craft techniques. However, in order to develop new potentials and 
awareness of these traditional crafts, the project needed to move beyond replication. The 
concept of unlearning (Salustri & Rogers) was introduced as a way to go beyond the habitual:  

Once we have learned to do something in a certain way, we will tend to do that thing the 
same way forever, or until a ‘better’ way presents itself (and sometimes, not even then). In 
this way, we will tend to not try other ways to do a thing because we have learned one way 
of doing it (2008, p. 7).  

This research employs a risk-taking approach by merging an open-ended, process-led 
research method with an ‘unlearning’ strategy of consciously exploring material boundaries 
and experimenting beyond the unknown. ‘Unlearning’ is a course of action which offers 
opportunity to acquire new perspectives and create new hybrid practices through ‘un-learning’ 
established parameters and laying existing assumption aside (Marr & Hoyes, 2016). It 
concentrates on the actual process rather than a preconceived outcome. Due to the uncertain 
and risky nature of this method, the end results of each research cycle could be valuable 
setbacks, happy accidents or total failure and shift in direction (Marr & Hoyes, 2016). By 
embracing uncertainty, the researcher was encouraged to engage more with process rather 
than preconceived or expected end results.  This hands-on experiential learning process 
enables the researcher to identify intricate knowledge and acquire new perspectives through 
textile experimentation. 

Toiles as Prototypes 
A sample is a product which represents a group or batch of products, in order to assess their 
quality, style or design (Sayed, n.d.). A textile sample is a piece of fabric designed to 
demonstrate a larger whole. In this project sampling is used as a design strategy in conjunction 
with replication as methods of prototyping. In fashion design, a garment sample is commonly 
known as a toile, and the process of making the sample is referred to as toiling (Tokens, 2020). 
The term prototype is used in various industries, such as product design, and engineering 
design. The production of samples and toiles in fashion and textile design are also forms of 
prototyping. 

Prototyping is a design process of creating multiple artefacts in order to swiftly test or develop 
ideas before the final product is manufactured (McElroy, 2017). This method can be used at 
various stages of the design process. In the early concept stage, it can be used as a tool to 
experiment or explore ideas (concept prototypes); or to identify problems or refine ideas at 
later development stages (proof of concept prototypes); it can also be employed to 
communicate and sell a product to a client at the final stage (working prototypes). Depending 
on the project requirement, prototypes can be constructed at various scales, in two or three 
dimensions, and with low or high fidelity (Valentine, 2013).  

This research has employed the term sample or sampling method for any two-dimensional 
textile prototypes created in the early stage of the project to eliminating terminological 
ambiguity. Samples in the form of smart garments (toile) or e-textile experiments are referred 
to as prototypes. 

Prototyping methods are employed in conjunction with an action research framework 
throughout this research. The process unfolds in iterative cycles of making, testing, and 
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reflecting. Making is the process of transforming ideas into tangible form. Testing is a crucial 
step to determine the future scenario of use. Reflection takes place throughout the process 
(reflection in action) and is also an important final step to consider and critique the viability of 
the prototype (reflection on action), (Schon, 2006). 

E-textiles  

Textiles have surrounded people across different cultures and historical periods. Most 
traditional textile narratives are expressed through motif, but textile expression also uses 
sensory or embodied experience to enhance or perform aspects of the narrative. Through 
vision, touch or gesture, textiles can be used to evoke emotions or memories.  

E-textiles is an emerging field that allows electronic components like batteries, lights, sensors, 
and microcontrollers to be embedded in textiles. E-textiles are included in various-categories 
such as wearables and smart clothes. They are incorporated into forms such as garments, 
accessories or furnishings to provide additional functionality such as sensing analysing, and 
transmitting relevant and appropriate information, services and resources (Seneviratne, 2020). 
They are often integral to the wearer. 

Beyond functional applications, e-textiles are also being explored as an artistic medium or form 
of communication. Examples include: The Interactive Pillow project (Enervi, Redstrom, 
Redstrom and Worbin, 2005), which consists of two pillows, each in a different location, that 
are designed to connect and light up when one of them is hugged. The 3D Printed Conductive 
Sequins project (Ma and Yamaoka, 2022) is inspired by the traditional craft of sequin 
embroidery. When a force, such touch or press, is applied to the sequins, the circuit generates 
a signal that is sent to a computer. They also function as motion sensors, responding to body 
movement and posture detection. These projects have brought valuable insights to this 
research because they have used prototyping processes to develop interactive textiles that 
react or respond to human engagement to enhance textile communication. 

An important material associated with e-textiles is conductive thread. It is often made from 
silver or stainless-steel fibre and utilised for sewing or weaving connections between electronic 
components. Copper tape and tin sheet, seen in traditional ethnic Chinese textiles, were used 
in initial replicated samples. However, their conductive properties were identified during later 
prototype stages, and both were used as alternative conductive materials. Metallic threads and 
metal beads were also explored in combination with conductive threads and traditional 
materials. A list of e-textile materials is included here to explain the components used during 
the prototyping process. 
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Figure 1: Wang, L. (2022). Conductive components  

 

The structure or pattern of a textile also played a significant part in the prototyping process as 
it affects the behavior and thus the electronic characteristics of a textile. Before starting the 
actual making process, consideration and planning must be given to where electronic 
components can best be placed and ensuring that the positive and negative traces do not 
cross over at any point. In terms of weaving, different types of conductive yarns and patterns 
were tested first in order to understand the behaviors and electronic characteristics of the 
textile.  

Textiles are highly expressive materials that can elicit emotions or memories through vision 
and touch (Davis, 2017). Creating interfaces for people to capture or receive information in 
ways that engage other senses can be culturally embedded in textiles (Davis, 2019). Initial 
experiments revealed the possibility of textile expression through technique by utilising 
traditional techniques and the inherent expressive ability of textiles in combination with new 
materials and the interactive potential of e-textiles. This project explores new possibilities for 
traditional craft through making, with an emphasis on interactive and story-telling textiles. 
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Traditional Techniques 
Embroidery and weaving are ancient arts that span many cultures. A key distinction between 
these textile methods is that weaving produces a textile, allowing for the inclusion of different 
materials within the fabric construction, while embroidery is like a form of applique that is 
attached to a textile's surface. The following overview of two traditional techniques - tin 
embroidery and weaving/embroidery combined stitching – introduces forms that were identified 
through the making process of this research as having potential for e-textile application. This 
potential is linked to the materials used and the spatial configuration of the yarn in or on the 
textile.  

 

Tin Embroidery 

Tin embroidery is a technique of the Miao people which uses the metal ‘tin’ as an additional 
‘thread’ in their complex embroidery patterns, utilising both regular embroidery threads and tin 
strips. The normal threads form a stitched foundation on the cloth, and tin is then applied as a 
unique type of decorative technique on top of a stitched pattern to emphasise the main design 
and also add a rich gloss to the textile (figure 2). 

 
Figure 2: Banfudehuajiushu. (2016). Tin embroidery  
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The embroidery patterns used by the Miao people originated from and have been passed down 
using paper cutting techniques. However, artisans from Liufu Miao in Guizhou province of 
China recorded their pattern in a different way where each family had their own master pattern 
moulds, also known as ‘mother patterns’ (Ying, 2016). This is an indispensable tool for younger 
generations to learn the skill which has always been regarded as a family heirloom passed on 
from generation to generation, normally between mother and daughter or daughter-in-law.  

In addition, the Miao people believe silver holds special social and cultural connotations. It is 
closely associated with the religious martial arts and historical migration of the Miao people 
(Ying, 2016). For the Miao people in Jianhe, costumes made using tin embroidery were a 
symbolic, non-verbal way of recording and communicating their own unique social and 
historical situation and a tool to define their identity, taste and temperament. Liufu Miao utilises 
these special embroidery patterns as the main carrier to generate and express specific 
meaning in different circumstances. These symbols can be decoded by locals using their own 
rules.  

 

Figure 3: Banfudehuajiushu. (2016). Embroidery creation by a Miao artisan 

 

Weaving and Embroidery Combined Stitching  
Two forms of weaving and embroidery combined stitching were of particular interest. The first 
type applies needlework on top of a semi-finished patterned handwoven fabric, comparable to 
modern cross stitching. When experienced artisans weave the base pattern into the cloth, they 
attempt to replicate the texture of the embroidery to make the combination look more seamless. 
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Figure 4: Torimaru, T. (2018). One Needle, One Thread  

 

 
Figure 5: Torimaru, T. (2018). One Needle, One Thread 

 

The second form of weaving and embroidery combined stitching uses strings of embroidery 
thread or strips of tinfoil as warp, another group of embroidery threads as weft and the needle 
as the shuttle (Torimaru, 2018). The artisan must first set up and secure the warp threads 
before using the needle to shuttle through them to create the pattern based on the chosen 
design. The process of weaving is cleverly combined with embroidery in this technique and the 
resulting textile is extremely detailed and intricate (figures 4 and 5). This is a hand-held 
weaving technique that is impossible to produce with a traditional handloom. Miao artisans 
make significant use of this technique with tinfoil as binding fabric to decorate the raw edges 
of their costumes.  
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Both types of weaving and embroidery combined stitching, along with tin embroidery are 
methods that are further explored in this research. Reviewing these processes enabled a 
deeper understanding of the fundamentals and theory of the stitching, which aided subsequent 
stages of research through the making process. 

 

The Prototyping Process 
This section discusses four key stages of the prototyping process – replication, textile exploration, 
e-textile prototyping and reflection (figure 6). It begins with the initial process of learning and 
practicing selected techniques, then progresses to a series of experiments with different machinery, 
modern materials and embroidery/weaving structures. This is followed by the development of e-
textile prototypes and concludes with the refection stage to determine the next course of actions. 

 
Figure 6: Wang, L. (2022). The prototyping process 

 

Initial Stage – Replication  
The replication method has been a crucial part of the research as a learning process to 
comprehend and practice the selected skills before the project moved to exploring the potential 
for transformation into modern forms. There are two types of replications used in this project: 
1. Re-creating the technique as closely as possible using similar equipment and materials, and 
2. Re-creation using modern materials or technologies. 

Figures 7 and 8 below show examples of the first type of replication. They are the first set of 
prototypes created by the researcher using readily available materials to learn technique. It is 
not a straightforward experience to replicate these traditional skills because there is limited 
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information online or in books to immediately understand the techniques. All the knowledge to 
replicate the textile comes from a combination of prior experience as well as sourcing online 
photos and documentary videos. The process of replicating these techniques was not only 
informative in understanding how the structure functions, but it also provided an appreciation 
for the significance of material preparation and the amount of practice required to achieve the 
desired result.  

  
Figure 7: Wang, L. (2021). Traditional Weaving stitching A 

Figure 8: Wang, L. (2021). Traditional Tin Embroidery (Based on Miao techniques) 

 

After gaining a basic understanding of the skills, samples were developed employing modern 
machinery and materials. The sample in figure 9, shows first attempts using a more 
contemporary approach towards traditional weaving/stitching. Experimentation with the same 
method using a continuous conductive copper strip on a TC2 digital weaving loom involved 
several different weaving structures. These included plain weave, basket weave, and twill 
weave.  Figure 10 shows an experiment involving a more complex weaving stitch structure 
using conductive threads. Since conductivity is a crucial component of smart textiles, new 
embroidery structures were first prototyped by hand before transferring them to the digital loom 
to save time and material and build knowledge through processes of making. Having 
embroidered and woven multiple samples, with many mistakes, a more nuanced 
understanding of both traditional skills and e-textiles was gained. These experiences and 
insights contributed greatly to the next phases of the research.   
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Figure 9: Wang, L. (2021).  Weaving TC2 Loom Sample A 

Figure 10: Wang, L. (2021). Experiment with weaving stitching K 

 
Textile Exploration – Weaving 

 
Figure 11: Wang, L. (2022). Experiment on a desk loom 

After the initial replication and learning processes, a series of woven samples were produced 
to test out different machinery (figure 11), yarns and weaving structures. Samples were made 
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using ultraviolet (UV) reactive colour-changing yarn, temperature-sensitive colour-changing 
yarn, glow in the dark yarn and a variety of conductive yarns (figure 12-15). The procedure 
was intended to assist the researcher in better understanding the materials and tools and to   
explore the potential of converting them into interactive textiles through the making process. 

 
Figure 12: Wang, L. (2021). Weaving TC2 Loom Sample B (Left) – conductive yarn with twill weave  

Figure 13: Wang, L. (2021). Weaving TC2 Loom Sample C (Right) – conductive yarn with satin, twill and satin weaves 

 

Conductive yarns and fibers are available in a variety of textures, hardness’s and conductivity 
levels. In general, conductive yarns are frequently made with conductivities that range from 
5Ω/m to several kΩ/m (Gottlieb, 2015). To achieve the best electrical properties, they are 
produced entirely or partially of metallic fibres with stainless steel being the most commonly 
used material (Tong, 2018). The simplest approach to incorporate these yarns into a fabric is 
to weave them as a warp or a weft, however, they are generally not insulated (Turner, Salleo, 
& Parlak, 2020). Project Jacquard by Google's Advanced Technologies and Products team 
(ATAP), which incorporates electronics into garments by weaving with conductive yarns and 
threads (Guler, Gannon, & Sicchio, 2016) is a relevant example using such techniques. 

Different types of conductive yarns were used in combination with various weaving structures 
to test out potentials. The stiffer outcomes feel more metallic and less like fabric which made 
them ideal for shaping. Soft choices were considerably easier to work with and the result 
resembled more traditional fabric. 

The possibility of weaving cultural motifs using conductive yarn was also explored. Figure 16 
shows some delicate flower patterns from southern minority groups in China. These flower 
patterns are subtle because the yarn used is very thin and the weaving pattern is not dense 
enough. A variety of weaving patterns, including diamond weave, twill weave, and plain weave, 
were tested using UV reactive colour-changing yarn, temperature-sensitive colour-changing 
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yarn, and glow in the dark yarn. Challenges, such as, the need for optimal density of the 
patterns for some yarns to react, the activating temperatures for temperature-sensitive colour-
changing yarn, and the necessity of charging glow in the dark yarn during the day, were all 
valuable discoveries to bring to the next round of prototyping. 

 
Figure 14: Wang, L. (2021). Weaving TC2 Loom Sample E (Left) – UV reactive colour-changing yarn, temperature-sensitive 
colour-changing yarn and glow in the dark yarn  

Figure 15: Wang, L. (2021). Weaving TC2 Loom Sample F (Right) – Dimond weave; UV reactive colour-changing yarn, 
temperature-sensitive colour-changing yarn and glow in the dark yarn 
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Figure 16: Wang, L. (2021). Weaving TC2 Loom Sample G – Flower motif (from the southward minority groups in China) 
with conductive yarn 

 

Textile Exploration - Embroidery 

Embroidery is another technique that was explored extensively in this project. Major areas of 
investigation included traditional embroidery techniques, motifs and an analysis of the material 
and mechanical behavior of specific stitches. Initially, a series of embroidery samples were 
created. The aim of these experiments was to test various weaving stitching combinations in 
order to better understand the structure of the embroidery and how it might be used with 
electronic materials and components. The exploration of different thread options or 
combinations was another objective of this sampling process. The hands-on creation process 
allowed for the acquisition of further experience and understanding. 

 

Weaving stitching was the first embroidery technique learnt during this process. Figures 17 
and 18 are interpretations of three-dimensional weaving stitching. These were new concepts 
that emerged from studying the traditional weaving stitch.  Experimentation also involved the 
use of different types of modern embroidery threads while employing traditional stitching 
structures (figures 19-20). Although working with conductive thread is not difficult, the threads 
can become twisted and tangled together very easily, therefore it is crucial to maintain a short 
thread strand. Metallic embroidery threads are extremely challenging to work with. While they 
have the same feel as working with genuine metal threads, they don’t remain in the anticipated 
position. Glow in the dark, UV reactive colour changing, and temperature sensitive colour-
changing threads perform similarly to metallic threads. Making elaborate patterns using these 
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threads can be very difficult. Through these experiments it was discovered that ambient 
temperature has a big impact on temperature sensitive threads and it can be a challenge to 
maintain the colour. 

 
Figure 17: Wang, L. (2021). Experiment on 3D weaving stitching B (Left) 

Figure 18: Wang, L. (2021). Experiment on 3D weaving stitching D (Right)  

 

 
Figure 19: Wang, L. (2021). Experiment on weaving stitching G (Left) – Gold metallic thread 
Figure 20: Wang, L. (2021). Experiment on weaving stitching I (Right) - temperature-sensitive colour-changing thread and 
glow in the dark thread 

 

E-textile Prototyping 
Tin embroidery prototype 
Prototyping processes were also used to explore the potential of traditional embroidery or 
weaving techniques to produce e-textile systems. The first prototype drew inspiration from tin 
embroidery (figure 21). The sample was made up of an LED light, a battery holder, copper 
strips, conductive thread and regular thread. This prototype relies on decorative copper pieces 
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to establish the electrical connection for the LED circuit. It was anticipated that the LED light 
would turn on as soon as the battery was inserted; however, it became evident that the copper 
pieces were not all sitting flat on the fabric, so some of them were not touching each other. 
Therefore, the circuit only worked when someone interacted with it, for example, by pressing 
the copper pieces or moving the entire piece (figure 22). This is where the unlearning strategy 
resulted in a happy accident whereby the circuit disruption caused by the way the copper 
moved became an opportunity for gestural interaction with the textile to enable the electronic 
response or expression. 

 
Figure 21: Wang, L. (2021). Tin embroidery prototype with LED 

 

 
Figure 22: Wang, L. (2021). Tin embroidery prototype with LED 
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Net Embroidery Stitching Prototype 
The second prototype was inspired by net embroidery stitching (figure 23). Net embroidery is 
a creative and ever-changing stitch. The embroiderer first creates the outline or nets and then 
fills in the pattern inside each net. The most common net structures for this technique are 
triangles, diamond shapes and ball shapes. There are numerous variations and combinations 
available for both the net structure and the design inside the net. For the e-textile prototype 
sample (figure 24), a triangle structure and snowflake design were used. The grey conductive 
threads and the normal, bright orange threads are used to secure and separate certain strings 
of conductive threads to ensure there are no short circuits or crossing threads. The structure 
of this technique is fascinating; almost as if it was designed specifically for producing e-textiles. 
For example, the use of gold metal threads and the use of normal thread in the middle of each 
pattern to separate the metal threads. The use of mathematics in designing the embroidery 
layout and the limitless combination of patterns could enable the creation of larger, more 
complex circuitry. 

 
Figure 23: Nian, B. H. (2017). Traditional Net embroidery stitching 
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Figure 24: Wang, L. (2022). Net embroidery stitching with conductive threads 

 

Metal Bead Prototypes 
The third experiment expended from the tin embroidery prototype, using metal beads, rather 
than metal strip, to connect the circuits (figure 25). The metal beads are stitched together as 
closely as possible and secured with seed stitching on the top of the beads. The beads in the 
centre section were held with regular embroidery thread, while the ones on the sides were 
made with conductive thread. Because of the shape of the beads, it is challenging to keep 
them touching or connecting with each other, no matter how closely they are stitched together. 
This suggested the idea of an interactive embroidery piece that would respond when a force, 
such as pressing or squeezing, was applied to the beads. 

In another prototype using metal beads and conductive yard the conductive thread was used 
to thread the metal beads and also to make the grey embroidered patches placed next to the 
beads. The bead loops randomly touch the grey patch on either side as the fabric moves. 
Figure 27 shows how the top two bead loops touch the left patches while the remaining bead 
loops touch the right side. This interactive embroidery prototype produces a variety of 
combinations that could be used to trigger different e-textile reactions. The potential of using 
the dynamic movement of the textile to generate this e-textile expression as part of a narrative 
was noted and will be further explored and extended through application on different garment 
types and positioning in relation to different parts of the body and associated gestures or 
dynamic movements. 
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Figure 25: Wang, L. (2022). Metal beads with seed stitching  

 

 
Figure 26: Wang, L. (2022). Metal beads prototype four combination one (left) 

Figure 27: Wang, L. (2022). Metal beads prototype four combination two (right) 
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Sensor prototypes 
One e-textile prototype was a bead sliding sensor similar to the Danish Krown Slide-Switch 
(Plusea, n.d.). For this prototype, beads are strung on conductive thread. When the beads 
touch, the electrical contact between the threads is bridged, thus closing the ‘switch’. The same 
theory was applied in the creation of more variations. The prototype in the middle of figure 28 
activates when beads touch either side of the conductive thread. If they are touching, the 
‘switch’ is closed, otherwise, the ‘switch’ is open. The prototype on the right functions the same, 
when beads come into contact with the conductive threads at an angle, the electrical contact 
between the threads and beads is bridged. Figure 29 shows a slightly more complex version 
of the bead sliding sensor. The beads, however, do not slide smoothly due to the texture and 
placement of the blue threads. Once again, it only functions when someone engages with it. 
Tin embroidery was used instead of beads in prototype six in figure 30. This option slides more 
easily than the bead option. 

 

Figure 28: Wang, L. (2022). Metal beads prototype five – slide sensor  
 

 
Figure 29: Wang, L. (2022). Metal beads prototype five – slide sensor (Left) 
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Figure 30: Wang, L. (2022). Tin embroidery prototype six – slide sensor (Right) 

 

The potential of other types of sensors made using traditional techniques was further explored. 
Figure 31 is a touch sensor made with conductive thread and green embroidery threads. It 
works like a switch and operates when the grey section is touched. Figure 32 shows a squeeze 
sensor where weaving stitching has been used to embroider the shell. To achieve a tactile 
squishiness, the sensor is filled with non-conductive stuffing. It functions similarly to a touch 
sensor, except the switch can only be activated when squeezed. 

 
Figure 31: Wang, L. (2022). Weaving embroidery – touch sensor  

Figure 32: Wang, L. (2022). Weaving embroidery – squeeze sensor   

 
Conclusion 
Four primary processes – the replication method, an unlearning strategy, prototyping and 
narrative through interaction – have informed this project. All four approaches are based on 
experiential learning through different forms of engagement with materials and processes. 

Replication is an approach widely used in the transmission of craft-based knowledge. With 
limited available information about traditional skills, this method has been used to analyse and 
reproduce traditional techniques. From an analysis of these samples replicating traditional 
techniques in combination with the use of new materials, in a prototyping process, new 
approaches with potential for developing interactive narratives through e-textiles have been 
identified. 

The researcher started this project from a position of interest in e-textiles and the desire to 
pass on traditional craft knowledge to future generations. A specific form of design output was 
not established at the beginning of this project. The open-ended nature allowed the researcher 
to experiment with a range of processes and ideas. An unlearning strategy is critical to this 
project and was integrated with the prototyping process. By challenging the researcher to think 
outside the box and experiment with new materials and processes, creative risk-taking was 
encouraged. Happy accidents and improvisation emerged from this risk taking. This strategy 
also allowed the researcher to deeply connect to the practice, extending the study in a personal 
sense. By embracing uncertainty and not having a fixed end product, more possibilities and 
potential for invention and innovation were opened up (Marr & Hoyes, 2016).    
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The prototyping process for this project is exploratory. The problem that frames the project is 
a complex cultural one of the loss of craft and the value of textile narratives. There is no simple 
solution for this ‘wicked’ problem (Rittel & Webber, 1973). The experimental prototyping 
process is about taking risks, putting aside existing assumptions, and exploring the unknown 
through making.  

This paper identifies some techniques and opportunities for producing interactive e-textiles 
capable of communicating new narratives through a series of prototyping processes using 
modern technology, contemporary materials and traditional handicraft. The implications of 
interactive narratives are not fully explored in this paper. The potential of moving beyond visual 
narrative communicated through symbolism and motif – a strategy used in traditional textile 
communication – to forms of narrative activation through performative strategies using gesture, 
movement and tactile engagement – suggest new ways of involving people more intimately 
and interactively in understanding and appreciating more contemporary textile expressions.  

Instead of preserving the crafts in their original form, this research attempts to develop a 
creative and meaningful blending of the contemporary and the traditional through a making 
process. This is an ongoing project and the next stage will involve an iterative process of proof-
of-concept prototyping - further exploring interactive narrative, drawing inspiration from current 
prototypes and developing them into smart textile samples or forms. As a practice–based 
inquiry, the final design outcomes have not yet been determined. It may be presented as 
garments, or a collection of working prototypes. The final format of the design artefacts will be 
determined by the behaviour of the textiles, the audience or wearer, and the relationships 
between textile techniques, materials, and new technologies to enable original forms of textile 
expression and narrative transmission. 
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Abstract  
This paper presents an interdisciplinary research project where new material is developed in a 
collaboration between design and materials science. The objective of the Shimmering Wood project is to 
develop a nanocellulose-based structural color and investigate its possibilities in the context of design.  
We present two interconnected design cases that focus on the visual possibilities of the coffee ring effect, 
a feature of nanocellulose-based structural color. The text shows how new knowledge is built through 
design "thinging" – through constructed prototypes, material tinkering, and laboratory experiments. 
 
By analyzing the design "things" we aim to answer these questions: 
 
1. What can interdisciplinary research and iterative knowledge building through design "thinging" look like? 
2. How can design "things" be used in the materials’ development process to imagine and envision a new 
way to use nanocellulose-based structural color? 
 
Prototyping; Structural color; Interdisciplinary research; Nanocellulose; Design 
 
Projects and studies in which design and materials science work together have become 
more common in recent years (e.g., CHEMARTS in the Aalto University, Materials 
Experience Lab in the Delft University of Technology, and the Politecnico di Milano). 
Generally, the motivation for such endeavors arises from the desire to develop new 
environmentally friendly materials and from the fact that designers and material scientists 
often look at materials from slightly different perspectives (Niinimäki et al. 2018). 

According to Karana et al. (2015), the material development process usually focuses on 
developing the materials' functional and technical properties. Niinimäki et al. (2018) have 
also stated that innovations are often born from a science-driven approach. In contrast, the 
other properties of the materials – e.g., social, cultural, sensory, and emotional – get less 
attention, even though they play an important role in how new materials are understood and 
how they succeed commercially (Karana et al. 2015). 

Design is often used to create experiences for existing and commercially available materials 
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(Karana et al. 2015). An emerging way to collaborate between materials science and design 
is aiming to design experiences in connection to materials already in the development stage. 
To help us understand and consider all the nuances we experience when interacting with 
materials, Karana et al. (2008) introduced the concept of materials experience, which refers 
to a comprehensive take on the properties of materials.  

The context of design can be useful for considering the material’s properties as a whole 
since physical products can be seen as mediums in which people interact with materials 
(Karana et al. 2008). Karana et al. (2008) have also noted that the same demands for 
products apply to materials – in order for products to be desired and appreciated, products 
(and the materials they are made of) need to arouse emotional experiences as well as fulfill 
the functional expectations of end users (ibid.). 

Implementing design methods such as constructing prototypes in the material development 
process could open a dialogue about material properties that might be an unconventional 
topic in basic materials science research. Still, those same unconventional properties might 
play a central role in forming the identity of materials and creating a meaningful materials 
experience. Koskinen et al. (2011) state that design deals with things somewhere "halfway 
between people and things”. These "halfways" might be difficult to verbalize, but they are 
related to feelings, images, thoughts, associations, and connections the products and 
materials evoke in the experiencer. Because of their difficult-to-measure form, they may not 
be seen as relevant to serious research topics (Koskinen et al. 2011). However, designers 
are trained to deal with these "halfways" and imagine what could be; working with materials 
which do not exist yet (Niinimäki et al. 2018). 

Collaboration between design and science can help change perspectives, open new views 
into materials, and even be “mind-opening”, as described by one materials scientist in a 
study by Groth et al. (2020): “Accepting disciplinary differences might build a more 
multifaceted picture of our world.” Therefore, new undiscovered material properties or new 
areas of application can be found through interdisciplinary collaboration. Materials have 
qualities that are difficult to measure and therefore difficult to study with the conventional 
methods from natural science, but these qualities might be crucial in understanding different 
materials (for example, what we consider aesthetic, pleasurable, or comfortable). 

In their 2008 article Material Considerations in Product Design: A Survey on Crucial Material 
Aspects Used by Product Designers, Karana et al. divided the properties of materials into 
tangible (measurable properties, such as material strength and weight) and intangible 
(properties that cannot be measured in the same way). They noted that intangible properties 
are often not studied and are not included in reports and material manuals in the same way 
as tangible properties. And yet, those intangible features are crucial for designers in the 
material selection process of product design (Karana et al. 2008). 

As it seems that all the properties of materials are not equally studied and developed in the 
material development process, an interesting question arises: What if the material's 
properties were considered more holistically already at the development phase of the 
material? Our approach to this challenge has been an interdisciplinary collaboration between 
design and materials science. Design methods have been implemented in materials science 
by bringing prototyping and design "thinging" (a term adopted from Koskinen et al. 2011) 
into the material development process alongside basic materials research.  
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Koskinen et al. (2011) discuss design as an act of "thinging". These "things" mean all kinds 
of models, scenarios, and prototypes that are "tools for transforming designers' intuitions, 
hunches, and small discoveries into something that stays – for instance, a prototype, 
product, or system. They provide the means for sketching, analyzing, and clarifying ideas as 
well as for mediating ideas and persuading others". They also argue that these "things" can 
be used as communication tools between different disciplines.  

Design "thinging" – methods such as prototyping, material tinkering, and experimentation –
has been at the center of our interdisciplinary project Shimmering Wood since the beginning 
of the collaboration. These design "things" have provided a medium through which several 
different properties of materials are examined simultaneously instead of focusing on one 
feature and its variations. "Thinging" has been our way of imagining and building the possible 
future of the material, examining its limits and possibilities, and making it visible to third 
parties and ourselves. 

This paper considers the role of design "thinging" in the material development process 
through the Shimmering Wood project. The project investigates nanocellulose-based 
structural color and its possibilities in the context of design. We present two interconnected 
design cases that focus on investigating the visual possibilities of the coffee ring effect – a 
feature of nanocellulose-based structural color. By analyzing laboratory tests, material 
tinkering, and prototypes, we aim to answer the questions: 

4. What can interdisciplinary research and iterative knowledge building through 

design "thinging" look like? 

5. How can design "things" be used in the material development process to 

imagine and envision a new way to use nanocellulose-based structural color? 

Background 

Structural color is a color formation mechanism based on the interaction of light and 
nanosized structures. Nature's examples of structural color include peacock feathers and the 
wings of morpho butterflies (Kinoshita et al. 2008). Biologists and optical physicists have 
studied these colors and the mechanisms underlying color generation (Kinoshita et al. 2008; 
Doucet & Meadows 2009; Parker 1995; Burg & Parnell 2018). Lately, these colors' 
aesthetical and technical properties have also gained more interest in materials science 
(Zhao et al. 2012; Shang et al. 2019). Although nature is a master at creating these color-
producing nanostructures, biomimicry attempts have led to effect color developments that 
utilize the interaction between nanostructures and light. Usually, however, these colors 
require plastic or metal-based materials or contain toxic ingredients (Green et al. 2021). The 
awareness of the harmfulness of different dyes has aroused interest in, for example, the 
structural color derived from nanocellulose. 

Structural Color from Cellulose Nanocrystals 

Structural color can be created with cellulose nanocrystals (CNC) (Schütz et al. 2020). They 
come in the form of aqueous suspensions, where they can self-assemble into a structure that 
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can be preserved by drying the suspension into coatings (Revol et al. 1992). CNCs 
themselves form transparent materials, but the nanostructure they form selectively reflects a 
narrow spectrum of light, giving rise to structural colors. There has been extensive scientific 
interest in CNC-based structural color (Miyagi & Teramoto 2021), but there are still no 
products that utilize this technology commercially. Research of CNC-based structural color 
has mostly focused on potential applications in optical devices such as optical sensors (Zhao 
et al. 2021. Recently, Droguet et al. (2022) explored the potential of manufacturing 
sustainable effect “pigments” from CNCs in a large scale. In addition to the applications 
mentioned above, we believe that CNC structural color could have the potential as an 
environmentally friendly colorant for the design and art field.   

The Coffee Ring Effect 

As the technical applications of CNC-based structural color have been researched and 
developed, the visual and aesthetic aspects of this new colorant have received much less 
attention than the functional and technical ones. CNC-based structural color presents an 
interesting tension between the technical and aesthetic properties of the material. The 
nanostructure that forms the color is sensitive to changes in conditions. Changes in the 
technical properties (for example, increasing the flexibility of the nanocellulose film) may also 
dim or brighten the color produced by the nanostructure or affect the perceived hue and 
texture. The slightest change in the recipe can significantly impact the result. Thus, the 
aesthetic consideration of color cannot be completely separated from the development of the 
technical properties of the material.  

Materials may have properties that seem insignificant for technical applications. However, 
the same properties may be of great visual importance in design. In our recent work 
(Klockars et al. 2019), we explored the coffee ring (CR) effect, a certain property of 
structural color from cellulose nanocrystals. In the coffee ring effect (Deegan et al. 1997), the 
suspension of colloidal particles (in this case, CNCs) dries faster in the edges of a coated 
area. This leads to a thicker coating at the edges than at the center due to capillary flow of 
particles toward the edges. The CR effect created with CNCs leads to inhomogeneous color 
that gradually redshifts towards the edges of the coating (Mu & Gray 2015). For this reason, 
it has been perceived as a burden in materials science. 

The CR effect in CNCs has been traditionally studied using circular coatings (Mu & Gray 
2015; Gencer et al. 2017; Gencer et al. 2018) as this leads to homogeneous CRs that are 
easy to study (Klockars et al. 2019). In this previous work, we suggested using the CR effect 
as a visual tool to emphasize the shape of logos, forms, and patterns. We studied it in more 
arbitrarily shaped coatings, which are more often used in actual designs. The CR effect could 
be discussed as a highlight effect in the design field (Yau et al. 2020). 

In this text, we present how we have investigated the behavior and visual possibilities of the 
CR effect through design "thinging". Compared to the stringent requirements for colors in 
technical applications (like the previously-mentioned optical devices), the requirements are 
more relaxed in a decorative context, and the CR effect can be considered a visual element. 
Since we study coatings of more complex shapes instead of round ones, the term "ring" does 
not describe the effect well. Therefore, we prefer to refer to the effect as the coffee rim 
effect instead, keeping the acronym CR.  
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Methodology 

Research through Design 

This study is a collaborative project between materials science and design with a Research 
through Design (RtD) approach. Materials science practices are part of our research, which 
we complement with design methods. 

Given the iterative and unruly nature of design processes, it is difficult to give general 
guidelines for how RtD should be implemented (Gaver 2012). However, some methods for 
combining materials science and design have been suggested, such as Material Driven 
Design (MDD) by Elvin Karana et al. (2015), from which we have borrowed the term material 
tinkering. The concept of materials experience by Karana et al. (2008) has also been 
essential to our research, since the objective of our interdisciplinary collaboration has been to 
study and develop the features of the material in a more holistic way by considering the 
sensory qualities, meanings of the material, and cultural context alongside the technical 
characteristics.  

The approach for the collaboration has been constructive design research, where 
constructing something (whether a product, system, scenario, or something else), is central 
to the research, and it becomes the key means of constructing knowledge (Koskinen et al. 
2011). The activities related to prototyping that we discuss here as design "thinging" has 
been at the center of understanding the behavior of CNC-based structural color in visual 
design applications. Through laboratory experiments, material tinkering, and prototypes, we 
have gathered knowledge about the behavior of CNC-based structural color. 

Research Design 

This exploratory study is based on two interconnected design cases, in which we explored 
the aesthetic and visual possibilities of the CR effect of CNC-based structural color. The idea 
was to consider how the edge color of the CR could be used as a visual element in a design 
context. We have two focal points in the study: 

1. Describing the interdisciplinary research and the iterative process of 

knowledge-building through prototypes, artifacts, material tinkering, and 

laboratory tests (design “thinging”)  

2. The construction of a new colorant through design “thinging”. The role of 

prototypes, artifacts, material tinkering, and laboratory tests in envisioning a 

new way to use CNC-based structural color in a meaningful way in the context 

of design.  

We first discuss how the study was run by describing the process through design “thinging” 
examples. The design “things” are analyzed and sorted into three groups: laboratory tests, 
material tinkering, and prototypes.  

We will then analyze the groups through general prototyping objectives defined by Camburn 
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et al. (2017): refinement, communication, exploration, and active learning. This 
categorization has laid the groundwork for our data analysis, and therefore, the analysis can 
be defined as applying a deductive approach (Hirsjärvi et al. 2009).  

Objectives of prototyping according to Camburn et al. (2017) are following: 

1. Refinement: “The process of improving the design gradually to validate 

requirements.”  

2. Communication: “The process of sharing information about the design, and its 

potential use within the design team and to users.” 

3. Exploration: “The process of seeking out new design concepts.” 

4. Active learning: “The process of gaining new knowledge about the design space 

or relevant phenomena.” 

Results 

Design Case 1: Pattern Design for a Shoe 

In 2017, we attempted to use the CR effect as a visual feature for the first time. During a 
course at Aalto University, we had a design task to create a shoe prototype containing 
structural colors from CNCs. 

The idea to use the CR effect for the pattern design arose from a mistake. We coated textiles 
with CNCs in the laboratory (figure 1A), and the experiment yielded an unexpected outcome: 
the sample resembled a vague camouflage pattern. This result inspired us to experiment with 
the CR effect (figure 2). Our main idea was to create interesting visual effects by using the 
rim color to our advantage. The result was a camouflage pattern on a shoe (figure 3), where 
we engineered the CR to highlight the shape of the colored area. We produced the pattern 
by combining coated textile pieces with rounded shapes, where the CR behaved in a manner 
we could predict based on the results shown in figures 1 and 2. 

Case 1: Iteration 1 

Figure 1 presents laboratory experiments conducted in the initial phase of the project. We 
explored how CNC-based structural color could be used in a shoe design. At first, we 
attempted to make the material work on a textile surface, and nylon was one of the primary 
focus materials based on previous material experiments (Tardy et al. 2019). We had already 
initially considered the potential of the CR effect as a highlighter of different shapes and as a 
visual effect. However, the subject required more in-depth study and new experiments. 

The laboratory samples in figure 1 show how, due to the CR effect, the CNC-based structural 
color varies towards the edges of the coated area. We studied the visual appearance of the 
color around the edges by preparing coatings with different planar shapes. We examined the 
CR effect by comparing its behavior on sharp and rounded edges and noticed a big contrast. 
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The materials used in the first iteration were nylon, 3D-printed wood and polylactic acid 
(PLA). 

A minimal amount of material was used for each experiment. The CNCs are expensive, 
because the material is still in the development stage. In the first experiments, we didn't know 
if it would be meaningful to prepare larger and more expensive samples, so the experiments 
were conducted using the scale size typical for laboratory work. The laboratory's equipment 
was explicitly designed to examine small batches, not to produce large quantities. 
 

 
Figure 1. Sample A: Textile coated with CNCs that resembled a camouflage pattern. B: CNC on textile (our 
attempt to repeat the previous experiment to create a similar camouflage pattern). C–G: CNC on textile. H–I: CNC 
on 3D-printed wood filament. J: CNC on 3D-printed PLA. Photos H & I: Valeria Azovzkaya 

Case 1: Iteration 2 

With the second round of experiments, we aimed to combine the more freeform approach of 
design with laboratory experiments. We further developed the idea of using the CR effect in 
pattern design and made slightly larger samples (ranging from 5 x 5 cm to 8 x 20 cm). We 
explored different versions of the camouflage pattern by using a 3D-modeling program to 
convert patterns into three-dimensional surfaces. We 3D-printed five reliefs that acted as 
molds for the coating (figure 2: samples A–F). By casting the color on the "peaks and valleys" 
of the reliefs, we observed how the color behaved on different surfaces. 

We simultaneously further explored the camouflage pattern with textile samples. We first 
drew outlines of the pattern with a pencil and tested these pencil & paper models on the 
shoe. Based on these models, we cut nylon and cast the CNC suspension on the pieces in 
the laboratory (figure 2: samples G–H). 

We slightly increased the samples' scale so that the appearance of the material would be 
easier to imagine.  
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Figure 2. Material tinkering with the camouflage pattern. Samples A–E: CNC on 3D -printed PLA, F: CNC on 3D -
printed wood filament, G & H: CNC on textile.  

Case 1: Iteration 3 

Based on the experiments of the previous rounds, we decided to build a prototype using 
hand-drawn and hand-cut textile pieces coated with CNC. 

We designed the prototype to create a strong material experience with as little CNC as 
possible. For the first time, we applied nanocrystals onto a "life-sized" object: a shoe. Seeing 
the material on top of something tangible and real was incredibly motivating to the research 
group.  

The shoe was the first proof-of-concept for us. It showed that it was possible to design a 
pattern using the CR effect and that we could control the visual effect to an extent. It made 
envisioning the future of the material more accessible. The design ideas and hunches came 
into existence in a more concrete way – more people understood our idea and could imagine 
the possibilities of the colorant. 
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Figure 3. Shoe prototype.  

Design Case 2: "CAMO" 

The shoe prototype inspired us to continue designing patterns with the CR effect. We wanted 
to repeat the method in a different medium. We decided to focus on solid materials in the 
following experiments, as we had already noticed that soft materials were very challenging 
base materials for CNC coating due to the fragility of nanocellulose films. While trying 
different material combinations, we noticed that the colorant worked well on wood. Wood 
allowed us to develop a "monomaterial", as CNC in itself is wood based. This also opened 
the possibility of developing an easily recyclable material that does not contain any plastics, 
and we decided to focus on coloring wood with wood. 

In 2020, we explored the CR effect pattern design even further. We participated in the 
Designs For A Cooler Planet exhibition in connection with Helsinki Design Week, and aimed 
to build three wooden wall elements with CNC and wood. One of these artifacts focused 
explicitly on the controlled use of the CR effect in pattern design. This time, we did not have 
an outside brief. We wanted to show our own interpretation of the visual possibilities of the 
colorant. 

In the previous iterations, we noted that round or soft shapes work better than angular or 
sharp ones to achieve controlled patterns utilizing the CR effect. We also noted that the 
pattern design should consider the CNC nanocrystals' drying process to fully emphasize the 
desired shape.  
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Case 2: Iteration 1 

We conducted various experiments to find out which type of wood to use and in which way 
the processed CNCs would produce the most intense colors (or any color at all). Based on 
the tests, we ended up with a few types of wood where the CNC suspension worked 
consistently and produced intense colors. 
 

 
Figure 4. Laboratory experiments with CNC and different wood species.  

Case 2: Iteration 2 

We designed a new camouflage pattern paying extra attention to the roundness of the 
shapes so that the CR effect could reproduce the forms easily. 

We modeled different 3D versions of the pattern with varying sizes and thicknesses and 
CNC-milled these patterns. Based on these experiments, we decided the optimal relief height 
and material combinations. We also calculated the working hours required for coating the 
wood with CNC to help us estimate how large an artifact we could build within the limits of 
the schedule. 
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Figure 5. Samples A & B: Tests with different types of wood and relief heights, C: 3D modeling the final plan.  

Case 2: Iteration 3 

Two 70 x 100 cm wooden sheets were CNC-milled to provide elevated rounded shapes that 
we coated with the CNCs. Applying the coating on an elevated surface was a technical 
choice to enhance the quantifiable intensity of the coffee rim effect, but it was also a 
qualitative aesthetic consideration.  

The redshifted edges of the colored area delicately highlighted the embossed wooden 
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pattern and created a gradual change from the natural color of the wood to the iridescence of 
the CNC-based structural color (figure 6). 
 

 
Figure 6. "CAMO" in the exhibition. Photos: Esa Naukkarinen 

The Characteristic Features for Each Iteration Throughout the Process  

Most of the objectives of prototyping defined by Camburn et al. (2017) can be found in all the 
iteration rounds conducted in design cases 1 and 2. We expanded the prototyping to cover 
all kinds of design "thinging": laboratory experiments, material tinkering, and 
prototypes/artifacts. 

Laboratory Tests  

We started with laboratory experiments that follow the basic principles of materials 
science. However, the design approach considers possible applications which might not be 
relevant for basic materials science research. The focus of these tests is to understand a 
single variant's impact on the colorant. Often, many small tests are conducted at the same 
time. As in our study, the amount of material used might be minimal (examples in figures 1 & 
4). The material may be expensive and difficult to obtain at its development stage, so 
practical matters need to be considered here. 

Refinement and exploration: At this stage of our study, it was not easy to draw a line 
between the objectives of refinement and exploration. We constructed and fine-tuned our 
understanding of the material’s behavior and properties during several iterative rounds with 
different experiments and through conducting various material tests. 

These tests focused more on a technical and scientific understanding of the material's 
properties, for example, why the color could be obtained on some surfaces and not on 
others. We aimed to solve problems related to the usability of the material and to fine-tune 
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the properties related to the appearance of the color (e.g., tone, intensity, texture, CR effect). 

We gathered information, generated a range of new ideas, and then down-selected to a 
smaller set of concepts to be refined. The main focus was on the technical understanding of 
the material and improving its features. However, appearance and aesthetics played a 
crucial role when we down-select what to develop further. 

We were exploring and seeking out the possibility of a new design concept through these 
questions:  

1. How could the material be used in a design context? 

2. What are the issues that the colorant could solve in the future? 

Communication: Discussion played a crucial role in our interdisciplinary collaboration. 
Professional languages and ways of describing problems and things may vary between 
fields, and to us, material samples and laboratory experiments were good conversation 
starters. The physical samples and the performance of laboratory experiments sparked 
discussion. Questions like "what was it like to experiment?" were discussed within the group, 
as well as the challenges and successes of the experiments. 

We noticed that mood boards and abstract visions might be a bad starting point for 
communication within the group at the early stages, as too much abstraction resulted in 
misunderstandings. Instead, the concrete material samples played a key role when 
discussing and planning the project's next steps. Especially since CNC-based structural color 
is very challenging to describe with words due to its iridescent and shiny appearance, 
examining the material samples together by looking and touching was important.  

In the second round of laboratory experiments (design case 2), using mood boards and 
conceptualization in the process worked better as a discussion tool, because we already had 
experience working together and samples from the previous project to support the ideas that 
were still relatively abstract. 

Constructing physical material experiments helped us identify the differences between 
concepts and the material's actual behavior. We aimed to plan simple experiments, but in 
practice, they were often more complex and difficult to conduct than expected. Discussions 
about failure and unexpected results led to re-evaluating failure as a learning opportunity.  

Active learning: Hands-on experience contributes to gaining tacit knowledge about the 
behavior of the material. Conducting material experiments and discussing the material's 
properties helped us understand it from different perspectives. The designer's knowledge of 
the science behind the material's behavior is inevitably thinner than that of the materials 
scientist. At the same time, scientists may gain new perspectives at their material through 
this kind of interdisciplinary collaboration. 

Material Tinkering 

Material tinkering refers to experiments with a freer and more design-oriented approach to 
studying the material compared to laboratory experiments. In our study, tinkering involves 
unprejudiced experimentation with the material in environments whose value may not unfold 
in a straightforward manner in the context of basic materials science research. We used 
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slightly larger samples, because one of the goals of these experiments is also to increase the 
scale (examples in figures 2 & 5). 

Refinement and exploration: With the material tinkering samples, the objectives of 
refinement and exploration partly overlapped. The material tinkering process gave us a 
design space where early ideas transformed into a more concrete form. With the tinkering 
process, we focused more on the visual fine-tuning of the CR effect in the camouflage 
pattern. 

We explored different base materials and designs for the pattern and tried to choose the best 
alternatives for further development based on these results. The invented and chosen 
techniques and camouflage patterns were fine-tuned keeping in mind aesthetics, 
functionality, and the design brief. The choices were also affected by practicalities such as 
available materials, time limit, facilities, and equipment. 

The focus was still very much on learning to manage the material: How can it be used? How 
can we control the use of the CR effect in pattern design? We also noted design possibilities 
that were not ideal for the brief (cases under study) but could be valuable in the future.  

Communication: The material tinkering samples differed from traditional laboratory 
experiments, which made them important for interdisciplinary communication. Tinkering 
samples enabled the material's properties to be discussed more clearly in the context of 
design. Initial design ideas, hunches, and concepts were communicated more efficiently 
through material tinkering samples. Concrete examples played a crucial role in 
communicating ideas – for example, the pattern design was no longer discussed via 
individual CNC-coated shapes but via small pattern entities. 

Active learning: Material tinkering was important for gaining tacit knowledge that goes into 
using a new material, since the tools for the CNC colorant are yet to be created. The material 
had to be applied manually in specific conditions. Scaling up to a larger sample size 
increased the risk of error and material waste. Because of the limited amount of raw material, 
this needed to be considered carefully. We chose concepts for further development based on 
our confidence in their success and our capacity to implement the ideas with the skills and 
tools at hand. After all, our understanding of the material's behavior was based only on a few 
experiments and some scientific literature, unlike ready-made materials, which sometimes 
have centuries of tradition behind them.  

Prototypes/Artifacts 

The experiments aim to bring the material into a presentable form that can also be 
communicated to a new audience (examples in figures 3 & 6). 

Refinement & exploration: With more refined prototypes, we showed the results of our 
exploration and presented the possibility of completely new design concepts. Ideas were 
narrowed down to one selected concept to be refined and presented. The information from 
laboratory experiments and the material tinkering process was used to build something 
concrete. 

Communication: We constructed our findings into a tangible form. Prototypes created a 
connection between conceptual material and something already existing in the real world. 
Refined prototypes made the material visible to a new audience because it was in a form that 
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could be exhibited, for example, in design fairs.  

The prototype became a communicator of a possible future of the material for both the team 
and third parties. The prototypes simultaneously provided answers and evoked new 
questions: What could this material be? How could it be used in the future? Prototypes were 
tools for envisioning future work: They provoked us and others to think and imagine the use 
of the material in a new context (e.g., the furniture industry or architecture) and inspired us to 
think of new ways to apply the idea.  

Active Learning: Building something from a new material for the first time is a learning 
experiment. It was crucial to consider how big a scale we could cover with the colorant. Our 
solution was to scale up by coating a large area with several smaller colored areas. This 
way, we could show the possibilities of the material in a new scale size (far larger than in 
laboratory experiments) and apply the colorant on the wooden surface as risk-free as 
possible. 

Conclusion  

This study described how knowledge can be built through constructing design "things" in an 
interdisciplinary material development project. We analyzed the constructed “things” through 
objectives for prototypes defined by Camburn et al. (2017). In our project, we noted that 
constructed "things" can unite people from different fields. Design "things" can act as a 
medium for collaboration where different perspectives of design and materials science meet 
and find common answers to questions about the future of materials. Developing 
environmentally friendly colorants and reducing the usage of plastic- and metal-based 
materials and toxic ingredients are important goals for the design industry. Nanocellulose-
based structural color may offer one option for designers' future color palettes. The formation 
of structurally colored CNC coatings involves complex processes. The understanding and 
development of the colorant require considering both its technical and aesthetic aspects. 
Because of this, the involvement of design in the material development process already at 
the laboratory phase can help identify all the design possibilities of this new colorant. 
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Abstract  
 
The demand for Assistive devices (AT) is ever so increasing. Still, many potential AT users with varying 
needs lack access to appropriate AT device that is bespoke for their requirements. This issue is even more 
significant for people with a degenerative disease, such as people diagnosed with Motor Neuron Disease 
(MND) or Amyotrophic Lateral Sclerosis (ALS), whose requirements can change even before the device is 
procured. This is because the design of off-the-shelf AT devices is optimised for mass manufacturing with a 
one-size-fits-all mentality. Hence conventional manufacturing cannot afford bespoke designs, but hybrid 
manufacturing has shown the potential to allow bespoke designs in other fields, such as jewellery. Hybrid 
manufacturing combines different production methods to utilise the pros of individual processes and 
overcome the con by supporting other methods in unison. In this practice-based design research project, 
we identified issues faced by people diagnosed with Motor Neuron Disease (MND)/Amyotrophic Lateral 
Sclerosis (ALS), followed by designing a solution for an identified foot drop problem. We used a hybrid 
manufacturing approach to prototype our designed product by combining 3D printing and Handcrafting. 
Testing the developed AT device with our users reinforced our belief in the potential of hybrid 
manufacturing and how the hybrid manufacturing approach could be an alternative to conventional mass 
manufacturing methods in providing an appropriate AT device to potential AT users catering to their 
bespoke requirements. 
 
Hybrid Manufacturing; Digital Fabrication; Bespoke Assistive Devices; MND; ALS 

 

Assistive devices play a crucial role in allowing a physically challenged person to perform 
their daily tasks independently. According to WHO’s World Report on Disability (World Health 
Organization, 2010), 15% of the world’s population (approximately 1 billion) live with some 
form of disability, of which 2-4% suffer predominantly in functioning. In India alone, 26.8 
million people have physical or mental disabilities (GOI, 2021). Though ATs have the 
potential to have a significant benefit (in case of physical disability) for their users’ specific 
issues in the Product life cycle of an AT device prevent them from large-scale adaptation. 
Moreover, there is a high abandonment rate among those who eventually procured them, as 
1 in every 3 AT devices ends up being abandoned (Phillips & Zhao, 1993). The study 
(Phillips & Zhao, 1993) also identified critical predictors for the high abandonment rate of AT; 
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these include  

1. Lack of user involvement in device selection: In most cases, a physician will 
choose a device for their patients with almost no input from the users (Phillips & 
Zhao, 1993). 

2. Difficulty in device procurement: It takes a significantly long time for a person to 
receive an AT device from when it is initially recommended by a doctor (Hurst & 
Tobias, 2011).  

3. Poor Device Performance: In many cases, the device does not perform as per the 
user’s expectation or requirement to do a particular task well (Phillips & Zhao, 1993). 

4. Change in user’s need/ability: By the time the AT device reaches the person/user, 
they may no longer require it due to improvement or decline in their conditions 
(Phillips & Zhao, 1993). 

In their study (Phillips & Zhao, 1993), Phillips and Zhao suggested that the large-scale 
abandonment of ATs can be reduced by developing policies and services involving user 
engagement and considering the long-term usage of ATs. To improve the overall access to 
Assistive Devices, alternate design and manufacturing methods must be explored, such as 
the participatory design approach, skilled handcraft, Do It Yourself (DIY), digital fabrications 
etc. Many AT users make modifications to their AT devices based on their current individual 
requirements and changing medical needs rather than relying on general-purpose devices 
built by large-scale manufacturers that are usually a poor fit for most users (Hurst & Tobias, 
2011). This is because, in an off-the-shelf medical device, It is Difficult to come up with a 
design that fully satisfies all functional and manufacturing requirements. Usually, some 
requirements will need to be compromised. Engineers do this in a systematic manner and 
call it optimisation (Ravi, 2018). 

On the other hand, relying entirely on a DIY solution like digital fabrication alone cannot meet 
the complex needs of devices like prosthetics. These include limitations such as DIY 
materials might not be appropriate for long-term usage as they may damage the skin 
(Hofmann et al., 2016), so other bio-compatible materials need to be explored to ensure the 
users’ safety and proper functioning of the AT device (McDonald et al., 2016). Limited access 
to Prototyping tools (Computer and 3D printer) and learning tools (for CAD) prevent some AT 
users from benefiting from DIY (Hofmann et al., 2019). Lack of experience in DIY activities 
leads to reduced confidence in personal skills making people hesitant to make their own AT 
devices or for the people they care for (Hook et al., 2014). 

This leads to the unavailability of appropriate AT devices for those who need them. One such 
user group is the people diagnosed with MND/ALS. Motor Neuron Disease (MND) is a 
neurodegenerative disease in which motor neurons gradually stop signalling the muscles on 
how to move. Amyotrophic Lateral Sclerosis (ALS) is the most common form of MND. It is 
caused due to neurodegeneration (decay of neurons) in the brain and spinal cord, affecting 
the Peripheral Nervous System as well. Characterised by weakness and wasting in the 
person’s upper and lower limbs, ALS is a life-shortening disease affecting how the person 
walks, talks, eats, drinks, and breathes, with the symptoms worsening over time. Since there 
is no cure for ALS yet, the daily tasks of people with ALS are supported by Assistive (AT) 
devices. These devices range from simple non-automated devices like grippers, orthosis and 
walking sticks to complex automated devices like powered wheelchairs and robotic 



 

458 
 

prostheses. In MND/ALS, the role of AT devices changes at different stages of the disease 
(Sane & Sharma, 2016). In the initial stage of the disease, an AT device is used to prevent 
the functional decline or atrophy of muscle, while in the later stages, the role of AT devices is 
to restore the functional independence of a person (Sane & Sharma, 2016). The 
requirements of MND/ALS users vary more quickly as the disease progresses, and 
conventional AT devices can not suffice for the people’s individual varying needs. 
Conventional ATs are mass-produced on an assembly line, optimising each step to increase 
production capacity and reduce production costs. A similar production methodology cannot 
be applied when making bespoke medical devices, the design of which differs based on the 
different needs of individual users. Mass Production methods are optimised for similarities in 
design & parts and, lack the capacity to make individual modifications, and can hardly 
support Bespoke designs. So, alternative manufacturing methods need to be explored that 
afford to manufacture varied designs and parts as well as allow modification catering to the 
specific needs of individual users. A hybrid approach to manufacturing AT devices can have 
a significant benefit in supporting bespoke designs and modularity. Hybrid manufacturing 
combines different production methods utilising the pros of individual processes and 
overcomes the con by supporting other methods in unison. For example, Rapid prototyping 
techniques like 3D printing are now extensively being used in the jewellery industry in unison 
with traditional mold making and casting to make jewellery. With digital workflow, a designer 
could make the intricate details faster, which used to be a time-intensive manual labour 
earlier. This eventually leads to a faster turnaround time and reduced costs (Mahal & Karan, 
2009). 

With ever so growing requirements for Medical and Assistive devices in India (Kang & Ma, 
2017), the demand is not being satisfied by the supply of conventional mass-market devices 
either due to the unavailability of appropriate devices in the Indian market or due to the 
exorbitant price they come with (Mahal & Karan, 2009). This has led to the emergence of an 
unorganised sector of hand-crafted medical devices in India. But, the statistical data about 
the market share of the same is unavailable (Mahal & Karan, 2009). The AT devices from the 
unorganised sectors satisfy only the essential requirement and can provide an affordable 
device to the end AT user.  However, it compromises the safety requirements, as no 
governing body regulates it. Such local manufacturer possesses skills to prototype bespoke 
devices and make tweaks based on the user’s individual needs. However, they lack the 
ability to make an appropriate design of the terminal components of a device. For example, a 
socket used in a prosthesis requires 3D scanning or mold preparation of the amputee limb to 
be an accurate fit and prevent future injuries. So the objective of this project was to augment 
the skills of local manufacturers with Rapid Prototyping techniques like 3D printing and 
prototype an appropriate AT device for ALS users. The project was a design-centric 
exploration. The following section of this paper discusses the case study of the complete 
design and manufacturing process of developing an Assistive Device for people with ALS 
and using hybrid manufacturing.  

Methodology 

Developing Assistive devices can largely benefit from the Participatory Design Approach. 
Keeping the stakeholders in the design and testing loop can lead to co-creating meaningful 
solutions for the end-users. So, for this project, we decided to use Stanford’s 5 step design 
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thinking process as a guide for participatory design, with the last three steps as the iteration 
loop. These steps include. 

1. Empathize: Understand the users so that they can articulate their needs better. 

2. Define: Define the latent needs of the users. 

3. Ideate: Generate concepts to cater for the defined needs. 

4. Prototype: Develop a prototype of the finalised concept.  

5. Test: Take the prototype to the users to test and see if it can fulfils their needs. 

 

Figure 1: 5 steps of Stanford Design Thinking Method, with Iteration loop. 

The following subsections thoroughly present how these five steps have been utilised in this 
project. 

Empathize: Primary Research  

The primary research for the project included multiple rounds of interviews at NeuroGen 
Brain and Spine Institute, Navi Mumbai, India, with five users between the ages of 32-62 
diagnosed with MND/ALS. The first interview was conducted with all the users independently 
in the form of a structured interview during their OPD assessment under medical supervision. 
This was followed by an unstructured in-person interview with individual users and their 
family members to better understand the symptoms and difficulties faced by them daily. The 
interview findings were then discussed with clinicians, and their symptoms were mapped on 
major categories inspired by ALSFRS Score (Cedarbaum & Stambler, 1997). Table 1 shows 
the mapping of symptoms experienced by individual users (alphanumerically coded).  
Table 1: Different Symptoms shown by the Users 

Users U1 U2 U3 U4 U5 
Age 43 52 62 31 42 
Stage (Early: E / Mid: M) M M E E E 
AT usage (High: H / Low: L)  H L L L L 
Symptoms Shown 

Bulbar Symptoms (Speech) ✓ ✓    
Bulbar Symptoms (Swallowing) ✓ ✓    
Respiratory Insufficiency      
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Loss of Fine Motor skills (Grip) ✓    ✓ 

Shoulder Drop (Bilateral/Unilateral) ✓     
Muscular Fasciculation  ✓ ✓ ✓ ✓ 

Muscle Atrophy (Upper Limb) ✓ ✓    
Issues with Dressing and hygiene ✓   ✓  

Mobility Issue ✓ ✓ ✓ ✓ ✓ 

Muscle Atrophy (Lower Limb) ✓ ✓  ✓ ✓ 

Foot Drop ✓  ✓ ✓ ✓ 

Of the five users interviewed, all the users faced moderate to major difficulty in mobility, 
either due to the loss of muscle, foot drop, or both. As issues with mobility lead to a greater 
dependency of the user on their family, hence every user puts a greater emphasis on muscle 
loss in the lower limbs and a desire to reverse the same. Since MND/ALS is a non-reversal 
neurodegenerative disease, clinicians couldn’t promise false hope to the users to regenerate 
lost muscles but did acknowledge the possibility of improving mobility via Assistive Device. 
Hence for this project, we decided to work on improving the user’s mobility by designing AT 
device.  

Define: Need Analysis 

On further discussing the issue of mobility with clinicians, foot drop was also studied. In 
ALS/MND, due to weakness of the muscles responsible for lifting the front part of the foot, 
the users are unable to raise the forefoot and face a condition known as foot drop. This leads 
to irregular gait and frequent falls of the users. An ankle-foot orthosis (AFO) assistive device 
is used to correct this. It controls the position and motion of the ankle by arresting the ankle 
muscles and forefoot in a fixed/rigid place. But the Conventional AFOs (figure 2A) have 
various issues. These include but are not limited to AFOs being very bulky, making it difficult 
for the user to walk while wearing these heavy-weight AFOs. Other Foot Orthoses use metal 
bars (figure 2B) to control foot drop. This also makes the shoe bulky and challenging for the 
user. It is also rigid, leading to stiffness and pain in the muscle. U1 had tried multiple types of 
AFOs and stated, “they are very heavy, it is very difficult for me to lift the foot for walking, I 
can’t lift my foot with these heavy AFOs, I want something that is lightweight”. The AFOs 
currently present in the market (figure 2A and 2B) are aesthetically unappealing and draw 
unwanted sympathetic attention for the user. U3 states, “I can’t wear these (figure 2B) to 
work. Everyone will look at me and ask what happened? Are you all right.” 
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Figure 2: Ankle Foot Orthosis (AFO) available in Indian and International Markets 

 

We also studied the work conducted by Gaurav Nandan and Dr Purba Joshi titled 
‘Redesigning Footwear for MND Patients’ (Nandan & Joshi, 2020).They studied the foot drop 
issues faced by people with ALS and developed footwear (Figure 3) to tackle the specific 
issue of foot drop. The footwear design included a bent Arch that supported the foot from the 
bottom and wrapped around the Achilles tendon. The preliminary testing with people with 
ALS revealed that this design prevented the foot from dropping and provided an ample 
rebound while walking. But there were a few issues with the design that were required to be 
addressed to make the footwear more acceptable and accessible to the users. This included 
redesigning straps to make it easier for users to wear and remove the footwear with the least 
effort and ensuring a comfortable fit in multiple stages of foot swelling (in ALS, foot swelling 
varies a lot throughout the day). Another primary concern was the manufacturability of the 
shoe; the arch was built separately using DIY techniques (cutting, grinding and heat gun) and 
then assembled in the footwear by upcycling an existing shoe. 

 
Figure 3: Foot Lift Shoe Designed by Gaurav under the Supervision of Purba Joshi  

as a Student Design Project at IIT Bombay 

This process is not scalable. Hence, design for manufacturing was a key to the redesign 
process. Hence based on the user and product research following Functional Requirements 
were defined: 

1. Functional Prototype: That provides the full range of features and allows realistic 
feedback on its form, fit, feel and function (Ravi, 2018). 

2. Flexible in Nature: To aid foot movement to some extent and not rigid to prevent 
muscle soreness. 
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3. AT in Disguise: A footwear that is Aesthetically Appealing and does not look like an 
AT device to avoid unwanted sympathetic attention.  

4. Design for Manufacturing: A design that can be reproduced anywhere with 
production instructions. 

5. Easy to use and maintain: Users should be able to use and maintain it like a regular 
shoe and not like an AT device. 

With the functional requirements set in place, we started ideating the Foot lift shoe. 

Ideate: Design 

Informed by the learnings from the previous shoe project, we kept the principle of a bent arch 
to support the forefoot and provide ample rebound while walking. We redid the entire design 
of the straps as well as the arch itself. The initial concept sketches were shown to two users 
(U1 and U3) to study their perceptions about the initial designs and get their feedback/input. 
The designs were also presented to clinicians for biomechanical feedback. Figure 4A shows 
the initial conceptual design.  

 
Figure 4: (A) Redesigned Concept of Shoe to contain foot drop (B)CAD Models of Heel Arch to be 3D Printed 

This was followed by dividing the shoe into individual components for detailed design. The 
heel arch was modelled in Autodesk Fusion 360 and 3D printed (FDM) to explore the form. 
Figure 4B shows the iteration of the Arches. After finalising the design of the Arch, we moved 
to the prototyping stage.  

Prototype: Hybrid Manufacturing 

We started exploring hybrid manufacturing techniques to prototype the shoe, where the 
footwear could be made partly by Rapid Prototyping (Digitally fabricating the arch) and partly 
with the help of skilled workers (shoemakers).  

For the first prototyping stage, Multiple materials and the associated manufacturing process 
were explored to manufacture the arch. Polyamide PA12 was best suited for the design 
requirements, and the arch could be made using Multi Jet Fusion (MJF) or Selective Laser 
Sintering (SLS). Due to these processes being very expensive, Polyamide PA12 was 
rejected. Another option was using PLA Sheet (Cutting and Heat molding). It required a lot of 
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person hours or manufacturing a separate die for the same, so for prototyping to be 
accessible, it was also rejected. Using elastomers was another option considered that 
required vacuum casting for manufacturing. Vacuum casting was an alternative that could be 
used if the volume was more significant, but for the prototyping, it was out of scope and 
inaccessible. Finally, We chose flexible Polylactic Acid (PLA) as it could be molded easily 
using a Fused Deposition Modeling (FDM) machine, the most commonly available 3D 
printing technology. Multiple scaled iteration of the redesigned Arch was prototyped in 
flexible PLA using FDM. The print direction was kept perpendicular to the plane where the 
Arch moves/bends during footwear usage (figure 5A). This ensured a sturdy and durable 
build. In the next iteration of the Arch, the side was flattened to have the design built in FDM 
without any support materials. An inward bend was added to provide a pre-tension (figure 
5B) when the arch is bent to fit in the foot’s natural position during usage. 3D printing allowed 
a quick turnaround time for making prototypes with iterative modifications, keeping the 
features that satisfied the functional requirements and modifying those that didn’t. Figure 5C 
shows a 1:1 scale prototype of the final Arch to be fitted in the shoe.  

 
Figure 5: (A)3D printed Heel Arch (B)Heel Arch iteration with strap mounts and pre-tension 

(C) 1:1 Scale prototype of the Final heel Arch 3D printed in flexible PLA to be fitted in the Shoe 

For the second step of the prototyping, a local shoemaker was identified in Dharavi, Mumbai, 
to help build the functional footwear prototype as per the final design.  

 
Figure 6: Workshop Setup of the Local Shoemaker 

The shoemaker provided multiple options for the outsole based on the functional 
requirements of flexibility and aesthetics. An outsole was required that had enough room to 
host the arch, along with an insole, without compromising the structure. India has varied 
terrain and weather conditions. Hence a durable outsole was required. Based on these 
requirements, an all-purpose sports shoe outsole was finalised. The 3D-printed Heel arch 
couldn’t be kept in contact with the skin for longer duration; hence a soft-touch cover and 
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cushioning for the same for needed. In this situation, the shoemaker’s experience came in 
handy in choosing an apt fabric material to cover the 3D-printed arch (Figure 7A) so that the 
shoe can be worn longer without affecting the skin it is in contact with and be stuck firmly on 
Heel Arch and the outsole. Another requirement was to select materials for straps that are 
non-stretchable so they can arrest the ankle yet be breathable for comfort. Figure 7B shows 
the Fabric straps being glued and stitched to the outsole. Once the entire shoe was 
assembled, the complete assembly instruction for the arch, outsole, insole and straps were 
articulated to be followed for a future iteration of the shoe. Figure 7C shows the final 
functional prototype of the shoe that was taken to the users for testing and developing future 
iterations based on the user review of the footwear design.  

 
Figure 7: Multiple Stages of Assembly (A) 3D Printed Heel Arch covered in Fabric, (B) Straps Stitched and glued to the 
outsole, (C) Final functional prototype. 

Prototyping the shoe partly by 3D printing and partly by handcrafting saved significant 
research and development time. 3D printing allowed rapid prototyping of arches with a faster 
turnaround time and having an expert shoemaker reduced the material procurement and 
assembly time of making a finished product. We made the prototype based on the U1’s foot 
size. 

Testing: User Testing and Iterations 

Once the functional prototype of the shoe was ready, we tested it with the user (U1) under 
medical supervision (figure 8A). The testing showed that the user could not lift the forefoot as 
much as we expected. On discussing with the clinicians why the product was failing, we 
realised that the length of the 3D printed arch was not appropriate, the positioning of the 
straps was not apt to hold the forefoot firmly, and the outsole was more flexible. Clinicians 
advised us to use a more rigid outsole and increase the arch length to support the forefoot. 
We also used an external strap to determine the accurate position where the straps should 
be and tested the prototype (figure 8B). The prototype worked to an extent, as it could lift the 
forefoot with modified straps. We noted the three significant changes to be made in the next 
iteration. 
1. Length of the Arch to support the forefoot 
2. Positioning of the Straps 
3. Stiffness of the sole.   
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Figure 8: (A) Testing the first prototype with U1, (B) Testing with the modified position of straps. 

 

 

With only a few commands, we could digitally modify the design of the arch in Autodesk 
Fusion 360 and increase the length of the Arch. Since we already had the 3D printing 
parameter of flexible PLA from our previous prototype. Hence, we could prototype the new 
arch with a faster turnaround time. Since our previous shoemaker was unavailable this time, 
we identified a different shoemaker and briefed him on the modified design and the 
production instructions developed during the first prototype. With a short briefing of 30 
minutes, the new shoemaker understood the entire process and was able to deliver the new 
shoe in under 5 hours (including the briefing time). 

 
Figure 9: (A) Second Prototype (B)Testing of the Second Prototype. 

We tested the second prototype with User 1 (figure 9B), and the shoe successfully contained 
the footdrop and provided ample lift to the forefoot. We also made the second prototype shoe 
in size bigger to test it with another user (U3). Moreover, since the mechanism is dependent 
on the arch and forefoot straps, testing a bigger shoe also showed positive results with the 
user (U1) with a smaller foot size. There were a few suggestions for improving the shoe’s 
comfort, but overall, the shoe could satisfy all the functional requirements we defined in 
section 2.2.  

This is an ongoing project, and as of writing this paper, we are developing a 3rd iteration of 
the shoe for long-term testing and review. 
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Results and Discussion 

Hybrid Manufacturing has proven advantageous in the development process of the AFO 
shoe, as it has overcome the limitations of prototyping through traditional mass 
manufacturing and bespoke digital fabrication. The bespoke designs and parts made 
possible by hybrid manufacturing allowed for quick modifications that catered to the specific 
needs of individual users. The requirements of the AFO shoes for ALS were defined by the 
functional requirements of ‘arresting footdrop’, ‘lifting forefoot’, ‘having aesthetically dignified 
AT’, and ‘being wearable for long hours’, along with the manufacturing requirements of ‘a 
functional prototype’, ‘strength for sustained use’, and ‘bespoke sizes’. We used hybrid 
manufacturing techniques to Prototype our design, partly by Rapid Prototyping, 3D printing 
the heel arch, and partly by handcraft, with the assistance of skilled shoemakers. 

Using 3D printing (FDM) to prototype the heel arch for the shoe allowed for individual testing 
and modifications with a faster turnaround time. Once the design was finalised, the 3D-
printed arch was given to a professional shoemaker to assemble the shoe. The shoemaker's 
real-world experience making bespoke shoes provided valuable knowledge about materials 
suitable for different terrains and climates, saving research time and speeding up material 
selection and shoe production. They also helped source the chosen materials as they’re 
stakeholders in the local shoe industry's supply chain. After prototyping the first shoe, we 
developed production instructions to recreate another shoe quickly. The first shoe took 
around 16 person-hours to make (excluding 3D printing time), but the time to make the 
second shoe was reduced significantly to just 5 hours, including a 30-minute briefing on the 
production instructions, for a new shoemaker with no prior knowledge of this design. This 
illustrates how standardising production instructions can also significantly reduce production 
time in hybrid manufacturing. 

Using traditional mass manufacturing or digital fabrication methods as a standalone method 
to prototype bespoke medical devices has to make compromises with functional or 
manufacturing requirements. On one end, prototyping a bespoke medical device using 
traditional mass manufacturing methods can lead to higher costs due to the associated part-
specific tooling, while making the same design using digital fabrication can lead to unfulfilled 
functional requirements. Combining the unique benefits of these processes and overcoming 
the limitations is a crucial benefit of Hybrid Manufacturing. In the context of India, Hybrid 
Manufacturing presents an excellent opportunity for the field of Medical Device Design, given 
the country's large population of skilled workers and emerging status as a manufacturing 
hub. Our case study demonstrates the potential of Hybrid Manufacturing techniques to 
prototype assistive devices that are more meaningful and user-friendly for end-users. In the 
case of medical and assistive devices, a functional prototype is essential, and hybrid 
manufacturing provides an excellent alternative to conventional methods for designers to 
develop functional prototypes. 

Conclusion 

The demand for AT devices is growing worldwide, and there is a need to explore alternate 
methods to manufacture them. Our project aims to demonstrate the potential of hybrid 
manufacturing in providing appropriate assistive devices with bespoke designs that cater to 
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users' unique requirements. This is an ongoing project, and we will test the prototypes with 
multiple users to develop future iterations. Clinical trials will follow, and we will work towards 
developing a go-to-market product. Through this practice-based design research, we will 
gain valuable knowledge to inform a design framework for developing AT devices that meet 
the AT requirement of people with individualised and varying needs. This will enable 
designers to prototype bespoke AT devices more efficiently and tailor them to meet specific 
requirements. By leveraging hybrid manufacturing, there is a potential to enhance the timely 
prototyping and delivery of appropriate AT devices for people with ALS, thereby improving 
their quality of life and independence. 
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Prototypes as a Structured 
Information Source in Theory Nexus 
Renata Dezso, Moholy-Nagy University of Art and 
Design Budapest  

 

Abstract 
In this paper, I analyse the role of prosthetic prototypes developed during my doctoral research (completed 
in 2022), generating critical thoughts and new insights into our value system as it relates to human-centred 
societal challenges. The investigation settled in the experimental approach of Research through Design 
alongside a qualitative case study combined with the power of critical disability studies to advance space 
for understanding relationships between phenomena and theory. To focus on the central questions from a 
particular single case study project, I worked with Luca Szabados (a highly creative independent artist with 
a congenital disability) to craft a prosthesis using digital technology. The role of prototypes in the research 
not only encompasses the experimental and physical nature of the study but also creates links in the chain 
of knowledge development and carries evidence data. The prosthetic prototypes guided reflections on 
human-centred societal challenges as a non-verbal modelling media. The tangible material nature of the 
prototypes provides the possibility of operating with a set of 'boundary objects' within discussions that 
include the enactment of latent perspectives. The prosthetic prototypes encode a tangible chain of thoughts 
as a result of the design synthesis of knowledge and research questions with the central links of the 
method. The data of the artefacts construct the evidentiary values of the research and enable an 
exploration of philosophical and strategic approaches to co-Ability. The term 'co-Ability' is rooted in the 
critical approach of posthuman disability studies. It serves as a broad umbrella term under which we can 
reconsider the potentials of various entities (biological and artificial) that enhance the shared competencies 
of those entities rather than dwell on the oppressive nature of human-centred norms. In this research, the 
discursive prosthetic prototypes thus carry a profound and integrative argument that significantly connects 
with the general viewer and represents the theory development. 
 
Research through Design; co-Ability; discursive prototypes; prosthesis; disability studies  
 
 
The aim of this paper is to outline the role of prosthetic prototypes developed during my doctoral 
research (completed in 2022) in generating new critical and new insights into our value system 
concerning human-centred societal challenges. This research began with a focus on the caring 
attitude to prosthesis development inspired by the work of Peter H. Jones. He endorses positivist 
certainties in contemporary digital technologies for inclusive and transitive approaches (Jones, 
2013). From here, the initial task and concept were repositioned (conceptual repositioning in 
design) from a place of problem-solving to one of bringing the situational nature of the design 
prototype into focus (Buchanan, 1992). I settled on the framework of a single design case study 
project that aimed to use digital technology to design an upper limb prosthesis for the artist Luca 
Szabados; this progressed to an argumentative co-design development process that used 
prosthetic prototypes. A discussion of the relationship between disability and technology invites a 
critical philosophical approach to posthumanism, questioning the complex phenomena of a 
normalised society, phenomena that affect not only marginalised populations but also every human 
being in contemporary society (Barnes, 1996; Braidotti, 2013; Campbell, 2012; Goodley, 2014; 
Mallett and Runswick-Cole, 2014; Shildrick, 2015; Wolfe, 2009). 
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In their 1973 paper, Rittel and Webber suggested that complex and fragmented social challenges 
can be defined as 'wicked problems'. These complex and often ambiguous problems with high 
degree of uncertainty are difficult to define, solve, or even fully understand. Therefore, taming such 
problems with novel research approaches can defy the boundaries of standard analytical and 
rational processes (Rittel and Webber, 1973). 
At our first project meeting, Luca questioned our research's initial intention; and invited many new 
questions to understand Luca's personal needs and interests. We clarified that Luca does not need 
nor wish to have a prosthesis. Based on her experience, she does not like to move around with a 
prosthesis object attached to her elbow stump. Luca's responses to the initial questions 
repositioned the initial theories at another point in the research framework inviting literature 
analysis on critical disability studies and questioning the initial normative view on prosthesis 
design. 'Disability is but one cultural artefact that signifies the "demise of humanism"' (Braidotti, 
2013, p. 151), precisely because disability demands non-normative and anti-establishment ways of 
living. To use the language of McRuer (2006), disability crips what it means to be a human being. 
 

 
Figure 1: Luca Szabados at her workshop. Photo by András Ladocsi. 

The aim of our collaboration with Luca extended into generating new shared understandings of 
disability, and abilities by reflecting on argumentative and collaborative prototypes. An essential 
aspect of these prototypes is their intentional open-endedness and inexpensive production, 
designed primarily to facilitate discussions and debates. Luca adopted a meaningful role in the 
ecosystem of the discursive prototypes and thus reinforced her status as a person with assets 
rather than a person with a lack of ability (Manzini, 2015; Munro, 2016). The methodology adopted 
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for this doctoral research thus enables an exploration of prosthesis design that is led by the 
tangible analysis of theoretical concerns. It engages in dialogue through co-design practice without 
the pressure of developing or commercialising a terminal design product. The prosthetic prototypes 
guided our reflections as a non-verbal modelling media and reflections on concepts of co-Ability. 
The role of prototypes encompassed not only the experimental and physical nature of the research 
but also presented links in the chain of knowledge development and carried evidence data. 
 

Non-static and changeable entities in prototyping 
The best way to understand the co-Ability phenomenon analysed in the research is by 
viewing the relational network that morphs and the changes in action generated by key 
elements within the continuously transactional activity. All the key players (biological and 
artificial) in this research considered as independent actors with agile and open collaborative 
actions. The designer researcher, a person with a disability, the digital manufacturing 
technology and the tangible artefact bring their own disciplinary perspectives on innovation 
and support the shared competencies in the network of collaboration. The interdependent 
network established by this research framework allows for divergence and changes in key 
aspects, aspects that are context-dependent and unstable over time. Posthuman studies 
advocate for an inclusive understanding of the network of interconnected elements and invite 
these elements to participate in a broader movement that addresses complex contemporary 
challenges, such as social policy, urban planning, healthcare, and environmental 
management. As Rosi Braidotti (2013) notes, the rapidly changing field of disability studies is 
emblematic of the posthuman predicament. In this research, I consider the knowledge-
generating networks of four significant stakeholders to define four different principles of 
participation. Each physical element within the research frames a matrix of disciplinary 
knowledge and represents fragmented, novel, and complex issues affecting decision-making 
in prototyping. In the co-design approach used here, no single element possesses the 
independent ability to develop discursive prosthesis prototypes. The 'posthuman condition 
introduces a qualitative shift in our thinking about what exactly is the basic unit of common 
reference for our species, our polity and our relationship to the other inhabitants of this 
planet' (Braidotti, 2013, p. 2). The artificial and biological elements of the framework in 
relation, including the humans, as well as the digital technology and physical artefacts, are all 
interdependent actors in the network, and they all affect each other's activity even when they 
are not directly connected. This means that each of the elements in the network cannot 
generate new activity without considering the other contributing actors in the larger structure. 
Actor-network researchers such as Jim S. Dolwick (2009) and Bruno Latour (2007) propose 
to collectively view people, artefacts, and processes in socio-material political assemblies. In 
and upon the theory development, the prosthesis prototypes developed for this work were 
orientated as a basis of reflections, as 'object for discourse' that can 'talk back' in action 
through their physical presence (Mazé, 2007). A strong grounding in materiality and crafting 
through digital experience position the prototypes as a basis for reflection on design practice 
and research methods. This research has thus moved away from the classical linear 
supplier/consumer model for prosthesis development into the experimental Research 
through Design (RtD) model, in which variables situated in open research questions can 
controvert the predictive perspective of the initial hypothesis. The direct experience of a 
person with a disability in prototype testing offered internal critique from within. In human 
history, both disabilities and co-design methods possess a 'neverending' aspect that 
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connects them in this morphological network, our understanding and approach to them has 
changed over time. 

 
Figure2: Discussive prototypes in action. Photo by András Ladocsi.  

The prosthesis prototypes were an essential part of this research, and they embodied a 
collection of mediated messages that address social, cultural, and technological issues. 

Prosthesis simultaneously occupies the space of artificial limbs, metaphor, and discursive 
framework. (Kurzman, 2001, p. 375) 

The understanding of the term prosthesis encompasses 'a rich visual, political, and material 
vocabulary' that includes the ideas of 'prosthesis as an artificial limb," "prosthesis as aid" 
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(i.e., aid to support an action), and 'prosthesis as metaphor' (i.e., an artificial body part that is 
'integrated into the daily routines of the body') (Adams et al., 2015; Kurzman, 2001). 

 

 
Figure 3: Luca Szabados testing the prototypes. Photo by András Ladocsi.  

A bionormative model-led prosthetic design is an artificial interpretation of an anatomically 
intact limb. The denotative aspect of the prosthesis was challenged in the research by Luca's 
congenital disability and by contemporary disability studies. Rather than designing an 
artificial object to recreate a body part that has never been there, the intention was to 
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develop an entity that could help to overcome certain environmental, personal, or social 
limitations. In this way, a prosthesis can be understood as any tool created in design history 
extending the boundaries of the human body. According to Malcolm McCullough (1998), a 
handheld device is typically considered a tool that requires active physical engagement and 
imagination to operate. This direct object–body connection is essential in this situated 
discursive research method, which provides concrete feedback on personal needs. In 
addition, the social context of disability encourages broader critical discussions. Finally, 
examining a prosthetic as a tool that integrates with the human body can contribute to the 
exploration of embodiment, which challenges the boundaries of what it means to be human 
(Carruthers, 2007; Dartnall, 2004; Dourish, 2001; Haraway, 1987; Shildrick, 2015). 

Exploratory prototyping technology 

During the computational design workflow for this research, I followed a designer-based 
iterative development in opposition to a self-organisational process of Morphogenetic Design 
(Hensel et al., 2012). For the iteration sequences, I used an applied surface CAD modelling 
technique. The 3D modelling process reflected on the situated discursive feedback from the 
3D printed prototypes without inserting automated or generative proces with a parametric 
algorithm. For this research, I decided to use desktop 3D printers as the manufacturing 
technology within the large spectrum of possible rapid prototyping. These 'desktop robots' 
are game-changing devices in prototyping that practically melt a solid thermoplastic material 
(filament) and deposit it layer by layer in a specific design pattern in a process known as 
Fused Deposition Modelling. Compared with some traditional manufacturing processes, 3D 
printers offer more economical production by enabling the production of a model in a single 
process with a short build time, thereby offering the possibility for lightweight objects and a 
reduction of waste. Digital manufacturing allows for every piece of prototype to be 
differentiated in terms of size, proportion, and details while the general design and the 
purpose of the created object remain static. The economic and adaptive aspect of the 
desktop 3D printer is valuable not only in design development but also for future use for a 
larger audience with global filesharing local printing possibilities. Considering the material as 
the media in this process, there are also drawbacks to desktop printing. Working with a rigid 
material imposes limitations on build size and can have an impact on the accuracy of the 
part. Moreover, the size of the elements is constrained by the dimensions of an average 
desktop 3D printer's bed. However, micromechanical structures can influence the flexibility of 
a rigid material and improve its performance with regard to the body–object relationship. The 
work of design innovation firms such as Studio Bitonti-UNYQ and Nervous System, as well 
as individual designers such as Behnaz Farahi (2017), are leading inspirations in 
micromechanical structures for orthopaedic and prosthetic products. Unfortunately, desktop 
3D printing technology has such physical limitations that prevent the creation of micro-sized 
and sophisticated geometry for the prototypes. Despite this limitation, to improve the body–
object performance altering a material's geometrical configuration is still possible. I 
strategically selected geometries to showcase dynamic behaviour, such as enlarged one-ball 
rotational bearing gear, and flexible adaptive side pieces. In addition, the desktop printing 
process provides the opportunity to create an interlocking design that can be leveraged to 
produce a pre-assembled object capable of supporting certain bodily movements. 
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Figure 4: prototype iterations. Photo by Marcell Kazsik 

The most important element of this designer-based iterative development with digital 
prototyping technology during the alteration process is the mutation of temporalities in 
'material practice' with the resultant changes in the formation of 'participatory practice'. These 
alterations in the concept of 'becoming in the making' affects 'futurity' and the current and 
sublimed values as a cultural, historical, and political matter (Agre, 1997; Bell et al., 2005; 
Mazé, 2007; McCullough, 1998). 

Within RtD, the researcher and the objects created are entwined and cannot be 
separated, establishing knowledge through this relationship. (Isley and Rider, 2018) 

Martin Heidegger argued that the ontological structure of the world unfolds through 
interactions, an idea supported by Paul Dourish (1999), who argued that the world is not 
given or something to be discovered but rather something that unfolds in situations. The 3D-
printed real-world prototypes developed for this project were examined as the best-structured 
information source of the theory development (rather than text-based information data source 
as in other sciences). Visiting and revisiting the tangible real-world material scene as the 
research changed and developed required Luca's experienced nature of the specific 
movements in the context, and this involved a consideration of how subjective illusion adapts 
dynamics into the cortical motor-loop-specific movements. Ontologically, the prototypes 
developed for this work have a probe and reprobe material data structure with dynamics and 
uncertainty that trigger the domain of human experience. To improve the prosthesis 
prototypes developed the information gathered by the response to action-oriented touch and 
vision – senses that extend perception. The 'exploratory tool of touch and animated vision' in 
digital craft are considered the dominant parallel sensory modalities with which also a 
designer works. These two modalities are closely related to the (body) image and the (body) 
schema in knowing ourselves and detecting the material environment. These two modalities 
are closely connected to the (body) image and the (body) schema in self-recognition. 
Through these modalities, we recognise both consciously and unconsciously the world 
around us, therefore affecting the basics of our culture (Carruthers, 2007). The implicit and 
explicit representations of sensory understanding of ourselves and the material environment 
(biological, artificial) in the process of prototyping are a vital part of understanding co-Ability 
theory in relation to how we connect with our material environment. Margolin and Margolin 
(2002) have discussed that as the 'broader understanding of how to design for social need 
might be commissioned, supported, and implemented' when the 'population in need' is 
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connected directly with 'design for development', the ideas are often borrowed from 
'alternative technology movement, which has promoted low-cost technological solutions'. 
Recent years have seen designers attempting to develop solutions to a wide range of 
societal challenges. By incorporating the users' needs in the processes of design, 
workaround solutions can advance co-creation and co-production processes for innovation. 
In direct cooperation with Luca Szabados, we became partners in the design process, 
contributing our specific skills into the development process through discussions of Luca's 
lived experience. Interactive modalities in the prototypes were guided by Luca's personal 
sociopolitical needs and essential skills that are often implicit and non-verbal. The design 
process can mediate exploratory prototyping cycles of future possibilities with a 'plausible', 
'possible', 'preferable', and 'probable' set of concepts of new social, economic, or political 
roles for all societies. Involving a person with a disability in research brings social sciences 
and critical philosophy in posthumanism into design discussions. Questions relating to how 
we might address issues for 'marginalised' populations invite a consideration of the historical 
foregrounding of complex phenomena of a normalised society affecting every human being 
(Barnes, 1996; Goodley et al., 2014; Gustavsson, 2009). 

The methodological approach of the co-design framework 

Understanding the dynamics of co-design was not a linear process, as it continued to evolve 
until the end of the research. Sanders and Stappers (2008) describe designers in the co-
design method as facilitators in problem-seeking with the goal of bringing up new situations 
to move forward without a precise goal for a terminal problem solution. In co-design contexts, 
a designer's mental process is called a ‘neverending jagged line of opportunity-driven 
approach’ (Conklin, 2005). This constantly evolving process in the problem setting of social 
situations is influenced by time and progress. Therefore, it focuses on human aspects that 
are continuously evolving as well and attempts to align new challenges and environments 
with micro solutions. In this research, the co-design assemblage established the principle of 
knowledge by the four key players mentioned earlier. The four entities interacting on three 
different relational levels (layers of theories, competence and physical presentation) 
compass a micro-network articulating the theory development of co-Ability. The co-design 
case study method here situates the role of a designer not as an external expert but rather 
as a participant in the research (Cross, 1982; Höök et al., 2018; Tomico Plasencia, O. et al., 
2012). Also considering the digital technology for co-creation in this project reflects on how 
data variables were mapped into the artefact while creating digitally crafted physical 
manifestations of the action-oriented data. The process was similar to a traditional crafting 
process, altered with a documentable data transfer between technological elements 
(computer, 3D printer machine) and humans. The process of transference between the visual 
and physical existence of the prototype alters the information data into a textualised code 
that controls the 3D printer's movements; this then produces the computed visual model and 
the physicalised prototypes, which are comprehensible to humans. After each printing 
session, the printed parts required hand-crafted post-production, which offered significant 
feedback through sight and touch as the physicalised real-world data were actively viewed 
and handled. Action-specific movements with interaction modalities (the animated vision and 
the exploratory tool of touch) enable a better understanding of the information manifested in 
real-world data of the tangible product (Ballard, 1991). The role of emergent knowledge in 
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prototypes becomes the extended organ of physiology for the designer in the co-creation 
phases of digital manufacturing; we adapt our actions in response to detected information 
using these extended organs of physiology in the material world that exists beyond our body. 
It is not easy to transfer nonverbal knowledge when the format of sharing is text-based, it is 
implicit owing to its physical nature, and errors such as long printing hours render it explicit 
again. Therefore, it is essential to dwell on errors and difficulties to continuously understand 
the working procedures, as Richard Sennett states in 'The Craftsman' (2008). The 
particularity of the co-design activities with Luca provided directions to situative reflective 
discussions on and physical investigations of prototype artefacts. Prototypes presented a 
new synthesis of the ideas that we discussed, taking into account a special kind of aesthetic 
that could function as both a social symbol and political emblem for Luca. The visual 
appearance of the prototype carried a more profound, integrative argument on stigma and 
divergence from the negative perceptions of difference (deviance). As a matter of principle, 
the testing of the prototype centred exclusively on Luca's experiences while I was in charge 
of transforming Lucas's experiences into explicit wisdom so that they could be implemented 
into tangible objects. The action of use defined the shape of the prototypes. As Longmore 
(2003) argues, 'The disability perspective, the insights, experience, and expertise of people 
with disabilities, must inform research, producing new questions and generating new 
understandings. At the same time, academic researchers can help bring new rigour to the 
disability rights movement's analysis and activism'. The unusual prosthesis shape affected 
and placed its representation that oriented new perceptions of the prosthesis prototypes. The 
meaningful character of social action of the co-design process was invigorated by material 
reality. The tangible reality of the prototypes strengthens the objectivity of the interpretive 
paradigm of social reality in research. 

Evidence data in artefacts 

Different types of research method can provide different kinds of evidence which, when 
seen as a whole, can provide a 'rich picture' of the issue being investigated. (Gray and 
Malins, 2004). 

The narrative of co-Ability phenomenon is supported by evidence provided by the prosthesis 
prototypes. The representation of the data evidence appears mainly in illustrative drawings, 
3D models, photographs, and 3D prints. Two data sets with different prototype functions are 
discussed below. The first focuses on supporting a flat surface, and the second is an 
attachable modular grip element. 
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Figure 5: Large number of prototypes. Photo by Márk Lakos 

The exploration of the complexity of a social phenomenon of Luca's lived experience 
generated a large number of prototypes with various levels of execution. The prototypes do 
not communicate the designer's excellence in the power of care for disability. The artefacts 
consist of the contextual and relational ambiguity suggested by (Gaver et al., 2003): 
'Contextual ambiguity can question the discourses surrounding technological genres, 
allowing people to expand, bridge, or reject them as we see fit. Relational ambiguity, finally, 
can lead people to consider new beliefs and values, and ultimately their own attitudes'. The 
discursiveness of the prototypes points to the viewer's affinity towards normative expectation 
by deliberately pursuing Luca's functional needs with a non-bionormative, non-human design 
(Mori et al., 2012). 

 

The central theme for the primer prototypes 

Together, we outlined those elements of Luca's routine for which a designed aid might 
improve her performance in her work. 'Disability is not a personal characteristic but is instead 
a gap between personal capability and environmental demand' (Verbrugge and Jette, 1994). 

Supporting a flat surface on a table could serve Luca while working with a utility knife. Using 
a cutter is a daily short-term work-related task for Luca. Whereas the design for upper limb 
prostheses is most commonly associated with grasp movement (e.g., to enable one to hold a 
cup or grasp a doorknob), we identified with Luca that a simple mechanical tool to support 
something on a surface would be more useful (e.g., for holding paper in place while cutting). 
To produce a tool for such a simple task, it was not necessary to involve cybernetics or 
bioengineering, both of which are often associated with prosthesis developments. 'Efforts to 
improve prosthetics and orthotics resulted in a speciality that adopted scientific principles and 
engineering methodologies' (Tate and Pledger, 2003). Digital technology affected the 
production time and the production of the artefacts instead. The prototype components were 
developed with rigorous technical practice to eliminate the necessity for any external 
materials such as glue or screws; instead, the objects were designed to be assembled by 
interlocking. 
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Figure 6: Luca Szabados testing the prototypes; cutting with a cuttler. Photo by Andras Ladocsi 
 

 

Figure 8: Modular element for card games. Photo by Renáta Dezső.  

A secondary theme for the prototypes 

Patterns for future predictions on other situations in which an artificial tool could be useful for 
short-term use appeared throughout the course of the research. Several short-term activities 
were considered in playful discussions, such as food preparation or holding a card pack in 
card games. In light of this, a new secondary theme of prototypes emerged; these would 
require adaption to the elbow stump and thus presented alternative modularity for further 
developments. The aesthetic outcome communicates the complexity of the subject from 
contrasting angles, and the modularity encourages the exploration of alternative strategies in 
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additional design. The modular elements have a single ball as a rolling element that is locked 
into the central bearing bed. 

 
Figure 9: prototypes and technical drawings at the dissertation defence. Photo by Màrk Lakos 

 
Figure 10: 3D-printed modular grip prototype. Photo by Marcell Kazsik 

The more we examine our data from different viewpoints, the more we may reveal-or 
indeed construct their complexity. (Coffey and Atkinson, 1996)  

It is a challenge to adapt the design to an elbow stump shape that is constantly changing in 
movement, especially given the rigid nature of the material condition of Polylactic Acid Plastic 
(PLA) printed prototypes. Ideating from the double Gaussian curvature laser cutting wood 
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technique, I modelled a flexible attachable element that could be clicked on to the central 
bearing bed. With this adaptive element, Luca could take the prosthesis on or off in a matter 
of seconds without much attention needed. 

 
Figure 8: 3D-printed modular grip prototype. Photo by Marcell Kazsik 

 
Figure 8: Objects designed to be assembled by interlocking. Photo by Marcell Kazsik 
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Figure 9: Exploded view of the central part of the modular model 
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To experiment with the idea of modularity, two directions were created. One is a general 
autoclip forceps; the second is a large mouth clip for card games, which was made especially 
at Luca's request. 

Research through prototypes and conclusion on theory 
development 

The empirical study for the theory development in this doctoral research includes an 
exploration of RtD methods (i.e., experimental research based on a case study) (Buchanan, 
2007; Gaver, 2012; Koskinen et al., 2012; Zimmerman et al., 2007). Designing an 
aesthetically pleasing artefact or developing prototypes that lead to market-ready products 
was not the study's primary aim. Rather, focused research produced a chain of prototypes 
that supported the theory development and represented the thesis. As it has been argued 
elsewhere, 'The development of prosthesis created with collaborative design practice should 
not target only methods of solving design problems, but also informal and social interactions 
in posthuman collection' (Dezső, 2019). According to Visser (2006), an expression such as 
'design is not problem-solving' is an abbreviated form of the idea that 'many design tasks 
constitute no problem-solving tasks for the designers in charge of these tasks'. Visser goes 
on to note that 

The focus on 'real design' points toward design as performed in a designer's usual 
working situation—rather than in artificially restricted conditions, such as laboratory 
experiments. (Visser, 2006) 

The research framework is built upon the situated design perspective introduced by Lave and 
Wenger in 1991. This approach recognises the intricate interplay between the human context 
and the design process, a concept further developed by Terry Winograd in 1996. The 
research applies a situated approach that examines the interaction between the object and 
the body, drawing upon Schön's ideas of reflective practice, reflection-in-action, and 
knowing-in-action. Meaningful variation in secondary data present in the prototypes of this 
single case study, which provided two groups of datasets to be physicalised fast-prototyping. 
Transforming the view of 'forces of production', the tangible material conditions of the 
prototypes proved to be a reliable instrument for mapping out and building up a view of co-
Ability. Entering into 'relations of production', the argumentative nature of discursive 
prototypes entails a better understanding of human-centred normative visions of our world. 
These prototypes are argumentative in nature, as they lay out the viewer's nonverbal, 
normative expectations and invite discussion. Prosthetic artefacts that combine contextual 
and relational ambiguity question the' discourses surrounding technological genres, allowing 
people to expand, bridge, or reject them as they see fit. According to Gaver et al. (2003), 
relational ambiguity can prompt individuals to reconsider their beliefs and values, leading to 
shifts in attitudes. Drawing on Carroll and Kellogg's (1989) argument, prototypes can be seen 
as a "theory nexus", encompassing the philosophical, functional, aesthetic, and social 
dimensions of design. I also agree with Kettley et al. (2015) that as design research becomes 
more involved in areas that affect our wellbeing, a structured approach can support 
researchers in their work. 
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Figure 10: 3D-printed prototypes and technical drawings. Photo by Màrk Lakos 

The analysis reveals that this research generated a corpus of data on design artefacts that 
enables one to engage with questions relating to the intersection of co-Ability and design. In 
light of the rhetorical approach, repeatedly creating and refining initial prototypes with 
multiple probes and reprobes until the prototype data become familiar is a necessary step 
toward action orientation. The practical action required in this context is represented in the 
prototypes. The 'rigour in research' is embedded in the chain of reasoning that emerged 
during the process documented in the prototypes (Biggs and Büchler, 2007). 

 
Figure 11: 3D-printed prototypes. Photo by Màrk Lakos 
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The appearance of a prosthetic and its alignment with the perceiver's affinity with non-
bionormative prostheses, which intentionally avoid a human-like appearance are 
interconnected. As Gray and Malins (2004) argue, 'The context in which the evidence [i.e. the 
artefact] is being used is important, as what counts as evidence in one particular context may 
be unacceptable in another'. To quantitatively validate the concerns in this paper, the 
research method does not necessarily need to be repeated, but the artefact/prototypes could 
be reproduced with further open-ended development. 

The social design discussed in this paper focused on Design for Social Innovation and 
Sustainability (DESIS), a strand of design practice with objectives and processes that aim to 
lay the foundations for social change. The research focused on the relational network of 
elements while the attention shifted to instigating change for any community. To achieve 
sustainable social change, the paper suggests altering the patterns of what is considered 
"normal" by fostering new perspectives that take into account co-Ability. The term refers to 
considering the idea of 'ability' as a distributed phenomenon rather than an individualised 
trait. To trespass the normative vision of individual traits and promote shared competence in 
many occurring everyday life contexts could creatively and innovatively challenge human-
centred societal issues with a high degree of uncertainty.  

Overall, the paper emphasises the role of prototypes in promoting social change and offers 
insights into how design practices can be used to create more equitable and inclusive 
communities. 
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Abstract  
Agriculture is the most important occupation for most Indian families. It is a vital sector in India's economy, 
contributing 16% to the Gross Domestic Product and 10% to total exports. India is a leading producer of 
wheat, rice, pulses, and spices. However, there is a significant gap between agricultural production and 
storage capacity, leading to food waste and uneven availability of food grains. This problem is particularly 
acute for marginal farmers who cannot afford storage facilities. To address this issue, a participatory design 
study was conducted with marginal farmers to gain insights and aspirations for designing affordable and 
mobile storage solutions. The participatory design approach involved the active participation of farmers in 
the design process, using prototypes and mockups created using available materials. The mockups and 
prototypes were used as a medium for the farmers to express their ideas, problems, and solutions related 
to post-harvesting and storage. This process played a crucial role in gaining a deeper understanding of the 
farmers' needs from their perspective, and helped to design affordable and mobile storage space for 
marginal Indian farmers. The research was an essential step towards improving the storage capacity for 
marginal Indian farmers, reducing food waste, and ensuring a more efficient storage of food grains. The 
use of participatory design approach allowed a more tangible and practical approach to understand the 
farmers' requirements and design solutions accordingly. 
 
Participatory Design; Agriculture; Co-creation; Farmers; Design Research 

Agriculture is a major source of livelihood in India, with 70% of rural households depending on it for 
their livelihood. 82% of farmers in India are small and marginal. Agriculture is a significant 
contributor to the Indian economy, accounting for 16% of GDP and 10% of exports. India has a 
large amount of arable land, with over 60% of the (NABARD 2008) country's land area being 
suitable for agriculture. Indian agriculture has seen significant growth in recent decades. However, 
the sector still faces several challenges such as low productivity, lack of access to credit, and 
inadequate infrastructure. The government has implemented various policies and schemes to 
address these issues and promote the growth of the agriculture sector. The National Mission on 
Sustainable Agriculture (Kishore 2018) and the Pradhan Mantri Fasal Bima Yojana are some 
examples of such schemes. Despite the challenges, agriculture remains a crucial sector for India's 
economy, providing employment and food security for millions of people. India is the world's largest 
producer of pulses, rice, wheat, spices, and spice products, and is the second-largest in total farm 
outputs (Agarwal, 2009). In 2017-2018, total food grain production was estimated at 275 million 
tonnes. India is the largest producer of around 25% of global production, accounts for around 27% 
of world consumption, and imports around 14% of pulses in the world. India is also the second 
leading producer of various crops such as rice, wheat, sugarcane, cotton, and groundnuts. 
Additionally, it is the second largest producer of fruits and vegetables, making up for 10.9% and 
8.6% of global fruit and vegetable production respectively. Agriculture in India is heavily dependent 
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on monsoon rainfall, as 68% of farmers are marginal farmers who rely solely on rain, river, and 
canal irrigation (Krishna 2004). The country's agriculture sector also faces challenges such as low 
productivity, lack of access to credit, and inadequate infrastructure. 

There are several reasons for post-harvest losses in India, including the lack of modern grain 
storage facilities, inadequate market infrastructure,(Somashekhar 2014) and fragmented supply 
chains. The lack of modern grain storage facilities means that food grains are often stored in 
suboptimal conditions, which can lead to spoilage and waste. Inadequate market infrastructure, 
such as poor transportation and logistics, also makes it difficult to get food grains to consumers in 
a timely and cost-effective (Parwez 2014) manner. Finally, fragmented supply chains can make it 
challenging to coordinate the movement of food grains from producers to consumers, further 
exacerbating the problem of food loss. According to recent reports, India has experienced a 
significant loss of food grains in storage facilities since 1997. The total loss is estimated to be 
6,035,000 metric tons, with 0.5 million metric tons of rice and 35 metric tons of wheat being wasted 
specifically. This is a concerning issue that highlights the need for more efficient storage and 
distribution systems in order to prevent such wastage in the future. In addition, these numbers 
speak to the importance of addressing food security and reducing food loss as a crucial aspect of 
sustainable development.  

Rural farmers in India use traditional knowledge (Tara 2015) to construct grain storage structures. 
By standardizing this traditional knowledge using modern methods, storage losses can be 
minimized. The ongoing growth in annual agricultural production (Sayyad 2016) in India is creating 
a growing demand for more storage space to reduce wastage. Agricultural exports from India are 
increasing by 20%–25% annually and it has emerged as one of the largest exporters of fruit and 
vegetables, driving growth in high-quality demand for warehousing. Basavaraja (H. Basavaraja 
2007) studied that storage losses account for about 35.8% of total post-harvest losses in rice and 
33.52% in wheat. Establishing small-size cold storage units in production centers would help to 
reduce these storage losses. Studies shows that (Shweta 2014) the net production of food grains 
and the per capita availability of food grains in India and found that even though food grain 
production is increasing, the per capita availability of food grains is decreasing due to gaps in 
storage. Storage infrastructure is a critical issue in the Indian agriculture sector, and addressing 
this issue is essential for increasing productivity and reducing food waste. Participatory design 
research is a promising approach that can be used to involve farmers and other stakeholders in 
the design and implementation of storage facilities, leading to solutions that are tailored to the 
specific needs and constraints of the local community.  

This study uses participatory research methods to understand the post-harvesting and storage 
problems faced by marginal farmers in a specific place. The study involves 12 farmers divided into 
three groups, with 4 farmers in each group. The farmers are first asked to think about the post-
harvesting problems and then the need for participatory research is explained to them. A semi-
structured interview is conducted to gather information and insights.In the second stage, farmers 
are asked to design solutions to solve the storage problems with the given materials. They use 
paper models to create multiple versions of solutions as it allows them to quickly make changes 
and evaluate different options. This approach allows farmers to be actively involved in the process 
and engage in conversation about the design. The use of paper models also allows for a 
continuous challenge and change model of the design, which can help to identify the best 
solutions. This study highlights the importance of involving farmers in the research process and 
using participatory research methods to understand their perspectives on post-harvesting and 
storage problems. It also shows the potential of using paper models as a tool for designing 
solutions to solve storage problems. The designer gained valuable insights from the mockups and 
prototypes created by farmers during the participatory design process. These prototypes allowed 
the designer to understand the farmers' perspectives on post-harvesting and storage problems, 
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and identify potential solutions. The farmer's prototypes and mockups were used as a starting point 
to design a more detailed and refined solution for the problem of storage space. 

The objectives of this study are three-fold: 
 

1. To uncover farmers' tacit needs and knowledge: The study aims to uncover the implicit 
and deeper understanding of the post-harvesting and storage problems faced by marginal 
farmers. This knowledge is usually not easily accessible and is acquired through years of 
experience and practice. It is important (Sanders 2012) to understand these tacit needs 
and knowledge in order to design a solution that is appropriate and effective. 

2. To explore the different best possible solutions based on farmers' knowledge and 
experience: The study aims to explore different solutions to the storage problem that are 
based on the farmers' knowledge and experience. By involving farmers in the design 
process, the study aims to identify the best possible solutions that are practical, cost-
effective and tailored to the specific needs of the community. 

3. To provide a clear roadmap for the designer to design a suitable concept: The study 
aims to provide a clear roadmap for the designer to design a suitable concept for the 
storage problem. By uncovering farmers' tacit needs and knowledge and exploring the 
different best possible solutions, the study aims to provide the designer with a clear 
understanding of the problem and the necessary information to design an appropriate 
solution. 

 

Methodology 

The methodology structure of this study includes several key steps to uncover farmers' tacit needs 
and knowledge, explore the different best possible solutions, and provide a clear roadmap for the 
designer to design a suitable concept for the problem of post-harvesting storage space. 
 

1. Interviews: The study starts with conducting semi-structured interviews with the farmers to 
gather information and insights about the post-harvesting and storage problems. The 
interviews are conducted with a set of random questions that are asked according to the 
previous answers and based on (Boyce 2006) some new insights from the literature. These 
interviews provide an understanding of the farmers' perspectives on the problem and their 
current practices. Interviews play a critical role in the design process by providing valuable 
information and insights about the problem, user needs, and current practices. They allow 
designers to gain a deeper understanding of the context and environment in which the 
problem exists, and the perspectives and experiences of the users. 
 

2. Field study: The study also includes a field study to gather more information about the 
context and environment in which the problem exists. This can include observing the 
current storage practices, examining (Teegavarapu 2008) the physical environment, and 
gathering data on the local climate, culture, and economic conditions. Field studies allow 
designers to observe the problem first hand, which can provide a deeper understanding of 
the problem and potential solutions. They also allow designers to identify opportunities and 
constraints in the environment, this information can inform the design process and help to 
create a more effective solution. 

 
3. Brainstorming session: After the interviews and field study, a brainstorming session is 

conducted with the farmers to identify the major problems related to post-harvesting. This 
session provides an opportunity for farmers to share their knowledge and experience and 
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identify the key issues that need to be addressed in the design process. The brainstorming 
session also allows (sutton 1996) farmers to think creatively and come up with new ideas 
and solutions that may not have been considered otherwise. This lead to a more 
comprehensive and effective solution that takes into account multiple perspectives and 
experiences. This is an effective way to gather ideas from a group of people and generate a 
wide range of potential solutions to the problem at hand. 

 
4. Participatory design with farmers: The study includes a participatory design process 

where farmers are actively involved in the design process. They are asked to design their 
solutions to solve the storage problems with the given materials. Paper models are used as 
a tool to create multiple versions of solutions. This approach allows farmers to be actively 
involved in the (Sanders 2012) process and engage in conversation about the design. The 
use of paper models also allows for a continuous challenge and change model of the 
design, which can help to identify the best solutions. 

 
5. Designing final solution: Using insights gained from research, the designer creates a 

detailed solution for the storage space problem. This solution takes into account the 
insights gathered from the interviews, field study, brainstorming session, and participatory 
design with farmers. The solution is designed to be practical, cost-effective, and tailored to 
the specific needs of the community.  

 

Below figure shows the double diamond process (Council 2016) and participatory design 
used in the define and develop phases. During the Define phase, participatory design 
methods such as user interviews, focus groups, and co-creation workshops used to 
understand the needs and requirements of the intended users. By combining participatory 
design with the Double Diamond process, designers can ensure that the final solution is 
farmer-centered and meets the needs of the intended users. 
 

 
 

Figure 1: Double Diamond Process with Participatory Design approach. 
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One of the key benefits of participatory (Sanders 2012) research is that it can help to uncover tacit 
needs, or needs that are not explicitly stated or known by the research subjects. This is because 
the active participation of the subjects in the research process can allow researchers to gain a 
deeper understanding of their perspectives, experiences, and needs, which can lead to the 
identification of unarticulated needs. All research techniques in use today for exploring people's 
experiences fall into one of three categories- what people say, do, or make; or they fall into the 
area of overlap between the categories. 
 

 
Figure 2: Method that study what people say, do and make help access different levels of knowledge. 

(Source: Convivial Toolbox: Generative Research for the Front End of Design.) 
 
 
Overview of Indian Farmer, Holdings, Production, and Storage 
Capacities 

Different segment of farmers in India 

There are several different segments of farmers in India. The table given below shows that, there 

is 138.348 Million total number of farmers, out of which 0.23 million have Institutional farm 

holdings, 19.51 Million Joint (Bhavan 2012) Holdings, and 118.59 Million Individual farm holdings. 

In India 67% of farmers are Marginal, 18 % small farmers, and only 1% large farmers. 

 

Table 2: Number and Area of holding by farmer size group. (Source: Agriculture Census Report 2011) 

https://issuu.com/bis_publishers/docs/convivial_toolbox
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Marginal farmers in India  

 
(Source: Agriculture Census 2010-11) 

 
Most of the marginal farmers have very less or no space for storage. They are dependent on the 
Government warehouse and repositories as they are not wealthy enough to afford their own 
storage space. Hence the marginal farmers are targeted to conduct participatory research to 
understand problems related to post-harvesting and design affordable storage space.  
The storage capacity available with the major player in Indian agricultural warehousing Food 
Corporation of India was 9.22 MT in Punjab, (Bhavan 2012) followed by 5.9 MT in Uttar Pradesh, 
4.81 MT in Andhra Pradesh and 3.22 MT in Haryana whereas food grain production in Punjab was 
28.54 MT in 2012 and Uttar Pradesh was 50.745 MT in 2012. 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 2: State wise utilization of percentage of production and storage capacity.  

(Source: Directorate of economic & statistics and FCI website) 
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India is an agriculture-based economy. Infrastructure availability is a major lacuna of our country. 
The number of farmers having small and marginal holdings was 67% and 18% respectively, 
whereas large farmers were only 1%. The major food grain produced in India is Rice and wheat. 
The total food grain production of India was [8] increased from 259.28 MT in 2011-12 to 265.04 MT 
in 2013-14. The oilseed production (Bhavan 2012) also increased from 29.79 MT in 2011-12 to 
32.74 MT in 2013-14. The total agriculture storage capacity of India was 108.75 MT in 2012 and it 
increased to 117.52 MT in 2014. Hence there is  a large-scale gap between the agricultural 
production scenario and storage capacity of India. To mitigate this gap there is a necessity to 
analyze strengths, weaknesses, opportunities, and threats in the agriculture storage system of 
India. 

Storage potential for crops in India 

 
In India, about 60-70% of food grains produced remains in the rural sector for varying period. 
Farmers store grain in bulk, using different types of storage structures made from locally available 
materials. Storage losses constitute a major share of food grain loss in post-production operations. 
The grains are stored at Producer's Level, Trader's Level, and Urban Organizational Storage 
Level. (Acharya 2009) The method followed for storing the grains are - (i) storage in bags and (ii) 
loose storage. Storage in bags is convenient for short term storage, where grain is intended for 
very early (Sayyad 2016) onward movement.  
 

Results and Discussions 
Interview and Field study 
Interviews were conducted with marginal farmers to get deeper insights into the post-harvesting 
process. A semi-structured questionnaire was used to collect the data from the farmers. Through 
the interview, we came to know that storage facilities in rural areas are either totally absent or 
grossly inadequate. Under such conditions, the farmers are compelled to sell their produce 
immediately after the harvest at the prevailing market prices which are bound to be below. Such 
distress sale deprives the farmers of their legitimate income. Most of the farmer's education level is 
below High school, but they are good with farming skills. Landholding per farmer is reducing due to 
the increase in the number of family members which becomes difficult for farmers to build extra 
space for storage. Farmers have to keep their Produce in an open area where it is subject to risk.   
 

Brainstorming with farmers 
The study aims to gather information from farmers about their crops, farming practices, and any 
issues they may be facing. To do this, a brainstorming session was organized and 12 farmers were 
invited to participate. The farmers were divided into three groups, each with four farmers, and were 
provided with initial guidelines for the session. During the brainstorming session, farmers were 
asked about different types of crops they grew and the timing of planting and harvest, the size of 
their farm and the production of different crops, any problems they faced with post-harvesting for 
different crops, and their main reasons or opinions on these topics. To help organize the 
information and make it easy to understand, a table was created on a whiteboard in the local 
language of the farmers as show in image below. The table was used to classify the different 
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categories of answers and helped to systematically arrange the information about the actual 
problems. This allowed the researchers to easily identify the relation between the problem and the 
root cause, which is essential for finding solutions. The use of a table on a whiteboard in the local 
language made it easy for the farmers to understand and participate in the session. This approach 
helped in understanding the farmers' needs and opinions on the crops and farming practices. 

     
Figure 3                                                                            Figure 4 
Figure 3-4: Brainstorming session with marginal farmers at village in MP India (Source: Author) 
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Figure 5: Data collected during Brainstorming and Interview session with farmers (Source: Author) 

 
 
Figure 6: Relation between different problems and root cause according to farmers. (Source: Author) 

 
Insights from brainstorming and Interview with Marginal Farmers 

- Marginal farmers often experience significant difficulties in post-harvest management, 
leading to substantial losses in production. 

- One major issue is the lack of storage facilities following threshing and harvesting, which 
often results in farmers being forced to store their main produce in open fields at their own 
risk. This vulnerability to climate conditions and monsoons exacerbates the problem. 

- Many farmers are reliant on both private and government repositories, yet these 
facilities are often inadequate, with most godowns unable to store the entire 
harvest. 

- The financial constraints of marginal farmers often prevent them from investing 
in their own storage space. As a result, farmers are often compelled to sell their 
produce immediately after the harvest, at prices that are typically low. 

- There are no repositories in villages. The absence of repositories in villages further 
exacerbates the problem, as farmers are then required to rely on transportation such as 
tractors, trolleys, or trucks, which they cannot afford to purchase or hire. 
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Participatory design with farmers 
 
The objective of the participatory research with marginal farmers is to gather first-hand information 
about the storage challenges that farmers face, and to involve them in the process of finding 
solutions. The research involves a brainstorming session where farmers are asked to share their 
experiences and insights, followed by a hands-on activity where farmers are given materials like 
paper, cardboard, tape, glue, etc. and asked to create models of storage solutions based on their 
own needs and understanding of the problem. This approach allows farmers to be actively involved 
in the research process, and to provide valuable insights that may not be obtained through more 
traditional research methods. This approach allows for a more holistic understanding of the issues 
facing these farmers and can lead to more effective and sustainable solutions. 
 

                
 
           Figure 7                                                                                 Figure 8 
 
Figure 7-8: Material and tools for participatory session (Source: Author) 

 
Group 1 - Participatory session with Marginal Farmers for Wheat and Gram Storage 
 
Group 1 was mainly focused on wheat and gram storage after harvesting. They were given a set of 
required materials and asked to solve the current problem. The main problem was to store the 
main produce after harvesting as they have less space for the storage.The problem that Group 1 is 
trying to address is related to the storage of rabi crops typically harvested after April. The main 
issue is that these crops are sensitive to humidity and moisture and require airtight storage to 
protect them from damage. However, many marginal farmers lack the space for proper storage, so 
they are forced to sell their crops immediately after harvesting, which leads to significant losses if 
the weather is not favorable. 
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Figure 9: Crops are packed in bags and kept outside          Figure 10: Trolleys are used for storage. (Source: Author) 

 
After the brainstorming session, we got many insights about the actual problems with wheat and 
Gram storage. Group 1 was asked to develop a mockup model of their proposed solution,, as 
shown in fig.11 and 12 below. The researcher also helped with model-making techniques. They 
came up with a unique solution for storage, which is portable, airtight storage, which is like a 
traditional trolley used by Indian farmers. Participatory research helped in understanding the 
farmer's perspective about the problem and bringing their imagination and idea about the solution 
in a physical form which can be refined further. This approach highlights the importance of 
understanding the perspective of the end-users and incorporating their ideas in the design 
process, where low-fidelity prototyping allows users to articulate their thoughts. 
 
 

             
 
Figure 11                                                                                         Figure 12 
 
Figure 11-12 Farmer from the group -1 suggesting a concept and discussing about the solution. (Source: Author) 
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Figure 13                                                                                     Figure 14 
Figure 13-14: Storage vehicle with airtight box for wheat and gram (Source: Author) 

 
Group 2 - Participatory Session with marginal farmers for Wheat and Gram storage. 
Group 2 was also focused on wheat and gram storage after harvesting, as these are two major 
crops in the Madhya Pradesh area. They were given a set of required materials and asked to solve 
the current problem. The main problem was storing the main produce after harvesting, as they had 
less space for storage. 
 

                
Figure 15                                                              Figure 16 
Figure 15-16 Crops are kept in metal drums with the pest killers. (Source: Author) 

 
Similarly, like group 1, farmers in group 2 worked on their proposed solution or suggestion. This 
group was more focused on individual storage at their farm. They came up with a unique, 
traditional solution. They made a conical-shaped silo, as shown in fig.19-22 below. Silos are 
commonly used in agriculture for bulk storage of grain. It has a conical opening at the top, which is 
used as an inlet, and an outlet at the bottom to extract the grain. The conical shape of the silo has 
several advantages, such as not allowing rainwater to accumulate on the surface and providing 
stability during heavy rain and storms. This silo design could be a great solution for farmers who 
have limited space and resources, as it is relatively low-cost and easy to build. This solution could 
be more sustainable than the other storage solutions, as its design is inspired by the traditional 
way of storing grains. 
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Figure 17                                                                                                  Figure 18 
 
Figure 17-18: Farmer from the group-2 making prototype using paper and thermocol. (Source: Author) 

 

                                 
 
Figure 19                                                                                                  Figure 20 
 

                                 
 
Figure 21                                                                                                   Figure 22 
  
Figure 19-22: Conical storage drum for wheat and Gram (Source: Author) 

Group 3 - Participatory Session with marginal farmers for Onion and Garlic Storage. 
Group 3 was focused on onion and garlic storage after harvesting. These also come in Rabi crops 
and are harvested with wheat and gram after April. These crops are very sensitive to moisture and 
monsoons, as they need special storage. We cannot keep mature crops in the field for too long.  
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The farmers in Group 3 came up with an innovative storage solution that utilizes an open-air shelf 
structure. They used scrap materials to make a mock-up model of their proposed solution. The 
design of the storage is specifically tailored to the needs of onion and garlic storage, which require 
proper inspection and airflow. The structure is made of a metal net, which allows for good 
ventilation and temperature regulation. The structure has three shelves, which provide ample 
space for storing the onions. They also suggested to provide a small fan to ensure proper airflow 
throughout the whole rack. This concept is not only innovative but also very useful for farmers as it 
allows them to store onions for a longer period of time, up to 6-9 months. The open-air shelf 
structure allows for proper inspection and airflow, which is important for maintaining the proper 
temperature and humidity levels necessary for onion and garlic storage. 
 

                            
 
Figure 23                                                                                    Figure 24 
 
Figure 23-24: Farmers from group-3 making prototype model with scrap material (Source: Author) 
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Figure 25                                                                                 Figure 26 
 
Figure 25-26: Shelf for onion and garlic storage with multiple rack for ventilation (Source: Author) 

 
 
Designing final solution 
 
Using a prototype, the farmers could communicate their needs and desires with the designer and 
researcher, which helped the designer gain a deeper understanding of the farmers' perspectives, 
experiences, and needs. Based on the insights gained from the participatory design process, we 
as designers, then designed multiple solutions. Out of those, the best suitable one was chosen for 
modelling and manufacturing. This ensures that the final solution is tailored to the specific needs 
and desires of the farmers, and is more likely to be accepted and used by them. As show below in 
figure-27 the final concept is a mobile trolley cum trailor house. This could be used as storage 
space as well as trailer house at farm. It has Solar panel for basic electricity need at night, 
ladder,and toolbox for storing essential farm tools.  
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Figure 27: Final concept model for post-harvest storage (Source: Author) 

 
Figure 28: Rear view (Source: Author) 
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Figure 30: Side view (Source: Author) 

 
 
Conclusion 
 
The study attempted to identify the storage problems at the farmers' level and enumerate the 
losses occurring during storage for the different crops. The problem of post-harvest losses was 
also captured through a literature review, field surveys, and interviews. By involving farmers in the 
research, the study was able to gain a deeper understanding of the storage problems faced by 
farmers. Prototypes made during participatory sessions were used to design a final solution that is 
tailored to the specific needs and desires of the farmers. Using prototypes, the farmers were able 
to communicate their needs and desires with the designer and researcher, which helped the 
designer gain a deeper understanding of the farmers' perspectives, experiences, and needs. 
Based on the insights gained from the participatory design process, multiple solutions were 
designed, and out of those, the best suitable one was chosen for modelling and manufacturing. 
The final concept was designed as a mobile trolley-cum-trailer house that can be used as storage 
space and a trailer house at the farm. It has a solar panel for basic electricity needs at night, a 
ladder, and a toolbox for storing essential farm tools. This design ensures that the final solution is 
more likely to be accepted and used by farmers as it addresses their specific needs and desires. 
The use of a prototype in participatory design is an essential step in the design process as it helps 
to bridge the gap between the designer, researcher and users. It helps to ensure that the final 
product is relevant and valuable to the users and is more likely to be accepted and adopted by 
them. 
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Abstract  
 
Designing complex confined human environments requires the rigorous application of anthropometry to 
ensure that the environments are fit for use for the full range of body sizes in the target population. While 
anthropometry is a well-established discipline, the tools and methods for its application are not as 
developed and refined. Important tools for applying anthropometry are physical models and Digital Human 
Manikins (DHMs), used in CAD and ergonomics software. DHMs currently need to be posed body segment 
by body segment, which is cumbersome, time-consuming and requires an expert user. Also, they do not 
provide designers with direct experiences of different body sizes in environments. The challenges 
associated with the development and use of DHMs reduces their impact and effectiveness as part of the 
design process. The Real Anthropometric Experience System (RAES) presented in this paper addresses 
the current limitations by providing a new way of engaging in prototyping with DHMs that gives designers 
experience using different body sizes, leading to a more empathic understanding of the environment for 
different users. The system has two tools, a DHM poser and a Virtual Reality (VR) environment. In the first 
tool, the user moves in front of a motion capture device while viewing a screen showing a DHM that is 
driven by their body movement in a virtual environment. Users can pose DHMs with different body sizes 
and experience the different postures required to achieve a goal. Poses are captured and exported to CAD. 
In the second tool, the designer enters a VR environment from the viewpoint of a DHM, their body is 
tracked and the DHM moves with them in real time. They can ‘inhabit’ different body sizes to gain a 
physical and visual sensation of being in a different body that would otherwise be impossible to achieve.  
 
Anthropometry; Virtual Reality; Ergonomics; Digital Human Manikins; Human Centred Design  

This paper describes new prototyping methods and tools developed for the application of 
anthropometry in the design of complex, confined human environments. It describes the 
Human Centred Design (HCD) methods developed in the Studio for Complex Human 
Environment Design (SCHED) for the design and assurance of habitable spaces in isolated 
confined environments (ICEs). This paper critically evaluates the limitations associated with 
the current prototyping tools and methods that make applying anthropometry challenging and 
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lacking in experiential richness. New design methods and tools using body motion tracking 
and virtual environments were developed, enabling designers to interact with and evaluate 
virtual prototypes more effectively and understand the physical experiences of different body 
sizes in environments. 

Anthropometry and Design for ICEs 

When designing a product, clothing, or environment it is important that the item is sized to 
suit the range of body sizes in the user population. Anthropometry is a science that describes 
the physical measurements of people’s bodies in a specified population, it is used in the 
design and assurance of products and environments (Pheasant & Steenbekkers, 2005). 

The application of anthropometry is particularly important and challenging when designing for 
high-risk, high-stakes, confined environments such as aircraft cockpits, cars, trains, mining, 
emergency medical facilities, and habitation such as oil rigs, submarines, and off-world 
accommodation (Mallam et al. 2015, Harrison & Connors, 1990). The allocation of space in 
these extremely confined habitable environments requires careful design to balance the 
spatial needs of the users with space required for the various technical systems. Poor sizing 
and layouts of these environments negatively impact people’s ability to work effectively and 
live comfortably. For example, a survey of US Navy personnel found that unsatisfactory living 
conditions such as limited room in the cabin areas and berths as well as poor showers and 
head spaces had a negative effect on performance and crew retention (Wilcove & Schwerin, 
2008).  

In 2015 the Royal Australian Navy conducted an anthropometry survey of their personnel to 
aid the procurement, development, and assurance of naval platforms resulting in the 
Anthropometry Survey for the Royal Australian Navy (ASRAN) (Ponton et al., 2019). The 
prototyping tools and methods described here were part of a larger project to develop a HCD 
method to improve habitability onboard submarines. The DHMs in this paper are based on 
the ASRAN data, using a Boundary Manikin approach that uses statistical methods to 
identify individuals at the edges of the target population (Young et al. 2008). We selected 
these to ensure the design would accommodate the diverse range of different body shapes 
and sizes within the target audience. 

While the gathering and analysis of anthropometric data is a well-established discipline, the 
tools, and methods for the application of anthropometry are not as developed (Dianet et al., 
2018). A given environment will typically need to accommodate a wide range of use 
scenarios. The design methods and tools therefore need to be efficient and easy to use so 
that designers can investigate, understand, and propose designs to address all the scenarios 
within the constraints of the project time and budget.  

Requirements for a specific environment can specify explicit accommodation levels, e.g., 
“95% of the users should be able to perform task X successfully”. This is usually assessed by 
identifying the individuals at the extremes of the target population, and assessing whether 
these individuals can successfully complete the task. The extremes are often in practice 
extremes of body size. 

The HCD approach requires an understanding of the users’ tasks and environments that is 
obtained by engaging with users are involved throughout the design process (ISO, 2010). 
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Users provide information about the context of use, use scenarios and how people engage 
with systems and environments. In addition, users are involved in the design providing 
feedback, evaluation, and input throughout the process. It is important to understand the 
user’s activities for the interpretation and application of anthropometry. 

Prototyping 

Prototyping occurs at all stages of the design process as part of the transition from 
vagueness to clarity and has been described as shorthand for design (Kelly, 2001). 
Prototypes represent ideas and give form to abstract concepts and are used to supplement 
incomplete mental models (Camburn et al., 2017). Mock-ups create ‘hands-on-experiences’ 
and their unfinished nature distinguishes them from the actual environment aiding people 
understand that the prototypes are tools in communication and idea generation (Vaajakallio 
& Mattelmäki, 2007). There are many types of prototypes for example, written descriptions, 
images, computer algorithms, computer models and various types of physical modelling. The 
types of models, the level of detail, visual characteristics and degree of functionality change 
over the course of the design process. 

Models made early in the process have a key role in helping the designer and client 
understand the problem and redefine the requirements (Andriole, 1994). Simple models 
generally open up the solution space and suggest more opportunities and options, hence 
they are used earlier in the process, whereas more detailed models narrow the solution 
space and are used later in the process (Vaajakallio & Mattelmäki, 2007). It is part of the 
designer’s craft to decide on the appropriate level of abstraction for the stage of the design 
and the nature of the issues being addressed (Säde, 2001).  

Existing Prototyping Tools and Methods for Applying Anthropometry  

There are two main prototyping approaches for applying anthropometry as part of the design 
process, digital modelling and simulation and physical modelling.  

 shows the different types of prototyping (digital and physical) used throughout the design 
process for the application of anthropometry. The table uses the Double Diamond design 
process (Design Council, 2018) used by SCHED. 

In general, existing tools for applying anthropometry are challenging to deploy making it 
difficult to integrate them early and often in the design process. The RAES, described later in 
this paper, was developed to make it easier to apply DHMs throughout the design process.  

 
 
 
 
 
 
 
 
Table 1 – Methods for applying anthropometry as part of the HCD process for ICEs. 
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 Activities Digital Prototyping- 
DHMs 

Physical Prototyping 

D
is

co
ve

r 

The problem exploration stage of 
the process is concerned with 
collecting information about the 
users, their needs, and the 
context. The population is 
defined and the range of sizes to 
be addressed is decided.  

CAD and VR models are made to 
explore and establish the technical 
and ergonomic constraints.  

The anthropometric data is 
analysed and DHMs are developed 
and sized to suit the chosen 
population. 

Simple physical models are used to 
reflect the sizing of the environment 
and major components. These aid 
the design team visualize and 
understand the problem and are 
used to engage with users to help 
them describe their needs and 
problems.  

D
ef

in
e 

Findings from the Discovery stage 
are distilled to provide constraints 
around size and reach envelopes, 
task performance and operational 
efficiency. User needs are 
described as scenarios and criteria 
that inform the interpretation and 
application of the anthropometry 
and the posing of DHMss. 

CAD models are used to describe 
the specifications and constraints 
such as reach envelopes, body 
sizes and poses based on the use 
scenarios.   

Anthropometry data bases are used 
to define spatial constraints.  

DHMs are posed based on the use 
scenarios identified in the Discover 
stage. 

Physical prototypes defining key 
dimensions for human fit are 
built to support the Develop 
stage activities. 

D
ev

el
op

 

Designs are developed as physical, 
CAD and VR models and evaluated 
by users as part of an iterative 
design process. Users are 
consulted and DHMs are used to 
ensure the design suits the full 
range of sizes in the population. 

CAD models of increasing fidelity 
are developed as part of an iterative 
process of development. The CAD 
models are built around the DHMs 
that were posed in the previous 
Define stage. This ensures the 
human sizing is present throughout 
the Develop stage.  

Based on the CAD models VR 
experiences are developed. These 
include various sized DHMs so that 
the designers can experience the 
spaces in context with the range of 
user’s body sizes. 

Physical models of increasing 
fidelity are developed as part of 
an iterative process of 
development.  

Stakeholders and people 
selected based on having body 
sizes at the population extremes 
interact with the prototypes to 
give feedback on the sizing.  

D
el

iv
er

 

The design is described in 
terms of user needs and body 
sizes. 

CAD models are created that define 
the spatial arrangement of the 
design. DHMs are used in the 
documentation to describe how the 
design accommodates the various 
body sizes. Documentation includes 
VR experiences, flythroughs, static 
images, and reports.  

High-fidelity physical mock-ups 
are made for stakeholder 
engagement and final 
assurance activities. 

Digital Prototyping 

On the digital side DHMs are software representations of humans used to visualize human 
bodies in relation to a design. DHMs can be made to reflect any body size from a specified 
population database in a virtual environment. Specialist DHM software including JackTM, 
RamsisTM, and SafeworkTM and are typically used in parallel with Computer-Aided Design 
(CAD) programs. CAD models are imported into the ergonomics software where the DHMs 
are used to evaluate the designs. Alternatively, DHMs as stand-alone CAD models can be 
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placed into CAD environments to guide the design development and for analysis. Crowded 
environments like control rooms and public transport can be populated with multiple DHMs.  

Digital assessments with DHMs have the advantage of lower cost (once the software and 
computer hardware has been amortised) compared to physical models, and the potential to 
be used earlier in the design process. They also allow simulating a population of any size. 
However, they provide a much lesser degree of certainty in the assessment; in our 
experience, DHMs are never used as the final check for design validation. This is due, in 
large part, to the fact that operating DHM software is done almost entirely manually by the 
user, including posing DHMs and generating motion. Motion simulation is a highly complex 
problem; as such, DHM software currently only provide very basic automated posing tools. 

Physical Prototyping 

Physical prototyping techniques are used by designers to ensure a good fit between the 
environment and the range of body sizes in the nominated user population. Physical 
prototyping is often more time and resource-consuming than digital models. However, it 
provides the most direct experience of the environment; it allows experiencing factors that 
digital assessment doesn’t (e.g. touch, sound, lighting), allows problem detection (e.g. 
collisions, awkward postures) at a finer and more realistic level than DHMs, and non-expert 
users can navigate and experience the space freely. The level of confidence for design 
assessment through prototypes is much higher than digital.  

For example, the full sized DHM cut outs in Figure 1 show the extreme body sizes that 
needed to be accommodated for a project. Note, the tallest and shortest members of the 
design team (shown on the left) did not reflect the extremes of the population. Any evaluation 
of a physical prototype by a designer with their own bodies is problematic and care must be 
exercised to ensure that the designers’ personal experiences are not used as a proxy for 
users of all sizes.  

A designer developing a kitchen will experience the bench height, sight lines and storage 
access based on their body size. Consulting anthropometric data for relevant body 
dimensions, looking at DHMs in virtual models, and observing and interviewing users at the 
extreme body sizes will aid the designer, but the designer will lack the direct experience of 
other body sizes and must remain conscious that their physical experience cannot be relied 
on for decision making.  
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Figure 1 - Designers (on the left) and people selected for extreme body sizes (on the right), compared to the extreme 
body sizes from the ASRAN data. 

One way to address this problem is to identify people that are very close to the extreme body 
sizes that need to be accommodated and ask them to participate in design evaluation 
exercises. The people on the right in Figure 1 are an example of people selected because 
they are close to the extreme body sizes to be accommodated. Figure 1 shows them 
evaluating the ability to reach controls from a seated position. However. recruiting individuals 
of extreme body sizes, in sufficient numbers to have sufficient statistical power, can be 
difficult.  

It is important to note that people have a range of body sizes, shapes, and proportions. For 
example, a group of people with the same stature will have a range of leg length to torso 
proportions. Therefore, selecting people for the extremes of the population requires careful 
consideration and compromise. People are typically identified based on stature and weight 
but for some tasks, such as seated activities, the leg-to-torso proportion may be important, 
further complicating the task of using people to evaluate physical prototypes. 
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Figure 2 - People chosen to evaluate a design based on their extreme body size. 

Developing New Tools and Methods - RAES 

The RAES is SHED’s response to alleviate the shortcomings of current DHM tools. The 
project was developed by a team that included VR software researchers, biomechanics 
researchers with expertise in anthropometry, industrial designers, architects with experience 
in applying anthropometry in the design of ICEs, and industry partners with experience in 
CAD, VR, and environment design.  

The new tool is called the Real Anthropometry Experience System (RAES) and was 
developed based on the following assumptions. 

1. The maturing of gaming software (the Unity™ engine), motion tracking (Kinect™) and 
VR technology (Oculus™ headsets) provided an accessible and cost-effective platform 
to: 

a. Develop immersive environments. 

b. Enable VR experiences. 

c. Track people’s body movements in real time and match these to digital manikins. 

2. Posing manikins would be based on tracking people’s body motions, eliminating the 
need for the complex, artificial, screen-based interface currently used to pose DHMs.  

3. People’s poses (based on their own body sizes) can be translated to different virtual 
body sizes and proportions.  

4. Users can able to adjust their perception and movement to suit virtual bodies that have 
different sizes and shapes.  

5. Users inhabit a VR environment with different body sizes enabling designers to 
understand the implications of the design for sight lines, reach and movement for a 
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range of body sizes.  

The tool needed to be easy and efficient to use, require minimal training (assuming the tool is 
used by a team with some CAD skills) and integrate with the other prototypes and design 
assets being developed in parallel. 

The RAES tool has two elements: a DHM pose capture tool, and an immersive VR 
experience.  

RAES DHM Pose Capture Tool 

To use the RAES DHM Poser Capture Tool the designer moves in front of a motion capture 
device while viewing a screen that shows their body moving a DHM in real time in a virtual 
environment. They can change to different DHMs to see and experience the postures 
required by different body sizes to achieve the same goal. The DHM poses can be captured 
and exported to CAD software for use in virtual prototyping. This makes it faster and easier 
to make DHM poses that are realistic compared to existing DHM posing systems. By making 
posing easier DHMs are more likely to be used early in the design process.  

Figure 1  shows the set-up, a laptop, and a body motion sensing device, in this case a 
Microsoft Kinect™. Figure 2 shows the pose of the designer and what the designer sees on 
the computer screen.  

 
Figure 1  - The RAES poser hardware set up. 
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Figure 2 - A designer’s pose being reproduced by a small female DHM (top row) and a large male DHM (bottom row). 

A key feature is the ability to import a CAD model so that the DHMs can be posed in context. 
Figure 3 shows DHMs being posed in an ambulance environment. For this design it was 
important that the users have good access to controls located on the ceiling. The pose on the 
left shows the designer reaching the ceiling device as the large male DHM. The pose on the 
right shows the designer reaching for the same point as the small female DHM: note the 
more extreme stretch required. This provides the designer with a direct physical experience 
of what it feels like to be different body sizes in the environment. 
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Figure 3  - Postures the designer takes when using RAES to reach the same target as different body sizes. 

RAES Immersive VR Experience 

The designer enters a virtual environment inhabiting a DHM, as they move the DHM moves 
with them in real time. They can select different body sizes enabling them to evaluate the 
reach and sightlines of people with a wide range of statures and body segment proportions. 
This gives them a direct physical sensation and experience that would otherwise be 
impossible to achieve. The movement through the virtual space is accomplished by a real 
human, removing the issue of digital motion simulation. 

The system requires a VR headset, computer, and body motion tracking. The current tool 
uses the Optitrak™ motion capture system that requires reflective markers located on the 
body and expertise to set up. The existing system is cumbersome and goes against the goal 
of user-friendly integration, however, it is anticipated advances in marker-less motion capture 
will alleviate the issue soon. 

Figure 4 shows the RAES VR tool being used, with the user inhabiting a large male (the top 
row) and a small female (the bottom row) simulating reaching a yellow box on a high shelf. 
The image on the left shows the point of view from the VR headset. Note the different body 
postures taken by the designer to reach the box as different body sizes. As the large male 
the designer takes a lower, easier posture to reach the box, in comparison the small female 
needs to stretch up much more to access the box. Also note the differences in the sight lines, 
the small female has a restricted view of the box compared to the large male.   
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Figure 4  - The postures taken by a designer when inhabiting different body sizes to see an object under a bench. 

Figure 5 shows the RAES VR tool being used with a large male (the top row) and a small 
female (the bottom row) DHM moving through a control room. Note how restricted the 
sightlines are for the small female compared to the large male.  
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Figure 5 - The point of view seen by a designer when inhabiting different body sizes. 

Evaluation of the VR tool 

One important condition for the viability of the RAES system is that, when a user is 
embodying a DHM of a different body size than their own, the user’s movement should 
replicate the motion of a user of this actual body size. If a 1.70m stature male embodies a 
1.95m stature DHM, the user’s movement in the VR environment should match the 
movements of an actual 1.95m tall person in the real world. 

To test this, we ran the following experimental study at the Wearables Computer Lab of the 
University of South Australia. 30 participants were recruited from the public. Of those, 10 
participants were selected based on their body size: five so-called large males, over 1.90m 
tall and over 90kg; and five small females, under 1.54m tall and under 50kg. The other 20 
participants had no restrictions on anthropometry. 

Participants were fitted with the Optitrack™ motion capture suit (a full-body Lycra™ suit) on 
which retroreflective markers were attached. They were also fitted with the Oculus™ VR 
headset. They were then asked to perform a set of seated reach tasks under three 
conditions: 

- In the first condition the participant did not wear the VR headset. They were seated at 
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a physical desk upon which a large vertical panel was attached. On the panel were 
printed 13 radiuses originating at the centre of the intersection line between the desk 
and the panel (Figure 6 ). Using their right hand, they were asked to perform 
maximum reach in the direction of the radius specified by the researcher, maintain the 
maximum reach position for one second, then return to rest. Each direction was 
tested twice, and the order of the directions tested was randomized. Reach distance 
was measured using tick marks spaced by 50mm on each radius. 

- In the second and third conditions, the same setup as above was replicated in Virtual 
Reality. Participants wore the VR headset, seated on a chair, and were presented 
with a replica of the physical setup above (desk and panel) in the VR environment. 
Their body size was scaled to that of a ASRAN large male (1.94m tall) or small 
female (1.54m tall), The maximum reach tasks were repeated. 

  
Figure 6  – experimental setup for reach capacity assessment. 

Maximum reach distances for each condition were processed for each participant. Initial 
results (as of 21/03/2023) indicate that, when participants are scaled to large male or small 
female body size in the VR environment, their reach capacity match that of an actual large 
male or small female, to within intra-individual variability (analysis is in progress).  

Conclusion 

Developing designs for human fit in complex confined environments requires the use of a 
range of prototyping tools and methods. Existing tools and methods provide a limited 
understanding of the experience of bodies in space and are expensive and difficult to use. 
Based on extensive experience applying anthropometry for design, new tools and methods 
were developed, with the aim to provide an experiential and empathic experience for 
designers the existing methods do not provide. The key element is that the designers would 
use their bodies to manipulate the DHMs to make the task easier, faster, and create more 
realistic DHM poses. It also provides the designer with the physical experience of body 
movements as different body sizes. In this way RAES can be understood as an advanced 
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form of bodystorming. Also making DHM manipulation easier and faster means they are 
more likely to be used in the early stages of the design process.  

The approach hinges on the use of DHM not as a quantitative assessment tool, but rather as 
a qualitative tool helping designers and engineers get a better feel and understanding of the 
issues associated with a potential design. We believe that, given the current limitations of 
motion simulation, DHMs are currently unable to provide enough confidence in design 
evaluation to be used as a validation tool. However, they do provide benefit in the design 
process by enabling quantitative assessment and visualization, and by doing so at an earlier 
stage than physical prototypes. One of the main challenges associated with the use of DHM 
is making their use better integrated with the overall design process. At present, most DHM 
tools are part of specialised software packages, which represents an additional burden in the 
overall process (e.g., obtaining, installing, and learning such software; import and export of 
CAD models from software). In that sense, RAES also represents an attempt at better 
integration of DHM tools in the overall design workflow. 
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Abstract  
 
Additive Manufacturing has been identified as a disruptive emerging technology and has great potential for 
sustainability and the implementation of the circular economy. However, to date, new generations of 
designers have tended to utilize it as a mere tool for the three-dimensional representation of a solution 
conceived and designed for other supply chains. This not only creates experiential and perceptual 
problems in relation to AM but actually represents a misuse of material resources, which are utilized in an 
uninformed manner. 
With this in mind, the paper aims to chart possible directions and strategies to foster an informed use of AM 
within the Circular Design design and production process. 
After an introductory framing of the current issues and peculiarities of AM, we present the five strategies 
identified to enhance the potential of 3D printing within the framework of the ecological transition. These 
strategies are the starting point for defining a roadmap to better understand and consciously use AM in the 
design of circular and sustainable solutions. 
 
Additive Manufacturing; Study Model; 3D Printing; Circularity; Circular Design 
 

The educational path related to Design as a discipline is composed of the transmission of a 
variety of knowledge, multidisciplinary and interdisciplinary, for the constitution of a 
professional skilled in both the conception and communication of solutions responding to the 
principles of innovation, ethics and usability towards third parties, such as clients, users, 
companies, etc. This ability is transmissible through multiple tools and techniques, among 
which the effectiveness of using study models as a design method (Polato, 1991) is 
outstanding.  

According to the Project-Based Learning (PBL) approach (Kokotsaki et al., 2016; Newman, 
2005), which is very important in Design, study models assume a major role in the design 
phase (Tonelli, 2008; Branzi, 2015), as they actually consist of the real moment of tangible 
understanding of the solution conceived in the mind, visualized on paper or on a screen, 
which has never been concretely experienced until that moment. In the same way that no 
one knows how to write without correcting (Nizzoli in Polato, 1991), the design process also 
requires that after an initial phase of formal definition of the envisioned concept, there are 
necessary moments of verification, which can be effectively achieved through the creation of 
study modelsIndeed, study models are artifacts made in the midst of the design phase as an 
active tool for verification and formal redefinition (Tonelli, 2008; De Fusco, 2008); what is 
relevant is not so much their aesthetic quality but their ability to be adherent and responsive 
to design needs (Polato, 1991). Their proper use, therefore, asseverates them to be an 
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active tool in the iterative design process of refining an idea. 

While in the early stages study models were traditionally handcrafted from cembran wood 
(Polato, 1991; Bettiol & Micelli, 2014) because it is easily machined and free of knots, to date 
such artifacts are mainly in other materials (paper, cardboard, polymers, foams, resins, etc.) 
and created partly by hand, partly through the use of digital fabrication machinery, such as 
CNC milling machines, laser cutting machines, and 3D printers. 

This trend is a reflection of a growing attitude that leads design students to approach the 
ideational phase of the design journey by increasingly reducing the exploratory moment of 
ideas through sketches and immediate drawings on paper, preferring to move directly into a 
three-dimensional space, thanks to modeling software, which is increasingly popular and has 
intuitive interfaces. Thus, when the three-dimensional file replaces the sketch, the study 
model also undergoes a transformation in meaning and identity, becoming the product of a 
3D printer. 

This trend, which presents several issues from the point of view of theory and design 
practice, is steadily growing and very difficult to argue against, partly because of the rise of 
entry-level 3D printers (Jandyal et al. 2022; Wohlers et al., 2022), which are affordable and 
increasingly popular in schools and homes. 

Unfortunately, when three-dimensionally printed artifacts take the place of the study model in 
the design phase, there are mainly negative effects, as students often self-limit themselves in 
devising formal and functional solutions that do not have as their only main purpose 
compliance with previously settled design requirements (Bolzan & Ascani, 2022; Ascani et al. 
2022). Thus, the democratization of 3D printing technology (Aldrich, 2014; Von Hippel, 2005) 
in this specific setting means that the proposed design solutions come up against the level of 
knowledge acquired in the use of 3D modeling software, through which 3D printing files can 
be generated, which turn out to be limited and limiting, especially during the formative years 
of education. The same thing also tends to be reflected in the design practice of young 
professionals. Moreover, when 3D printers are used to shape an idea, they are rarely 
considered as a production technology, but rather a tool for direct materialization. In doing 
so, there is often a lack of understanding that objects designed for another production chain 
do not necessarily turn out to be correct when materialized with entry-level 3D printers, or 
Fused Deposition Modeling (FDM) and/or Fused Filament Fabrication (FFF) printers in 
general. 

In observing the emergence and radicalization of this trend, therefore, we want to reflect on 
what might be a strategy not so much to combat it as to redirect it in a more functional way to 
design practice. From the premises given, it is argued how it is more interesting to maintain 
the dialogical and iterative dimension between the design and prototype phases, to be 
considered as an active moment of the design process. For this reason, thinking about 
Additive Manufacturing (AM) as both a design/prototypical and production tool can be a 
strategic element to raise an aware generation of designers, but also to try to find more 
sustainable applications of this technology. AM, in fact, should be considered not only as a 
family of manufacturing processes, but also as an enabling tool for the design workflow, with 
its own possibilities, limitations and peculiarities. Designing "for" and "through" AM means not 
only knowing its advantages, disadvantages, and principles of operation, but also 
questioning in an informed and conscious manner the circumstances and conditions under 
which it may make sense and sustainable (economically but especially environmentally) to 
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employ this technology, which primarily uses polymeric or composite materials (leading to 
the generation of waste microplastics) and resins (requiring washing and curing processes 
with impactful chemicals). 

This is why it makes sense to use AM responsibly and consciously, in a way that also fosters 
synergy between designers' responsibilities and the achievement of the Sustainable 
Development Goals (Chou, 2021). In the remainder of this contribution, we will proceed in 
framing how AM can foster the achievement of these goals once we truly understand the 
multitude of possibilities it offers, without relegating it to a tool for uncritical prototyping.  

Additive Manufacturing as an enabler of Circular Design 

The linear production model (Jiang, 2022), on which the industrialized production system is 
mainly based, although it has brought economic growth and prosperity, is no longer 
sustainable from the point of view of the planet's resource consumption (Sariatli, 2017). To 
ensure the implementation perspective of circularity, the Design is called to take on a mission 
of rethinking and redefining what should be the priorities when going to conceive, design, 
prototype, produce and use a product. Indeed, a design approach supporting linear 
production (Sariatli, 2017) traditionally focuses primarily on the product and how it is 
manufactured. In designing a new commodity, the impact of the product during its production 
and consumption is not addressed, nor is what happens after the product is no longer in use 
and is disposed of. But even before these stages, there is the design dimension that has 
relevant implications for the aspects of choosing the materials and technologies that should 
be used. For this reason, it’s quite urgent to make a change moving from design for Linear 
Economy to design for Circular Economy. Design in the Circular Economy is intrigue and 
requires a transformation in thinking, to shift 'from the current product-centric focus towards a 
more system-based design approach' (RSA, 2014). Circular Design seeks to produce a 
product or service that is useful and composed of the best materials to give the highest 
performance while reducing its overall negative impact (Aho, 2016).  

AM technology represents an opportunity with benefits at both the product and system levels, 
and has a high potential to serve as a facilitator of the circular economy (Garmulewicz, et al, 
2018), including the opportunity to better manage the resource consumption. There are two 
main features (Jimenez et al., 2019) of AM to leverage, because they not only provide 
significant competitive advantages but also reduce manufacturing costs: 

• The geometrical complexity of the part can be easily manufactured based on 

the geometrical template obtained from a 3D CAD. 

• The customization of the part can be simply manufactured, and products that 

are identical or wholly different can be obtained without affecting the process or 

expending additional costs. 

These two characteristics of 3D printing can provide massive benefits in different 
applications: (1) Lightweight Products; (2) Multi-material Products; (3) Ergonomic Products; 
(4) Integrated Mechanisms. Referring to Lightweight Products, AM permits the production of 
items customized to a certain function and with customized characteristics. Some 3D printing 
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processes can even fill a model with varying degrees of porosity without changing the 
material. When we consider Multi-material Products, AM enables the production of a product 
employing multiple materials in the same solid at the same time. This suggests that the 
technology overcomes one of the present weight/mechanical strength ratio constraints by 
introducing new functions or cutting manufacturing costs (Attaran, 2017). The components' 
design with AM for Ergonomic Products can provide a higher level of connection with the 
user by responding to the precise anthropometric features of each individual (i.e. prostheses) 
without necessarily influencing manufacturing costs. And lastly, AM offers the possibility of 
producing Integrated Mechanisms that are totally incorporated into the finished object, 
without the need for subsequent assembly and adjustment.  

In terms of the manufacture of industrial components, the following benefits must be 
recognized as noticeable. 

Reduction of the time it takes new designs to reach the market 

When additive manufacturing is used as a manufacturing technique of the end product and 
not only in the production of prototypes, many of the current launch and validation phases 
can be drastically shortened. Another advantage is that it provides great flexibility when it 
comes to responding to the continuous changes in market demand. 

Short production runs  

The size of the production run con be minimal to the extent of being on a per unit basis while 
hardly influencing manufacturing costs (if and when the depreciation of the equipment is not 
considered). One of the characteristics that make this possible is the lack of a need for 
tooling, which represents a considerable advantage with respect to the conventional 
manufacturing methods. 

Reduction of assembly errors and their associated costs  

Ready assembled components can be obtained with the only subsequent operation being 
the quality control inspection. 

Reduction of tool investment costs  

Tools do not form port of the 3D printing process This represents a great deal of flexibility as 
regards adapting to the market and a reduction, or even elimination, of the associated costs 
(toolmaking, stoppages due to referred changes, maintenance, and inspection). 

Hybrid processes  

It’s always possible to combine different manufacturing processes In this case combining 3D 
printing processes with conventional processes might be interesting to make the most of the 
advantages offered by both. 
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Material consumption 

Optimum usage of materials material wastage is reduced to a minimum. Any waste material 
can be easily recycled. 

Five Design Strategies for Sustainably and Circularly using AM  

In light of these considerations, and thanks in part to the great freedom in realization offered 
by AM, one could consider this technology as the answer to any design/manufacturing input. 
However, although almost any geometry can be realized through AM, it does not necessarily 
make sense or meet sustainability and circularity requirements when realized through the 
use of 3D printing technologies (Liu et al., 2016). Therefore, what are the motivations that 
may lead a designer to choose AM as a project and production strategy instead of other 
more widely used technologies?  

Downstream of some observations conducted on the most effective experiences of using AM 
in the materialization of products, and based on previously developed experiences in 
prototyping in Fab Labs and research laboratories (Bolzan et al., 2021; Bianchini et al., 
2019), 5 drivers were identified that can frame the correct motivations behind the use of AM 
in the design process: Attachment, Efficiency, Reparability, Recyclability, and Distributed 
Manufacturing. 

Attachment 

In Circular Product Design Strategies, Design for Attachment and Trust refers to the 
production of things that will be loved, appreciated, or trusted for a longer period of time to 
slow resource loops (Chapman, 2009). This is also known as "design for emotional 
durability": a scenario in which "people and goods thrive within longlasting empathic 
partnerships", it is a good method to extend product lifespan leveraging four main product 
meanings (Mugge et al., 2008): Self-expression, Group affiliation, Memories and Pleasure (or 
enjoyment).  

Compared with traditional production technology, 3D Printing is very suitable for applying the 
strategy of implementing product personalization or making the product more unique to 
improve product attachment. The traditional process used to produce conventional parts and 
components is impacted by a series of limitations related to obtaining certain shapes, and if 
you want to make geometrically complex pieces, neither the mold will be very complicate nor 
can you get the component out of the mold tools. Thanks to 3D Printing's unique working 
principles, the geometrical complexity of the part can be easily manufactured based on the 
geometrical template obtained from a 3D CAD (Kondoh et al., 2017). 

Another advantage 3D Printing brings is that the customization of the part can be simply 
manufactured for AM, products that are identical or wholly different can be obtained without 
affecting the process or expending additional costs, which means a great deal of reduction in 
tool investment costs. Besides, by responding to the precise anthropometric features of each 
individual also for medical products and prothesis, the personalization of parts is tailored to 
the individual needs and preferences of consumers without necessarily influencing 
manufacturing costs. 3D Printing makes it possible that designers, customers, and 
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manufacturers to collaborate to create innovative products, this co-design process involves 
user participation in design, product simulation/certification, manufacturing, supply, and 
assembly processes that rapidly meet consumer needs and preferences Encouraging 
product attachment is valuable for a Circular Economy, it can result in product longevity, 
which is generally recognized as an important Circular Product Design Strategy Compared to 
the other strategies, strengthening the person-product relationship is that it does not require 
consumers' pro-environmental behavior. Once the emotional bond is built, a person will take 
better care of this product and postpone its replacement for his/her benefit. Infact, the 
strategy of increasing the product's reliability and durability to extend its lifetime is not always 
effective, because many products are still replaced while they are still functioning well at the 
end. 

 

Figure 1: Attachment influence on designer. 

Efficiency 

AM allows the creation of complex geometries through its distinct working principles, which 
can lead to a reduction in material usage, part consolidation, simplified assembly lines, 
increased product functionality, and reduced energy consumption (Nagarajan et al, 2016). 
Meanwhile, the emergence of innovative generative design broadens the application bounds 
of 3D Printing, and 3D modelling softwares can quickly generate multiple design alternatives 
according to process, material, cost, and other parameter constraints, and designers can 
choose the best solution according to technical requirements (Wang et al., 2021). Through 
this automatic topology optimization a part can be optimized to a lighter and stronger 
structure/ yet the structure is usually too complicated and organic for traditional 
manufacturing methods to produce for AM the part can be easily manufactured (Rajan et al., 
2022). We can conclude that AM is well suited to a lightweight design that saves energy.  

The enhancement of resource efficiency can be separated into several categories. 

Firstly the product development costs can be lowered by 3D Printing especially for  the 
prototypes can be easily made to verify the design. Secondly, the low weight of the product 
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through the optimized geometry saves the materials/ and waste materials are reduced to the 
minimum. Besides, the optimized geometry with enhanced structure and low weight will 
improve the product energy utilization performance. Thirdly, the emerging eco-design 
concept of Monomateriality which is building products from a single material, benefits a 
Circular Economy by dramatically simplifying the logistics and transaction costs of materials 
cycling (Chiaroni et al., 2021). Luckily, 3D printing, by its fundamental nature, inherently uses 
a Monomaterial to build up complex 3D forms. 

In Circular Product Design Strategies, design for standardization and compatibility, and 
design for dis-and reassembly are preferred to recycling, as this help retain a product's 
economic and environmental value over time. While in this 3D Printing design strategy, 
creating complex yet optimized shapes encourages the designer to build a single part 
product that is easy to recycle and thus contributes to Circular Economy, it looks like that 3D 
Printing counters the traditional Circular Product Design Strategies, or if we think oppositely, 
Circular Product Design Strategies are enriched by 3D Printing, the complex yet mono 
material-built product can be recycled to become the raw material to create new designs. 

 

Figure 2: Efficiency influence on designer. 

Reparability 

Design for ease of maintenance and repair is one of the Circular Product Design Strategies, 
it aims at extending product life to slow resource loops. Repair is about restoring a product to 
a sound/ good condition after decay or damage, since 3D Printing is a way of digital 
production, it favors repair because broken parts can be imitated and reproduced. 

For the products made by 3D Printing, the model file of the product is stored digitally and you 
can just produce them on demand (Mani et al., 2014), this reduces inventories and saves 
storage costs, making repair more accessible (Ford & Despeisse, 2016). The broken part 
can be replaced with the new printed one, and unlike the traditional manufacturing method, 
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the size of the production of 3D Printing hardly influences manufacturing costs. 

AM can also be very helpful for repair the products that are not originally made through a 3D 
printer. There are three different kinds of repair 3D printing can do. The first possibility is 
when the waste products can be turned into new daily necessities, the part made by 3D 
Printing adds new meaning to the waste and repurpose them. More easily, the damaged part 
can be replaced by the new 3D Printing part, besides the new part does not just fix the old 
product, but also add value to the new product resulted. Lastly, 3D Printing does not aim at 
repairing the original work, but to change the broken part into something with additional 
cultural/artistic value. 

 

Figure 3: Reparability influence on designer. 

Recyclability 

For any manufacturing process, including 3D Printing, the feedstock must be formed into a 
state compatible with the process, and the material must exhibit acceptable service 
properties to perform successfully in the given application. 

Materials play a dominant role in 3D Printing, particularly when considering materials for 
engineered structural applications. To be successful, materials must be formed into proper 
feedstock, have appropriate characteristics for processing in the specific 3D printer, and 
must have acceptable service properties (Bourell et al., 2017). So, it can be inferred that the 
recyclability of materials determines the recyclability of the products made by 3D Printing. As 
Sauerwein et al. (2019) pointed out, the recyclability of 3D Printing is extremely material-
dependent. When products have very complex shapes, once they are broken, it's very 
difficult to repair them, and in these circumstances it's better to just replace them with new 
ones. When this happens, the recyclability of materials used to make the already broken 
products is the main priority. If the products are made from recyclable materials, they can be 
recycled and become the materials to produce new products, which is a good way to close 
the resources loop. 

For now, the availability of recycled AM materials is limited, but 3D printing materials are 
developing in a sustainable direction, there are more and more studies being developed on 
sustainable alternatives for 3D printing materials, also considering the possibility offered by 
the Liquid Deposition Modeling (LDM) 3D printers.  

In addition, advances in 3D printing feedstocks using natural derived materials have been 
made recently, we can directly use biopolymers like the very common PLA, or other bio-
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based, biodegradable, and recyclable materials for 3D printing (Liu et al., 2019), as bioplastic 
made from algae or with orange peels. 

 

Figure 4: Recyclability influence on designer. 

Distributed Manufacturing 

Srai et al. (2016) define Distributed Manufacturing as the ability to personalize product 
manufacturing at multiple scales and locations, exemplified by enhanced user participation 
across product design, fabrication and supply, and typically enabled by digitalization and new 
production technologies. Shorter supply chains, reduced transportation, decreased 
overproduction through on-demand supply, and localized repair and recycling are the 
advantages of Distributed Manufacturing and why it is seen as a potentially sustainable 
alternative for centralized mass production (Ford & Despeisse, 2016). And the emerging 
characteristics of Distributed Manufacturing that distinguish it from centralized production are 
concluded as follows:  

• Digitalization of product design, production control, and demand and supply 
integration that enable effective quality control at multiple and remote locations 

• Localization of products, point of manufacture, and material use enabling quick 
response and just-in-time production 

• Personalization of products tailored for individual users to support mass product 
customization and user-friendly enhanced product functionality 

• New production technologies that enable product variety at multiple scales of 
production, and as they mature, promise resource efficiency and improved 
environmental sustainability 

• Enhanced designer/producer/end-user participation, unlike the world of the artisan, 
enabling democratization across the manufacturing value chain 

3D Printing supports Distributed Manufacturing since the digital file can be sent to production 
locally and Distributed Manufacturing can in turn solve the problems of low resource 
utilization and unsustainability caused by the uneven distribution of 3D Printing equipment 
(Howard, 2017). As the performance of consumer 3D printing improves, there is a 
convergence between consumer 3D printing networks and inter-organizational industrial 3D 
printing networks. 
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Figure 5: Distributed Manufacturing influence on designer. 

Discussion 

Thus, the five drivers presented can be viewed as strategies for efficient conscious and 
sustainable use of AM. However, they are not to be effective and functional for the activation 
of an AM-based circular design and manufacturing supply chain if viewed in isolation. 
Attachment, Recyclability, Reparability, Efficiency and Distributed Manufacturing can be 
functional and take on qualitative value in different design phases. In this regard, a roadmap 
is proposed as a graphical format in Figure 6 for better understanding and using the 
strategies within a design pathway that consciously integrates AM into sustainability and 
circularity.  

Thanks to this graphical summary, it is appreciable how between the definition of the project 
objective and the release phase of the final result, there are the various steps of the design 
path that can accommodate influences brought by these strategies to go on to create 
effective and efficient design solutions for users, production, and environmental system. 

 
Figure 6: 3D Printing Design Strategies Roadmap 
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The need for specific prior knowledge 

However, the identification of these strategies and their dissemination to a specialized 
audience cannot be considered a sufficient condition to wish that the use of AM will take 
place in a more conscious way and could facilitate the achievement of sustainable 
development goals. When one wants to convey change and expansion of opportunities, it is 
important to train the younger generation so that they can be active carriers of a change of 
pace. And in this specific case, it is important to go out and train the new generations of 
designers through a necessary updating of the content delivered in Design training courses.  

Infact, to better make use AM, designers need to know better about 3D Printing technology, 
this is the prerequisite to applying 3D Printing to design projects. Technical specifications, 
working principles, use process of 3D printing, types of 3D Printer, strengths and drawbacks 
of different printing technology and so on, designers need to master the knowledge. And this 
is a requirement to encourage the foundation of implementing the five 3D Printing Design 
Strategies. 

Training in 3D modeling software, understanding mechanical and physical processes, and 
materials knowledge are topics currently covered in the curricula of the Schools of Design. 
However, these topics are not functionally presented to explore the possibilities offered by 
AM, so students are not prepared to properly interpret additive technology. As introduced 
initially, they see it as an inexpensive alternative for creating study models or presenting 
design solutions designed for other production pipelines. Therefore, it is important to 
intervene in the structuring of the course of study of the Design educational realities to find 
the right space in which to convey structured information and skills, based on the PBL 
approach, in order to change misbehaviors and constitute a group of informed designer. 
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Abstract  
 
Imagine if our structures (buildings, cities) or objects (medical prosthetics, clothes) could be grown, self-
healed and have multiple properties (shape, textures, composition etc) tuned or adapted to meet fluctuating 
demands. This could significantly enhance how designs can be made increasingly bespoke, reduce 
associated waste (financial, pollution, resources) and could begin to enable materials to be shared or 
flexibly utilised. The research presented in this paper aims to develop multi-adaptive materials/structures 
and discusses the considerable role design research can play in this developing area of research. We 
present our pilot project, which aims to develop adaptive material samples for medical prosthetics 
applications. The project involved two main research activities, material prototyping and collaborative 
industry workshops. We focus on the workshop findings and present a framework for determining 
interrelationships between material properties, responses, user demands and implications as this is key to 
understanding how to develop transformative material systems and how to determine what constitutes as 
desirable material responses/associations. From this we then reflect on our research to date to open up 
key questions on the role design[ers] and design research[ers] play in maximising the potential of adaptive 
materials and aspirations within this field. 
 
Design Research; Processes and Innovation; Adaptive Materials; Sustainability; Collaborative Prototype 
Development 
 
Biological design and fabrication processes create structures capable of self-healing when 
damaged as well as adapting to consistently imposed design demands. As a result, material 
performance is improved, and structures become increasingly bespoke or time.  Importantly, 
these adaptive abilities are made possible because material processes maintain a discourse 
with fluctuating design demands, resulting in interrelationships.  Meaning, the design and 
fabrication processes are highly iterative and flexible because of how these processes can 
interact with a structure’s material makeup. Conversely, artificial modes of design and 
manufacturing, which are typically linear in nature, do not leverage these highly desirable 
abilities because they treat materials as inert, no discourse is maintained post-fabrication 
between design parameters, and material properties and there is no framework or 
mechanism to enable interrelationships for a material-system to be developed. As a result, 
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significant pollution and waste (material, resources, financial) are generated because the 
material makeup/properties of a structure cannot be iteratively interacted with.  

Imagine if we could instil these highly desirable abilities present within biology into the 
material make-up of our artificial structures by enabling iterative interactions with multiple 
material properties. In doing so, issues of waste and pollution could be addressed but also 
new design potentials to improve bespoke qualities.  We have developed a novel design and 
fabrication approach, which can produce self-healing and multi-adaptive materials. Meaning, 
material systems can be developed that can have multiple material properties (texture, 
colour, composition, shape etc) iteratively updated on demand at high resolutions (e.g., 
molecular/granular). However, embedding multi-adaptive abilities within the material makeup 
of structures (prosthetics, objects, architecture etc.)  highlights two fundamental challenges 
relevant to design research; 1) how can desirable material properties be determined for a 
given application? 2) How to determine what constitutes desirable material responses for a 
given application? We argue that these questions are particularly important in the developing 
area of adaptive materials and requires a framework for determining complex 
interrelationships, which is especially important when conceiving bolder visions for 
applications, such as, growing buildings or cities capable of responding and acting as ‘living’ 
material ecosystems. 

To open up this discussion, we present our ongoing research to date from a pilot project, 
which aimed to create multi-adaptive material samples for medical prosthetics. This involved 
two key research activities; 1) interdisciplinary1 prototyping between design and chemistry 
and, 2) online workshops with industry collaborators. This paper focuses on the latter activity 
and discusses; how interdisciplinary collaboration, collaborative workshops and the role 
design[ers] can play in developing novel material processes to develop transformative 
futures, applications and platforms, which are inclusive and desirable. 

Background: Framing Design Research and Adaptive Materials 

Design researchers contribute to understanding real world issues and forecasting innovation 
through making and experimenting. In doing so, they combine creative methods and 
knowledge from other fields, producing ‘sharable’ outputs such as prototypes that enable 
effective communication and collaboration in transdisciplinary2 teams by early 
experimentation to advance solutions to contemporary complex problems that cannot be 
solved anymore through linear (non-iterative) processes that utilise pre-set answers, 
demanding iterative test cycles typical of design approaches, crafting solutions first on a 
small scale to gradually increase the impact of those.  

These flexible experimental design approaches and methods enable effective 
communication and collaboration between people with varied backgrounds and lived 
experiences from different stakeholder groups (e.g., experts from businesses, public sector 
and academy as well as citizens, ‘users’ or ‘beneficiaries’). Making and experimenting 
practices throughout projects allow earlier feedback from the different stakeholders involved. 
These iterative tests anticipate the varied inputs, integrating knowledge beyond the 

 
1 Diverse knowledge areas that intersect and combine their expertise in response to a shared research interest. 
2 Collaborations beyond the academy, such as other industries, businesses, the public sector, practitioners, citizens etc. 
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designers’ perspectives and experience earlier in the development process. As a result, 
these design approaches have been spilled over into different areas of knowledge and 
practices, from policy and service in the public and private spheres to science advancement 
involving transdisciplinary, interdisciplinary and multidisciplinary3 teams and projects. 

Therefore, design[ers] and design research[ers] can meaningfully address communication 
challenges in transdisciplinary projects that often fail due to poor communication (Project 
Management Institute, 2012), and because of this, can play a meaningful role in the 
developing research area of adaptive materials. Furthermore, the design phase is critical, 
defining most of the financial and environmental impacts of a solution although less 
investment is dedicated to this phase (Boothroyd, Dewhurst, & Knight 2002; Jeswiet & 
Hauschild, 2005; Tischner, 2000).  

The challenges of defining the material specifications for a given application affect design 
processes as these are transformative materials which will require different inputs from the 
varied stakeholders impacted by the solution throughout the material’s lifecycle. For 
example, each changeable property should be addressing a failure at satisfying not only the 
users’ positive experience but also other desirable characteristics such as the ones related to 
health and sustainability that require also expert input. Hence, differences in these tuneable 
materials’ lifecycle require different involvement from stakeholders in the development and 
maintenance of the ‘final’ transformative product when compared to standard product design 
that generates ‘static’ outputs. 

Regarding material flexibility in relation to sustainability, sustainability challenges require a 
multistakeholder and transdisciplinary approach. In the 2000s, the interest in valuing waste 
grew and underpinned the ideas of industrial ecology and circular economy (Dogan & Walker 
2003; Dijkema, Reuter, & Verhoef 2000). However, making circular systems work effectively 
presents several challenges including but not limited to the creation and maintenance of 
infrastructure and services encompassing a wide range of stakeholders and their interests in 
different industries, the public and non-for-profit sectors as well as in communities. 

Adaptive materials offer potential solutions to circular systems that could be significantly 
independent from existing infrastructures and services that currently enable circular 
economy, such as recycling ones. Nonetheless, implications of adaptive material applications 
for design processes need to be considered beforehand to ensure they are appropriate and 
sensitive besides the need for further development of digital environments.  

This paper sheds light into these implications through the analysis of a pilot project that 
explored the development of adaptive materials through prototyping, which was developed in 
collaboration between Design and Chemistry. Additionally, online workshops were carried 
out with industry collaborators to scope these implications further for medical prosthetic 
applications. This application was targeted because typical prosthetics do not physically 
adapt to any physiological changes of a patient's stump caused by multiple factors 
(atrophy/hypertrophy, seasonal changes, travel) (Ghoseiri & Safari, 2014), which can result 
in significant issues (discomfort, sores/infections) (Turner, et al., 2022). Additionally, there 
are specific functional demands for prosthetic (structural etc) with others being unique to a 
single stakeholder (shape/fit). This makes it less complex compared to a multi-stakeholder 
application (e.g., adaptive cities), which could have highly subjective and interconnected 

 
3 Different knowledge areas studying a phenomenon and bringing implications for their specific fields. 
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design demands. Making prosthetics a sound starting point to inform the development of 
multi-adaptive materials.  

Design, fabrication, and sustainability 

Typical design and fabrication processes reduce or even eliminate the ability of materials to 
have their properties updated. Hence, these typical linear design and fabrication processes 
generate significant waste, pollution, and resource depletion when design outputs become 
outdated (e.g., aesthetics, capacity, environmental, etc.) or start failing.  

However, materials demonstrate the ability to update multiple properties (shape, 
composition, texture) in response to stimuli induced upon them (e.g., gravity, magnetism, 
tension, sound). These physical material abilities are evident in Otto’s and Rasch’s (Otto & 
Rasch, 1995) form-finding experiments. They demonstrate how flexible material systems for 
scale architectural schemes can be created by employing various material platforms (soap 
films, woollen threads, polystyrene chips) and subjecting them to stimuli. The ‘agency’ of the 
materials when subject to stimuli creates material systems, which enable material flexibility 
and discourse between design parameters and material properties. As a result, the 
architectural forms created can be updated and collectively tuned by varying stimuli. 
Furthermore, the role of stimuli to interact with, guide and ‘upload’ design information in 
active materials/biological materials is becoming increasingly evident as a strategy for new 
modes of manufacturing that can leverage material agency and new possibilities for design 
and sustainability (Ozkan, et al., 2022; Alima, 2022). This raises the question; how can we 
develop flexible/multi-adaptive materials at high resolutions?  

We have developed our own approach that engages with a material’s capacity to compute 
form and enable discourse between multiple properties and design parameters. We term this 
approach ‘tuneable environments’ (Blaney, et al., 2019), which begins to open up the idea of 
circular material abilities that can be infinitely updated (Blaney, et al., 2021). The ability to 
create tuneable/updatable materials can contribute to tackling the challenges of extraction 
and addition of materials to ‘new’ lifecycles with linear materials that cannot change 
properties overtime. However, to maximise their potential for a given application there is a 
need to establish hierarchies and interrelationships between material properties, responses, 
design demands and tangible performance indicators (e.g., comfort, improved circulation, 
healing rates etc). 

Design innovation 

Design innovation can play a meaningful role in the developing field of adaptive materials 
within two mainstreams in which design contributes to innovation: (1) the use of design to 
make R&D or technological innovations marketable and suited to users (i.e., Thenint, 2008), 
and (2) the value of design as a ‘learning by doing’ process, as well as an experimental 
approach or a ‘trial and error’ practice to tackling challenges and identifying opportunities in a 
faster and uncertain world (i.e., Brown, 2009; Ito & Howe, 2016; Julier, 2017).  

There are several design approaches to innovation. Below we illustrate design innovation 
approaches’ flows (Figure 1). 
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Figure 1: Design Innovation Approaches and Flows. Adapted from Fonseca Braga (2016). 

Bottom-up design innovation is mostly based on and inspired by insights from users of a 
product, service, or system. Top-down design innovation approaches count on the expert 
capacity of designers to forecast trends and innovation. Both present advantages and 
disadvantages. For instance, disruptive innovations that are unfamiliar to users or citizens 
require a more top-down design innovation approach as users tend to refer mostly to prior 
experiences with a product, tending to generate ideas related to these prior experiences and 
knowledge of a product. This often leads to less innovative ideas or improvements in current 
solutions. Conversely, less innovative solutions, that are familiar to people, may benefit more 
from bottom-up design innovation approaches (e.g., design thinking, participatory design, co-
design) that enable major inputs from users of a product, service, or system.  

Pilot project 

Our pilot project aimed to understand and develop further updatable/circular materials 
through interdisciplinary prototyping. The prototype set-up, our approach to interacting with 
materials and multi-adaptive material samples will now be briefly discussed to provide 
context and highlight key challenges of developing these material systems that can leverage 
desirable material abilities but need to be further explored through collaborative workshops.  

Prototype set-up 

In our current prototype set-up (Figure 2), we have developed a multi-stimuli system where 
heat and magnetism are modulated using a simple digital design tool (see Figure 3). This 
enables us to iteratively update multiple properties (shape, patterns, volume, opacity, texture 
etc) of magnetised plastic-like material samples at high resolutions (particle size) (see Figure 
4). The plastic-like samples are melted via a heating mat, which enables self-healing when in 
a liquid state and can have multiple properties updated. The material updates are achieved 
by varying the strength of magnetism induced upon the sample by altering the 
height/proximity of an individual magnet as they are attached to linear actuators in a 4x4 grid.  

Importantly, the ability to change the state of the material (i.e., from solid to liquid and vice 
versa) combined with the ability to update multiple properties opens up iterative interactions 
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as the samples can be taken out of their fabrication environment, interacted with/hand-held 
and then updated or healed based on these interactions. This raised the possibility of 
creating structures that can become increasingly bespoke to a given user as well as their 
material make-up demonstrating material circularity/flexibility if the structure can be radically 
transformed and used for other applications. Where we see material circularity as a material 
that affords high degrees of flexibility and does not need to be totally recycled to radically 
update its properties.  

The focus of this paper is to discuss how to determine desirable material response and the 
interrelationships between material properties and user demands for a given application. This 
is because the materials samples and prototyping has been documented as videos and 
discussed in a previous paper by the authors (Blaney, et al., 2022). To be able to determine 
what constitutes a desirable material response when materials are capable of multiple 
responses across their area/volumes and in doing so, form complex interrelationships for a 
given applications a framework for further prototyping research is required. For this reason, 
we carried out two online workshops. First with a physiotherapist from Great Britain (GB) 
Paratriathlon and a second with prosthetists and consultants from Preston hospital’s 
Specialist Mobility and Rehabilitation Centre.  

 

 
Figure 2.  The prototype set-up with a material sample being interacted with. 

 

https://vimeo.com/712054727?share=copy
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Figure 3. The parametric interface used to control material patterns. 
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Figure 4. Material results for two material samples. The magnetised plastics enable multiple material properties to be 
iteratively updated at high material resolutions. The two samples have different strengths and as a result, demonstrate 
different qualities when interacting with them via stimuli. The annotations aim to highlight these implications and the 
properties generated. 

Online workshops with experts 

Two online workshops were conducted with experienced experts. One with prosthetists and 
healthcare consultants from Preston hospital’s Specialist Mobility and Rehabilitation Centre 
who perform surgery as well as fabricate prosthetics. A second one was with a GB 
paratriathlon physiotherapist who supports para-athletes during competitions and training.  

Each workshop lasted around 90 minutes. They aimed to capture the challenges, desirable 
properties, trade-offs and associations from a medical and high-performing athletes’ 
perspectives and experiences with prosthetics. 

Online templates were utilised to structure the workshop activities and capture the 
professionals’ insights into the above-mentioned aspects.  

Firstly, the pilot project and its developments were introduced to experts in both workshops 
to frame and make tangible the potentials of adaptive material in their field. The other topics 
approached varied according to the area and experience of the professionals. We described 
these below.  

Healthcare professionals (prosthetist and consultant surgeons) play an active role in the 
design and fabrication processes of prosthetics. They help to define the product 
specifications for each patient besides following and monitoring the patient’s progress during 
the adaptation to the prosthetics. The workshop with healthcare professionals enabled the 
team to understand and capture: 

1_ Aspects of design and fabrication processes of prosthetics as well as how users’ 
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data are considered and applied to those, defining the product specifications. 

2_ Problems and challenges of prosthetics and their effects on patients’ bodies, 

their health-related risk, and patients’ feelings. 

3_ Failures of prosthetics/current materials in tackling the issues generated and 

areas of opportunities to improve prosthetics. 

4_ Perspectives of the healthcare professionals on promising materials’ response 

to alleviating or improving different types of prosthetics. 

5_ Implications of materials that could be updated on demand for design and 

fabrication processes. 

6_ Speculative ideas on tuneable materials applications to prosthetics (e.g., what if 

we had prosthetics made from materials that could be updated?) and implications 

for users. 

7_ Desirable material responses and the types of data that need to be considered 

to improve patients' wellbeing. 

8_ Types of amputation (bone/no bone) and implications on material systems and 

properties. 

 
Figure 5. Online template utilised with healthcare professionals.  

The workshop in the context of paratriathlon explored 8 key topics as follows: 

1_ Para-athletes' data: Types of prosthetics and their impacts on the para-athletes’ 
body parts. 

2_ Effects of running, swimming and cycling with the use of prosthetics on para-
athletes' health. 

3_ Current management of problems and strategies to mitigate those during 
training and races. 

4_ Types of prosthetics according to each activity (i.e., running, swimming, cycling); 
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adaptations during transitions between activities and desirable properties whilst 
switching activities; expert insight into ways of ‘measuring’/perceiving desirable 
properties associated with para-athletes performance metrics (e.g., running speed, 
heart rate, displacement etc). 

5_ Current material properties of braces, prosthetics and tri-suits utilised during 
training and races. 

6_ Types of data and potential associations to inform material responses. 

7_ Desirable expert and para-athletes interaction with data (e.g., to inform 
materials’ updates). 

8_ Future visions on adaptable abilities/properties for para-athletes' prothesis. 

 
Figure 6. Online template utilised with the paratriathlon physiotherapist.  

The analysis of the data collected was conducted in two stages. In the first one, the 
researchers identified the relations and associations between the different points made by 
experts and established cross-references (Figures 5, 6). In the second, they mapped the 
problems and explored solutions to tackling them defining also potential applications (e.g., 
what data/sensor would inform material requirements) (Figure 7). We present the synthesis 
of the data collected and of the analysis in the following sections. 

 
Figure 7. Example of analysis from the workshop with the paratriathlon physiotherapist.  
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Workshops’ results 

Workshop with healthcare professionals 

Existing prosthesis’ development process  

Prostheses are designed by collecting patient’s data in a single-still position, using a negative 
casting or 3D scanning process. The data then informs the product specifications, and 
fabrication process begins with casting using plastic, laminated fiberglass, and plaster. All the 
adjustments are made manually via the prosthetist expert knowledge. The sockets created 
are very rigid in form, which prevents global shape-change after the final production. Also, 
patients need to wear silicone liners with their prosthesis (socket=glass fibre or carbon fibre, 
thermoplastic, cylindrical, liner=silicone). Parts of the socket and liner are made of a single 
material that present a single behaviour. Both lining and the prosthesis causes issues that 
effects patients’ daily life and are influenced by the prosthetics’ design and materials. 

Current challenges of prosthetics 

The materials currently applied to prosthetics do not respond to changes in the body and 
environment. This leads to several problems that impact people’s health and wellbeing from 
short to long term. We identified these challenges and their related prosthetics’ feature as 
follows. 

While heat causes sweating and skin problems, cold leads to discomfort. The lining of the 
prosthetics does not adapt to the environment and body temperature changes to prevent 
sweating and people’s sensitiveness to cold. As a result, people can sweat, have their limb’s 
volume changed and suffer from skin problems such as infections and folliculitis due to 
rubbing of ill-fitting devices. 

The volume of the body fluctuates throughout the day and with temperature changes or due 
to other factors such as monthly cycles for female patients. Current prosthetics’ inability to 
transform accordingly can lead to increase of pressure around the limb that is rubbed by the 
lining, affecting the body temperature in this area. Consequently, numbness can happen, 
fluids can build up and bursas can emerge.  

Different activities cause different changes in the body’s shape and volume. The prosthetics’ 
connection does not respond to these changes. For example, when bending articulations, the 
volume and shape of the body area changes (e.g., knee gets wider and narrower during 
different activities). Hence, skin irritations, circulation issues, protrusions of muscle, nerves 
and bones can happen. 

Furthermore, older adults need lightweight and structurally strong components that can be 
easily disconnected. Additionally, tangible feedback is necessary to confirm if the device is 
correctly connected to the prosthetics, which requires the deployment of advanced 
technology and could be useful for all user demographics. 

  



 

552 
 

Paratriathlon workshop  

Para-athletes use different types of prosthesis during the race for cycling and running. Blade 
and brace type prostheses used during the race can have pin or suction attachment. Blade 
type is generally used for running, and its flexibility can be arranged according to the weight, 
speed of the athlete and complexity of the racecourse. Brace type is ideal for cycling and 
helps to push the peddles harder. The aerodynamics and lightness of the brace can be 
arranged according to the athlete's weight and comfort. 

Athletes need to change their prosthesis while switching activities. Reducing the 
transition/changing time during the race is critical for them. Therefore, it would be ideal if their 
prosthetics could adapt not only to different climate conditions but also to the different 
activities. 

The comfort of the prosthetics is a subjective matter, depends on the athlete and the 
condition of their tissue. Therefore, it is not possible to make ultimate claims on the best 
adjustments valid for everyone. However, there are also common problems that athletes face 
during the race and training period. These issues can be categorised according to the 
activities and type of prosthetics they use. Other than that, they can be related to 
accessibility/money, environmental, performance and health issues.  

Health-based issues include sweating, balance problems, local pressure, friction/rubbing and 
skin irritations. They generally come from the lining, ill-fitting prosthesis, and environmental 
factors (climate). The performance-based issues depend on the duration and the difficulty of 
the race (hilly/flat). Both problems can occur when the environment is not ideal and when the 
athlete is suffering from fatigue.  

During a race keeping the liner clean and dry is important and having a stock of liners can 
help the athlete. However, they are expensive, and sponsors often only help successful 
athletes and accessibility/affordability becomes an issue. The shortness of the material life 
expectancy causes environmental issues. For instance, carbon fibre degrades, loses its 
components and stiffness accordingly.  

How can responsive materials contribute to tackling prosthetics’ 
challenges? 

Responsive materials can play a meaningful role in tackling the current challenges of 
prosthetics. They can change and adapt their properties to prevent the problems generated 
by the inability of current prosthetics’ materials and fabrication processes to respond to 
changes in the environment and body temperature, pressure, and shape. However, to 
develop and define appropriate adaptive material’s responses, we need a system that 
enables real-time data to be integrated, informing the necessary changes in those material 
properties. Therefore, considering the prosthetics’ challenges, we envisioned the following 
system (Figure 8) capable of capturing real-time data from the environment and body 
through sensors in order to adapt and respond to changing environment and body 
conditions. Moreover, features of the lining’s architecture can work also as structures that 
further facilitate these changes to timely happen. 
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Figure 8: A parametric user interface for adaptive materials applied to prosthetics.  

Additionally, the fabrication processes of prosthetics are limited in how they can 
accommodate varying body positions as the person moves, the diversity of activities that 
people will carry out as well as their intensity. Furthermore, para-athletes' prosthetics may 
need to be more robust due to the frequency and intensity of physical activities but still 
enable flexibility so they can be adapted to different activities in cases such as paratriathlon 
competitions and training which involve running, cycling, and swimming.  

The ideal prosthetic for the para-athletes would be the one that can self-heal, respond to the 
race rules to become bespoke and change its material properties, size, weight, and shape 
according to the needs of the athlete in different activities. Moreover, responding to sweat, 
wind, and temperature can help the athlete to overcome their challenges. 

Sweating through localised overheating is an issue for both athlete and non-athlete 
prosthetic users as it can cause injuries and balance issues since the prosthesis become 
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slippery with sweat. To address this, current linings have ‘pores’/small holes to allow seat to 
flow to the outside of the linear and in between the socket. However, a desirable response 
would be to make the overall structure more breathable/porous but with current material 
results in a trade-off. This is because the current approaches achieve a vacuum-like fit, 
which provides; comfort, enables the prosthetic to be worn quickly and limits 
movement/rubbing between layers until it becomes wet with sweat. But it results in this 
overheating and the resultant issues associated with sweating. Meaning, there is a hierarchy 
of what is a priority with this current approach. Additionally, cycling and running needs are 
different, thus the rigidity of the prothesis could change according to the different activities 
being carried out. 

Therefore, in this case, making the contacting points adaptive is even more critical. So, we 
suggest further sensors and an additional lining’s architecture features as follows: 

• An oxygen uptake sensor and a heart rate sensor to inform tuneable materials’ 
openness and stiffness/flexibility.  

• Potentially locating auxetic materials at locations that bend to achieve localised 
geometric shape-change. This kind of product architecture feature could improve 
comfort when move at an amputated limb’s joint.  It would be desirable to position this 
feature behind the knee because of the change of angles at the knee when cycling. 
Wrinkling would make possible to maintain structural properties (e.g., shape/fit) 
meanwhile it would keep the vacuum fit.  

• Develop a ‘geckos’ foot like material that combines soft liner layers within the 
structural outer layers of the prosthetic. This would enable void areas/lattice-like 
prosthetics and where it is in contact with the skin it can stick to it to maintain a 
vacuum-like fit. In doing so, it could address the trade-off issue of overheating and 
irritation caused by sweating because it can naturally evaporate. 

All in all, a system embedding a new socket technology with adaptive materials that can also 
give feedback would help to speed and inform fabrication, reduce waste, be more tolerable, 
and open up the potential for prosthetist to remotely update a patient’s prosthetics in remote 
areas by reviewing data captured and sending updates directly into the prosthetic, which 
could improve quality of life and access to health care specialities. 

Implications for design[ers] research[ers] 

Design researchers and designers do not often play a meaningful role in the development of 
prosthetics. However, they can be key to advancing prosthetics’ innovation. Working on 
solutions throughout prototyping processes with adaptive materials requires designers and 
design researchers to anticipate not only the users’ experience and needs in order to define 
the changeable properties of the product/materials but the future demands for the 
maintenance of the prosthetics that ideally should be ‘user friendly’ or ease the users’ jobs as 
well as adapt to potential future needs and desires in people’s lives. The interdisciplinary 
collaboration between design and chemistry in this research has enabled multi-adaptive 
materials. In doing so, it highlighted new implications for designing with these new types of 
materials, most importantly; how to interact with materials across a structure’s scales 
(molecules to global shape), the role transdisciplinary workshops play in determining what 
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constitutes desirable responses for a given application, and the implications of how to 
monitor and co-ordinated the multiple material responses generated via a range of induced 
stimuli over time. This ability to iteratively interact with materials enables enhanced decision-
making processes by facilitating collaboration and discourse between multiple stakeholders 
(in the case of prosthetics; patients, prosthetists, designers, material scientists/chemists, 
consultants). This is because increased material flexibility is afforded along with a system 
that would enable faster and infinite iterations that reduce material waste and costs 
associated with that. Meaning, a patient can have a single prosthetic over their whole life 
because it can be radically altered but also finely tuned to enhance bespoke qualities. 

These design innovation processes require a continuous collaboration between 
designers/design researchers, people who use prosthetics, heath care professionals, and 
other knowledge areas that contribute to advancements of adaptive materials and 
technologies. Therefore, the development of creating adaptive prosthetics is transdisciplinary 
in nature.  

In this context, design[ers] research[ers] can enable better and effective communication 
between different stakeholder groups and can create embedded systems that make 
feedback loops possible utilising real-time data to inform changeable features. These 
exploratory, experimental and flexible design approaches are led and crafted to capture, 
share and harness meaningful dialogues among these groups and enable them to be further 
translated into the adaptive materials and technology’s development.  

Hence, this flexible design innovation approach utilises elements of top-down and bottom-up 
design innovation as both are essential to inform and advance the development of 
prosthetics involving responsive materials and technology. People utilising prosthetics in 
different conditions, contexts and circumstances are key to understanding positive and 
negative experiences with and features of current prosthetics. Health professionals are 
critical to identifying current challenges which impact the life of prosthetics’ users and to 
facilitating associations with specific products and material features that are currently 
employed in the fabrication of prosthetics. Chemistry and other disciplines besides design, 
advancing the field of tuneable materials and technologies, are also crucial as they provide 
fundamental insights into materials’ possibilities on the molecular level bringing implications 
for materials’ design and helping to make the informed and imagined transformative features 
feasible to be experimented.  

As a result of that, designers need to be capable of capturing the ‘thoughts’, experiences and 
knowledge of these different groups as well as communicating effectively with them, utilising 
accessible vocabulary (lay or jargon-free), being able to deeply listen and discuss 
possibilities of advancements in collaboration with health care professionals and these other 
knowledge areas (learning their vocabularies), in a continuous learning process enabled 
through design research that allows these exploratory and experimental learning cycles. 

Furthermore, designers and design researchers provide the enabling structures and 
platforms for the experimentation to happen. They creatively combine technologies making 
structures and developing unique methods for testing these ideas. These creative processes 
and structures leverage future advancements with inputs from these varied stakeholder 
groups.  

Another aspect to be considered is the openness of these different stakeholders to these 
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design flexible and experimental approaches, understanding the value and advantages of 
those as well as their limitations when compared to conventional scientific approaches and 
methods. 

Future Work 

This paper outlined an initial framework and highlighted associations between fluctuating 
user demands, challenges with current prosthetics’ materials as well as design and 
fabrication processes and the trade-offs and hierarchies of these. Future work will aim to 
expand and refine these associations/interrelationships and generate an ‘interface’ that 
enables intuitive interactions and understanding. To do this, we would develop prototypes 
with users to incorporate their own perspectives so nuances can be captured within the 
materials. Additionally, we will continue to carry out transdisciplinary research and 
collaborations to develop transformative material platforms/systems that can address these 
trade-offs through novel material properties. 
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Abstract  
This paper describes the construction, use and reception of e-textile prototypes and their role in generating 
experiences for people within or outside their usual, everyday situations. The research explores the value 
of co-design practices to involve community groups in creative processes and craft e-textiles pieces that 
can function to make technology more present and concrete for people. Participatory strategies were 
employed to imagine and design future contexts that people could actively contribute to as co-designers in 
a co-design process. The research discusses the development of the prototypes and their use as vehicles 
to prompt reflection in three different scenarios. The methods adopted to construct e-textile prototypes 
focus on integrating digital capability to highlight rich affordances for touch, emotion and feeling. It 
foregrounds the tangible nature of e-textiles to facilitate embodied forms of interaction and prompt actions 
through materials that can activate our sensory awareness. 
Collaborative creative action and craft methods supported material discovery and embodied learning during 
the ongoing negotiation between intention, action and reflection. Findings suggest that functioning e-textile 
prototypes with enhanced performance qualities can facilitate consistent interactions and more playful, 
expressive experiences. Testing prototypes in physical, home-based spaces enabled people to appropriate 
them for personal use contexts, which was found to extend sensorial, perceptive and embodied awareness. 
The research proposes that encounters with e-textile prototypes can lead to improvised behaviour and that 
material combinations can play a decisive role in contributing to multisensory, lively experiences. 
 
Craft; Improvised Behaviour; E-textile Prototypes, Lively Experiences, Design.  

Introduction 

This research recommends craft as a platform for material experimentation that combines 
computational form in the context of new textile interfaces. Craft operates in a continuously 
evolving, fluid space that moves between multiple domains of making to position materials in, “a 
set of situated relationships” (Rosner et al., 2015, p.2). Craft processes can bind disciplines and 
practices together, promoting play, reflection and material knowledge as critical characteristics. 
Rosner et. al (2015) discuss hybrid craft, the confluence between traditional modes of craft activity 
and computational resources that the authors suggest can, “lead to new understandings of 
expressivity, skill and value” (2015, p.1). Simonsen and Robertson propose that digital practices, 
whether they focus on material, informational, temporal or interactive forms are subject to human 
agency, the creation of meaning and the primacy of human experience (2013). Design researchers 
have described opportunities to extend physical matter (Höök, 2018), as a result of interaction 
gestalts that arise from combinations with computational material’s temporal form (Vallgårda, 
2013). 
 
This paper explores the methods involved in prototype construction and the value in 
developing e-textiles as composite forms that include technology. It proposes that 
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participatory design methods can generate value through collaboration, shared production 
and co-creation, offering more accessible creative practices to people. Three contexts are 
presented that examine the development of e-textile prototypes to motivate an engagement 
with technology and encourage people to imagine technological futures that can involve 
them. The focus in this paper on making, using and experiencing the e-textile prototypes 
exposes the interrelationship between decisions and judgements enacted during a form-
giving practice to influence continual refinements of the work. The final section presents the 
research findings and discusses forms of engagement and interaction as features of lively 
experiences that can emerge from encounters with crafted e-textiles.   

Craft Practice  

The condition of craft directs agency and skill towards the making of things. Craft practice is 
well positioned to understand material behaviour; a making practice concerned with, at its 
core, a deep, measured ‘direct material engagement’ (Kettley, 2012). Craft is enacted 
through the body as our hands and actions become the means to think. Thinking through our 
hands translates into skilled action, interpreting materials, making judgements and shaping 
the potentials of material forms. The craft practitioner David Pye asserts that risk is deeply 
embedded in the process, which employs, “any kind of technique or apparatus in which the 
quality of the result is not predetermined, but depends on the judgement, dexterity and care 
which the maker exercises” (2007, p.20).  

 

E-Textiles offer an accessible, inter-disciplinary practice made up of tools and techniques 
that support hands-on engagement with materials across physical and digital domains. They 
encourage participation from a range of demographic groups as the skills are often familiar or 
can be learnt or shared using accessible, online resources. E-textiles prototypes support the 
development of soft, tangible interfaces that are well suited to experiencing multi-sensory 
modes to promote affordances for touch and emotion.  They have been used by other design 
researchers such as Kettley et al (2016) and Giles et.al (2015) to explore emotional 
associations through sensory engagement, particularly the sense of touch.  

 

This research relies on collective expertise and partnerships to shape and calibrate digital 
materials into forms that can be experiencing by people. Crafting e-textiles integrates shared 
competences and collaboration, especially in the production and implementation stages. 
Tangible creative engagement can bring technology into awareness, alongside participatory 
strategies to open up discussion around projected futures that people can access and 
actively contribute to as co-designers in a co-design process. Co-creative partnerships can 
contribute shared reflection and decision-making to each stage of the process. Participatory 
activities invite, “the involvement of people to gather insights and requirements to inform 
future designs” (Vines et al., 2013). In agreement with Kettley et.al cited above, one of the 
most powerful ways participatory practice can deliver enriching, democratic involvement is 
through methods that focus on direct manipulation of materials and making processes, “to 
imagine our possible futures” (Hartman, 2014). These practices enable people to become 
makers and producers rather than consumers in the move towards empowerment. 
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E-Textile Prototype Scenarios 

This section discusses three scenarios that employed e-textile prototypes to stimulate different 
levels of engagement, reflection and response from people.  
The first scenario presented three-dimensional textile forms that were mapped to sounds and 
could be activated when touched, squeezed or stroked. Multisensory, bodily engagement 
facilitated playful interaction and discovery to prompt speculation around future contexts of use.  
The second scenario was an opportunity to facilitate co-creative processes to inspire creative 
engagement and form production. The focus was on the design and construction of personalised 
e-textiles as a chance to reflect on individual decision-making and aesthetic judgements.  
The final scenario tested the functioning e-textile prototypes in domestic settings and evaluated the 
capacity of the pieces to inspire novel behaviour and improvised action. Each scenario was a 
chance to reflect on the material properties of technology as sensory stimuli, which could motivate 
creativity and imagination.  
 

Introduction to the Scenario Activities 

The research involved partnerships with people from multiple fields including engineers, 
health and wellbeing advocates and a community craft group that included volunteers, 
facilitators and group members. The researcher was able to leverage labour, skills and 
knowledge from this approach to cross-sector collaboration, to support the design and 
production process.  
The workshops involved a local community group in Cornwall, whose members had skills in 
a range of textile practices and an interest but no experience of working with emerging 
technologies. They comprised mainly women, ranging in age from 47 to 82 and a couple of 
men. The group members were seeking cooperative activities that would bring purpose to 
their lives and enable them to create objects for people that would positively enrich their 
health and wellbeing. Workshops were opportunities for participants to share ideas and 
produce individual or collective e-textile pieces with support from a team of design 
researchers, artists and technologists. Activities were led by two facilitators over a six-week 
period as they engaged textile processes and techniques to construct individual pieces that 
would build confidence and group cohesion. 

E-textile Prototypes as Design Prompts 

Early workshop sessions with community groups were designed to introduce participants to 
the attributes of e-textiles and illustrate the possibilities and limitations inherent in 
combinations of physical and digital materials. Figure 1 details researcher constructed e-
textile prototypes that used off-the-shelf technology devices to add sound effects and 
functionality to textiles that were stitched with conductive materials. The prototypes were 
used to prompt discussion, imagine future e-textiles contexts and to demonstrate material 
combinations. The familiar dynamic textile surfaces were designed to encourage people to 
actively engage, inviting touch behaviour. Activities involved touching, stroking or squeezing 
the textile surfaces and exploring the techniques including felting, hand stitching and digital 
embroidery.  The surfaces were designed to be playful and support direct hands-on 
engagement to activate hidden sounds in the form of stories and histories related to the local 
area. Simonsen and Robertson observe that, “people who are not professional technology 
designers may not be able to define what they want from a design process, without knowing 
what is possible” (2013, pp.2, 36). Participants perceived the alignment between touch, 
sound and the tangibility of textiles, which would inform their own design decisions and 
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aesthetic choices in their own personalised pieces. In their work with mental health 
participants, Kettley et al. describe the use of e-textile objects to support an understanding of 
the opportunities with future technology, which are made possible through the availability of 
tangible props (2016). 

 
 
Figure 1 Early e-textile prototypes used to prompt discussion and imagine future contexts, made by the researcher. 

 

 
Figure 2 Detail of cushions demonstrating the steps to layout and stitch felt pieces to interprete the nature theme, made 
by members of the group 
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Making Sound Cushions 

Workshop facilitators encouraged participants to consider the kinds of objects that they could 
construct in the six-week schedule and the types of experiences the objects might produce. 
Group members were assisted to discuss and develop a creative language to represent their 
ideas. Combining touch with textile and sonic materials was presented as a form of tactile 
and visual storytelling that could trigger deeper engagement. The researcher demonstrated 
the capability of conductive materials to form soft electrical circuits in fabrics, which could be 
connected to sound and activated using touch gestures. The hands-on exploration of early e-
textile prototypes described above, emphasised the ability of conductive materials to behave 
as switches that perform different functions. In discussion with the researcher the group 
proposed creating sound cushions that would provide comfort and solace for individual use. 
Each participant elected to embroider the surface and include conductive materials to create 
a touch interface to embed sound clips from nature to respond to the concept of comfort and 
relaxation such as birdsong, water or woodland sounds, see figure 2. The group imagined 
that the objects would have use applications in the home performing behaviours that were 
calming and involving the sense of touch with sound and visuals to construct a personal, 
sensory connection for people. The group speculated on groups that might benefit from the 
combined sensory tactile, aural and visual modes, such as people with sensory health 
needs, those living with dementia or children separated from their parents, see fig. 2 and 3.  

 
Figure 3 Hand stitched cushions showing creative incorporation of conductive fabric and thread, made by group 
members.  
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Workshops were an opportunity for each group to create individualized nature-inspired 
surfaces that were stitched into and embellished with conductive and non-conductive 
materials. Earlier experiences with the e-textile prompts influenced the groups aesthetic 
choices and conceptual directions for their own pieces. The sensorial properties of felt and its 
associations with warmth, comfort and affordances for touch were clear links to the earlier 
pieces. The project collaborated with an engineering partner to design portable, sound 
devices that could be embedded inside each cushion. The devices were programmed to 
respond to touch events using capacitive touch capability connected to the stitched work. 
The components were safe and secure, easy to switch on and off and had recharging 
capability, see fig. 4. 

The sound cushions were fully-functioning, accessible physical objects that could be played 
with and scrutinized in a way that is not possible on screen (Hallgrimsson, 2012). Tactile 
material qualities of weight, pattern and texture encouraged active exploration and sensory 
responses in people to encourage therapeutic feelings of reassurance and calm. The 
cushions expressed the flexible quality of textile surfaces that can be tailored to meet 
people’s sensory and psychological needs in a range of contexts. The pieces functioned as 
soft circuits and demonstrated computational properties including temporality and causality to 
extend functional, behavioural and aesthetic expressions. Technological materials generated 
opportunities for change that were determined programmatically and controlled through 
active human contact and touch gestures. During the final workshops participants stitched 
the cushions together, created the lining with filling and added fastenings for attaching the 
sound boxes using press stud fastenings. 

 
Figure 4 Portable sound boxes are attached to the sound cushions using press stud fastenings. 

Testing E-Textile Prototypes  

Discussion between the researcher and the group identified opportunities for testing and 
validation that could be conducted with the e-textile cushion prototypes once they were 
complete. Members of the group expressed an interest in taking the objects home and using 
them for longer periods of time. The group speculated that testing could reflect on different 
uses in habitual situations and the potential to generate connection. The home environment 
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was chosen as a suitable situation for evaluating use and to involve the objects in people’s 
everyday lives. Six volunteers were involved in the validation study and were invited to use 
the prototypes in any way they chose for one week. 

User testing is practiced in the field of HCI as a method of trialling artefacts in formal or 
natural settings to validate their function and performance. In this research, user testing was 
used to assess the benefits of functioning prototypes for personal use and analyse their 
value. Questionnaires were used to collect data after each trial to assess participant 
satisfaction, prototype performance and gather data on feelings about the object, effect on 
habitual activities and describe the quality of experiences. The work of Bill Gaver et al. 
references the interpretive relationship in design and the role of ambiguity. He suggests that 
offering people the opportunity to interpret a situation themselves encourages them to 
develop deeper and more personal relations with artefacts (2003). Playful engagement and 
personal interpretation were encouraged responses to the e-textile prototypes allowing 
participants to engage freely, without boundaries, restrictions or time constraints. 

Findings 

The three scenarios described e-textile pieces as research evidence and demonstrated the value 
of creative action for knowledge generation. Each scenario was designed to facilitate a variety of 
reactions, inspire participation in discussions around change, involve people in creative making or 
engage them in novel experiences. Reflecting on the role of material practices and aesthetic 
decisions to determine forms of engagement and interaction prompted further reflection as an 
intrinsic part of prototype construction. The decision to gather insights from validation testing 
enriched the reflection process demonstrating that participant behaviour and response can impact 
material refinements. The value of the research can be identified in the conception, construction 
and reception of e-textiles and the type of encounters and responses that emerged.  
 
Prototypes were situated as propositions that could facilitate playful, expressive experiences, 
enhanced performance qualities and more coherent interactions for people. This research agrees 
with Michael Schrages’ depiction of the prototype as, “medium of interpersonal interaction” that 
can, “craft interactions between people” (2013, p.21). The value of prototypes and prototyping 
moves people towards more relational, holistic appraisals of behaviour in the shift from object to 
experience (Schrage, 2013).  The following sections present the findings that emerged from 
constructing and testing e-textile prototypes, analysing forms of contribution, from expert to non-
expert practitioners. It discusses them in relation to participant comments and offers quotes to 
describe first-hand experiences relating to their construction, reception and use.  

Material Practice 

The e-textile prototypes demonstrated a significant role for material practice as an approach to 
fabricate, shape and combine physical and digital materials. For many people the tangibility of 
working with physical materials and using embroidery techniques was a connection to their 
childhoods and associated memories. For others the link to local geography and landscape were 
common features, which influenced memories and inspired the creative direction of the work, “I 
could remember the butterflies and you know the yellow of the grass and then so, yes it just sort of 
came”. Comments from participants indicated the richness of the experience for them, “The 
memories it brought back, more than I imagined, worth every minute”. Participants and facilitators 
responded positively to engaging with a broader range of sensory channels and seemed to have a 
richer and deeper engagement with the project as a result. 
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The idea that you could use thread and fabric as a conductive element in a textile object was an 
exciting new concept for many people. To discover these materials could be used to convey sound 
instigated much curiosity, one participant commented: “They have invented a thread that can 
connect to a computer that talks”. Participants recognised the important role for the sense of touch 
as an integral part of the project, “I was interested in the combination of sound and touch and feel 
so the whole kind of concept behind the project”. 
The project facilitated hands-on making activities that allowed group participants to work 
collectively towards a common goal and produce something meaningful. Craft methods connected 
participants to others and gave meaning to people’s everyday creative activities. Greike et.al 
proposes, “using craft as an educational and storytelling method, to engage specific communities 
and facilitate social enrichment. E-textiles are not produced with commercialisation in mind, but 
aim to enable inclusiveness and participation in technology development or within specific 
disengaged or disadvantaged groups or individuals” (2019). 

Collaborative Production 

Crafting e-textiles relies on shared competences and collaborative production, especially in the 
production and implementation stages. Collaboration and co-creative partnerships can contribute 
shared reflection and decision-making to each stage of the process. The design researcher Matt 
Ratto outlines the benefits for achieving, “value though the act of shared construction, joint 
conversation and reflection” (2011, p.253). Collaboration and team working formed the 
commentary around the production of the sound cushions expanding the conception of maker and 
designer to include non-experts as co-creators within the work and exploring researcher roles as 
facilitator, designer and producer.  
 
The workshop activities provided the team with opportunities to investigate the capabilities and 
constraints of participatory practice that used methods to embed people’s voices in a design 
process to craft technology. The project enabled people typically marginalized from technological 
development to be involved in “inspiring change” (Vines et al., 2013, p.2). This approach helped 
the researcher to evaluate the factors affecting the quality of participation, alongside highlighting 
the “expertise and agency of researchers who participate in design processes” (Vines et al., 2013, 
p.2), shape the design outcomes, and incorporate “their values in the design process” (Mörtberg & 
van der Velden, 2015, p.3). 

Personal Appropriation and Performance 

Conducting validation studies in home environments helped to evaluate the reception and use of 
cushions by individual participants and contributed insights into technical performance issues, 
personal contexts of use and forms of engagement and interaction. 
Results indicated that the cushions were used in very different ways to motivate experiences with 
e-textiles that had personal, expressive functions, supporting meaningful behaviour for people 
during ordinary, everyday situations. Some of these experiences are described below and indicate 
the different ways the prototypes were appropriated and personalised in individual ways.   
 
One participant described her experience of using the sound cushions in daily mediation practice 
as, “particularly helpful” and that the, “sound evoked happy memories and put my mind in a ‘good 
place’”.  Another participant described relaxing with the cushion during periods of insomnia, “I took 
mine to bed with me and used it if I woke in the night or at early morning I had my own dawn 
chorus! It was very restful and reassuring”. Another participant recounted support from the sound 
cushion for grief consolation, “it was part of my bigger evening’s cushion hugging activity”. Their 
comments reference the weight, texture and design of the prototype to the experience, “the barley 
filling provides a solid and yet squeezable feel. The two leaves that trigger the bird-sound feel 
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delicate and I like their golden (gold-leaved) precious feel, I tended to stroke the leaves gently to 
produce the bird-song”.  
 
Technical performance issues provoked comments particularly relating to the sound quality, which 
tended to interrupt the experience, “volume could be higher!”, “the sound was too quiet” or 
participants requesting, “different sounds”. Other comments focused on battery life and size, “it’s a 
shame the mechanism was rather bulky as this prevented one’s head laying on it slightly”. 

Sequence of Engagement 

Observations and comments from the practice revealed a sequence to people’s engagement with 
e-textile prototypes that began with an initial encounter with physically alluring materials, patterns 
and surfaces and progressed to more sustained engagement. Continued engagement seemed to 
generate additional levels of curiosity as participants used touch gestures to discover the features 
of the digital effects. Experiences unfolded in different ways and seemed dependent on the 
interplay between the distinct materials as their properties combined, brought alive by the 
behaviour of participants as they explored the work. Textile engagement was immediate and 
familiar, and provided associations with feeling and sensation that inspired participation and 
connection. Deeper tactile dialogue resulted from sustained exploration and play to uncover 
additional layers of function and expression. 
 
Multiple conditions affected participant reaction and response to the textile interfaces, principally 
the convergence of material qualities with embodied forms of interaction that relied on the body. 
The sense of touch was an encouraged means of engaging with the textiles and communicating 
the digital effects, which increased bodily immersion. Employing touch as a form of communication 
can bring concepts to life and represent ideas and personal memories. Giles and Van de Linden 
have researched the potential of e-textiles and highlight touch as a form of expression (Giles & van 
der Linden, 2015). 

Lively Experiences  

This section proposes that lively experiences can result when people are inspired to perform 
improvised behaviour as a result of encounters with e-textiles. This finding suggests that 
combining materials are performing a crucial role in contributing to multisensory, lively 
experiences. In this research, ‘lively’ considers the character of people’s experiences with e-
textiles and recognises a definitive role for technology in extending our sensorial, perceptive and 
embodied awareness. The discussion reflects on, “ordinary experience in all its potential value, 
meaning and vitality” (McCarthy & Wright, 2007, p.79). The table in figure 4 provides a breakdown 
of the forms of engagement and interaction that seem to be characteristic of lively experiences.  
 
 

Lively Experiences - Forms of Engagement and Interaction 
Improvised Behaviour Encourage physical and sensorial encounters and support ‘unintended’ actions and 

improvised behaviour.  
Interpretation and 
Sense-Making  

Promote felt engagement and emotional responses that lead to subjective responses and 
meaning making.  

Appropriation of Use Support the appropriation of e-textile objects for personal use, accommodating features 
and functions for specific contexts. 

Personalisation Motivate the personalisation of e-textiles and prompt connection to thoughts, memories 
and past impressions. 

Animated and dynamic Inspire the perception of e-textiles as dynamic with animated features that merge physical 
and digital ‘modes’. 
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Embodied Contexts Sustain embodied, tangible and corporeal forms of engagement that focus on habitual, 
everyday activities. 

Multi-Sensory  Design for multi-sensory interaction, tangible and real-time connectivity to help 
communicate new meanings. 

Sequence of events Consider the sequence of events during e-textile encounters, which begins with curiosity 
to entice people to engage and is followed by exploration and discovery to sustain 
engagement. 

Interpersonal 
Interaction 

Construct opportunities for interpersonal communication to achieve mediated social 
relationships. 

 

Figure 4 The forms of lively experiences 

Discussion 

The pieces showed that combining textiles with technological materials extended their sensorial 
expressions and suggested new design contexts. The inquiry reflected on the emergence of 
behaviour and emotional feeling in people suggesting that the prototypes had the ability to promote 
expressive and absorbing experiences. The research demonstrated that value can be identified in 
the conception, construction and reception of e-textiles and the type of encounters and responses 
discussed. 
 
Research findings revealed the influence of material properties on people’s engagement with e-
textile pieces and proposed that liveliness was a typical feature of combining materials to craft e-
textiles. A focus on construction processes that designed the attributes of material forms had an 
impact on participant engagement, guiding actions and shaping affective responses. Findings 
presented the characteristics of lively experiences and summarised them in a table that depicted 
forms of engagement and interaction, see figure 4. The discussion reflected on the features of 
interaction and engagement although maintains that achieving deeper sensory engagement and 
personally expressive responses was not consistently observed. The analysis agrees with insights 
from Höök that new digital materials promote affordances that go beyond sensory perception, can 
change while in use and give rise to different kinds of behaviour (2018, p.163). This implies that 
crafted e-textiles that give rise to lively experiences could alter our engagement with technology 
towards more emotionally charged human activities and new contexts of use. 

Conclusion 

This research recommends craft practice as an approach to investigating the diverse combinations 
of material form, acquiring the skills required to make the invisible properties of computational form 
perceivable. As developments with novel materials increase Höök observes that it will require an 
approach that contributes a deep knowledge of working with materials to, “offer affordances 
beyond what you can touch and feel with your hands” and explore form-giving around the 
“interaction gestalt” (2018, p.163). Craft practice is well positioned to afford practitioners the tools, 
methods and knowledge to uncover material characteristics, giving form to dynamic, digital 
materials and shaping their properties within new and rapidly developing design spaces. Craft 
becomes the mode through which we can develop prototypes, generate dynamic experiences and 
offer material transformations that have the potential to alter our actions and behaviour in social as 
well as personal situations. 
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Abstract  
 
The experiential qualities of materials play an important role in how designed products are used, 
appreciated and understood. Materials with pronounced visual, auditory or haptic behaviors and temporal 
forms can lead to engaging, multisensory interactions. However, many designers, including textile 
designers, currently lack tools for directly shaping these end-user experiences at the sensory level, and for 
understanding material experience at an early prototyping stage. With a focus on the design of 
dimensional, shape-changing and otherwise structurally complex textiles, we present a set of design 
practices and a case study in building a collection of novel materials with highly specific sensory qualities 
that exist both digitally and physically. Two key additions to the typical textile design workflow presented in 
this paper are our use of the "generalized swatch", an initial prototype that prioritizes precise multisensory 
description; and our usage of procedural material design software to visualize these prototypes as digital 
materials that can convey sensory, tactile and temporal qualities. We used a program for creating 
physically-based rendering (PBR) materials, popular in visual effects and gaming, to design textiles directly 
from the generalized swatch, in many cases without a preexisting physical counterpart. The parametric 
nature of this software and our workflow supports a broader role for the textile swatch, as defining a space 
of possibilities rather than a single design. By operating in this uniquely constrained space, where 
sensoaesthetic properties are predefined but the material substance, structure, etc. that lead to those 
properties are not, textile designers can envision material interactions at an early prototype stage and 
generate novel ideas for sensorially rich materials.  
 
Textile design; Materials experience; Procedural design; Sensory design; Textile sensation and haptics 

 

Textile-design CAD programs provide a high-fidelity preview of the design, but cannot 
account for the sensory and experiential qualities of the resulting fabric. At the same time, 
these computational tools enable the design of intricate texture, multi-layer architecture, and 
dimensional surfaces that would otherwise be difficult to achieve. Such textile constructions - 
whether knit, stitched, woven or composite - can result in unique experiential qualities, 
particularly the haptic effects of manipulating the material by hand. As a design team with 
deep expertise in designing and fabricating textiles with embedded movement and tactility, 
we focused our research on textiles that visually invite interaction, evoke multisensory 
experiences, change over time or occupy distinct states. We set out to create a framework 
for ideating and designing this class of textiles that privileges non-visual sensory qualities, 
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retaining them throughout the prototyping process. Central to this work is understanding how 
such textiles can be formed in a digital space, where representation is typically audiovisual 
only. How can we transfer experiential knowledge of an existing fabric from one mode (eg. 
tactile) to another mode (eg. visual)?  How can designers translate speculative concepts for 
sensory textiles into concrete prototypes?  

Through this investigation, our team experimented with a range of ideation, sketching and 
sampling methods. The workflow we developed centers the textile swatch itself as the object 
of iteration and prototyping. While both material and form affect the sensorial properties of 
designed artifacts, we focus on the ability of materials to elicit "freestanding" sensory 
experiences in the absence of familiar forms or product usage activities. The way an 
individual interacts with a textile sample is significantly different than a garment or 
upholstered furniture: our explorations in unstructured material discovery revealed a wide 
range of interactions, and resulting embodied effects. With this approach, the design vision 
consists of a set of experiential qualities, and the prototype is an approximation evoking 
those qualities , which can be continuously refined. Our prototypes take one of three formats: 
a "generalized swatch", which directly describes the intended experience at the outset of the 
design process; a physically-constructed fabric, or a procedurally-generated digital material, 
which actualizes described traits into a physical or virtual form. These methods enable 
designers to declare an intended experience - of encountering the hypothetical material - and 
subsequently determine its formulation and fabrication. Reverse-engineering a textile from its 
intended sensory qualities can be a powerful technique for designers to create highly 
stimulating or finely tuned multisensory effects, especially those that engage with senses 
beyond the visual. The generative and procedural methods outlined here support the creative 
process by opening up the design space to exploration and improvisation, broadening 
possibilities for new material designs and experiences. 

Background and Precedent Work 

The body of research on materials experience (Giaccardi & Karana, 2015) informs our 
approach to characterizing existing multisensory materials and developing new ones. At the 
perceptual level, material properties are often described by rating on scales such as 
stiff/flexible, warm/cold, light/heavy, and rough/smooth. Resources such as Ashby diagrams 
(Ashby & Johnson, 2002) allow designers to select materials by comparing them along two 
axes, typically physical measurements. Mapping the sensoaesthetic properties of materials 
in this manner can identify ways of modifying materials to produce specific traits (Miodownik, 
2007). Frameworks including the expressive-sensorial atlas (Rognoli, 2010), experience map 
(Camere et al, 2015) and experiential characterization toolkit (Camere & Karana, 2018) 
demonstrate relationships between material properties at several levels. Camere & Karana 
(ibid) note that combinations or contradictions at one level yield qualities at a different level: a 
material that is hard yet soft (sensorial) can be surprising (affective). Many current material 
mapping methods use unipolar or bipolar scales that position such properties as opposites, 
overlooking the interesting, uncanny results that can emerge when they coexist in a material 
(Veelaert et al, 2020). This insight is especially relevant to our work, which seeks out novel 
sensory experiences that both physical and digital textiles can evoke. Imbuing a material with 
affective qualities (eg. surprise) through sensory contradiction requires unique methods in 
digital space. 
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The growing prevalence of digital textiles in the design process and retail settings raises 
questions about how to effectively convey fabric handfeel. Atkinson et al (2013) showed that 
characteristics like roughness and stiffness could be inferred through touchscreen 
manipulation of interactive textile videos. Temporal form is key in communicating these 
physical properties, and can also provoke emotional and embodied reactions: participants 
who observed fabrics moving with distinct choreographed rhythms attributed to them a sense 
of aliveness and narrative (Vallgårda et al, 2015). In scenarios where touching a fabric is 
impossible visuals and movement heighten the sensory experience. Designers working in 
digital environments can utilize these dimensions, for example creating visualizations of 
physically implausible material behaviors to mockup interactions (Barati et al, 2017). Citing 
Edelkoort's (2012) notion of "super tactility", Petreca (2017) asserts that a virtual textile need 
not attempt to recreate physical fabric, instead balancing realistic qualities with the 
"imaginary and the emotional". We use procedural design software to prototype fabrics that 
convey experiential qualities through their appearance and range of possible states, 
leveraging the virtual textile as a vehicle for sensory experience rather than a representation 
of an existing fabric. 

We engage with the textile swatch in the context of its typical use, critiques and proposed 
alternatives. In textile design, the swatch is a small sample that functions as a "promise and 
a possibility" of its counterpart, a large quantity of fabric yardage (Igoe, 2020). The swatch 
represents a finished design but leaves much to the imagination, convincing designers and 
consumers that the material it represents can appear as they envision it. Laughlin (2010) 
calls this underdetermined nature "the tyranny of the swatch", instead proposing the material-
object, an intersection of material and form, as a type of sample that foregrounds sensorial 
qualities. While a typical use of materials libraries is comparison, a single material's range of 
expression can also be evaluated, eg. by molding it into a series of forms that yield different 
sensorial properties (Wilkes and Miodownik, 2018). Material samples that change over time, 
such as mycelium-based composites (Parisi et al, 2016) and textiles that respond to 
environmental conditions (Talman, 2019) similarly support the notion of the swatch as a 
space of possibilities. These expanded definitions of the swatch enable it to act as a 
prototype, a malleable idea of what a material could be. 

Our research methods draw upon precedents such as experience prototyping (Buchenau & 
Suri, 2000), experimentation as improvisation (Douglas & Gulari, 2015) and material tinkering 
(Parisi & Rognoli, 2017; Rognoli & Parisi, 2020). We began this project with hands-on 
material exploration, inspired by recent research into ASMR as design inspiration (Klefeker et 
al, 2020) and the idea that unstructured play can yield valuable insights. A broad palette of 
interactions and gestures promotes discovery of sensorial and affective qualities, especially 
when the individual cedes control to the material (Cary, 2013; Aktaş & Groth, 2020). The 
influential textile designer Anni Albers advocated for a similar type of "active play" to spark 
creative impulses and restore understimulated tactile sensibilities (Albers, 1965), a sentiment 
echoed in present-day material tinkering and material activism (Rognoli & Ayala Garcia, 
2018). Our team used these principles in the information-gathering stage and while 
developing new material concepts that embody gesture, movement and multisensory effects. 
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Methodology 

Capturing textile behavior 

Identifying and describing textile behavior was an important precursor to developing a 
workflow for multisensory textile prototyping. Our prior work designing and fabricating 
dimensional textiles with textured surfaces served as a starting point for identifying the 
sensory qualities of fabrics. Using these samples, we experimented with a range of 
interactions between body and textile (eg. twisting, squeezing, resting, stroking, enveloping) 
and documented the results with video and written annotations. Video was particularly 
important in identifying haptic qualities: while a fabric's surface texture cannot be fully 
represented visually, the audio cues that result from interacting with the surface, and the 
motion of a hand moving across or pushing against it, provide implicit clues about its physical 
properties. At this stage, it was important that we subject these fabrics to a wide set of 
actions not limited to typical uses of textiles. While some, like sitting on or wrapping oneself 
in a textile, are reminiscent of furnishings or clothing, others, like folding a thick, 
compressible sample upon itself or swaying a fabric suspended in midair, position the textile 
as an object of investigative play.  

 

 
Figure 1: Stills from video documentation of textile interactions that captured a range of gestures. 
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Moving from these specific samples towards a generalized method of capturing and 
communicating textile behavior, we gathered descriptive words from our written annotations, 
industry-specific and vernacular terms that reference the auditory, olfactory and tactile 
properties of materials. Many common textile-industry terms act as similes or borrowed 
language, describing a fabric as "peachy", "sandy" or "soapy"; while it might be surprising to 
encounter a fabric that feels like rough sand, the experience of touching its surface is 
effectively communicated through comparison. Likewise, everyday words like "silky" and 
"fluffy" use fibers and textiles as a reference point from which non-textile materials can be 
understood. Another subcategory that we identified as useful in prototyping sensorially rich 
materials is onomatopoetic terms, such as "buzz", "hum", "crinkle" and "thump". These 
words, whose phonetic pronunciation closely aligns with their meaning, suggested a way of 
translating sensory experiences synesthetically. If reading a word evokes the sense of 
touching a familiar material and hearing the sound it makes, a deliberate grouping of multiple 
terms may suggest an idea for an entirely new type of material, for which a frame of 
reference and prior experience do not exist. We proposed that materials can also be 
onomatopoetic if the way they look is consistent with how they sound and feel. Such 
"cohesive" materials, like smooth, lustrous silk, are distinct from "contradictory" materials, like 
a quilted fabric that is bulky yet ultralightweight. When physical properties are surprising or 
concealed by material appearances, uncanny or impossible-seeming sensations can arise. 
Collecting words and phrases from disparate sources enabled our next phase of 
experimentation, in which we combined several general terms to narrow their broad 
meanings into a specific material idea. 

 
Figure 2: Selected sensory terms. 

Text-based ideation 

Working with language as a building block for material ideation can provide unique insights. 
Textile designers often begin the creative process by compiling visual reference material, 
including fabric swatches, colors and images, that inform the conceptual, aesthetic and 
material qualities of their work. We adapted this strategy by using textual descriptors as 
movable units that add connotation and specificity, forming an as-yet imagined material. 
Each time a word is added to a group, it narrows the space of possibilities of how that 
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material might be realized. A term like "fluid" is broad and could describe many diverse 
materials, but a grouping like "fluid, sleek, abrasive, pliable" conjures images of a particular 
material that may vary depending on the designer's experiential knowledge of material 
behavior. "Fluid" and "pliable" seem to contradict each other, as the latter implies a higher 
level of hardness in a substance that can be molded with some effort. Does the material look 
fluid (like polished metal or plastic) but feel like soft clay, is it made of movable folds of a silky 
fabric like charmeuse, or is its handfeel dependent on factors like thickness and 
temperature? Each potential resolution of the apparent contradiction is a specific material 
design, in which known or hypothetical fabrication strategies and ingredients are combined to 
produce a result aligned with the text-based prompt. In developing material ideas from 
language, we acknowledge that the structure of this workflow bears some resemblance to 
currently available text-to-image AI applications, in which the user enters several words and 
an image is synthesized from their meanings and contexts. In these cases, the image is the 
final product, neither a prototype nor a tangible design for a material. Our process utilizes 
language to provoke design ideation: crucially, the designer must determine how each term 
is embodied by the material, making unique choices based on prior knowledge or subjective 
opinion. This results in a sensorially specific prototype, representing a space of possibilities 
not yet reduced to a single idea, from which refined material designs can be developed. 

 
Figure 3: Examples of text-based groupings created to define new material designs. 

Semantic ambiguity allows sensory terms to build increasing specificity when layered in this 
way. Words relating to human-material interactions, like "squish" and "thwack", can describe 
sound, handfeel or appearance, depending on context. They may indicate a material's 
tendency to react (produce a certain sound or haptic feedback) when manipulated, or 
describe the expectation of sensory feedback that a material elicits based on its appearance, 
ie. the type of interaction that it invites. In the context of a group of descriptors, the ambiguity 
of such terms is resolved, describing a singular material experience. This approach to 
building specificity through grouping is distinct from typical textile design processes, in which 
images and existing materials are combined into reference-objects for creative outputs: these 
can unintentionally constrain design choices to the space of colors, finishes and 
constructions found within the references themselves. Our method also differs significantly 
from technical textile creation workflows, in which the physical properties of the fabric are 
specified at the outset. In these scenarios, fabrication methods are determined early on, and 
iterations in structure or raw-material type are assessed quantitatively rather than sensorially. 
By using words as references, accompanied by abstract or ambiguous imagery, we 
preserved two goals central to our methodology. First, the sensory experience inherent to a 
material is at the forefront, described by words that engage with multiple modes of sensing. 
Second, we avoid focusing on textile fabrication strategies or raw materials at this stage, 
allowing previously unimagined or underexplored material creation methods to emerge as 
the designer considers the qualifiers and constraints. The logical/associative process of 
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determining a material's makeup in this way may lead to novel or hybrid swatches, reverse-
engineered from their own descriptions. Our process shifted between specificity 
(documenting existing fabrics) to generality (accumulating sensory descriptors) back to 
specificity (creating complex/contradictory groupings). This way of prototyping allows 
concrete ideas to emerge that are not directly derivative of their precedents. 

Building a collection of multisensory materials 

 
Figure 4: A collection of materials developed using this methodology. The title of each material is derived from its 
generalized swatch, a prototype format that leads to subsequent digital and physical iterations. 

To design a collection of novel materials with highly specified sensory properties that exist in 
both digital and physical space, we looked to procedural material creation for its capacity to 
preserve and amplify features relevant to materiality and sensory experience. We utilized 
Adobe Substance 3D Designer, a program for creating physically-based rendering (PBR) 
materials popular in visual effects and gaming, to realize material concepts that emerged 
from initial text-based and generative exercises in the framework of a "generalized swatch". 
In design practices, the swatch is a small, rectangular material sample that serves as a 
reference. It is useful to designers in the prototyping phase but is not itself a prototype: the 
material has already been designed, refined and possibly even manufactured, and is not 
open to further changes. Related concepts in textile design, such as the sampler or sample 
blanket, include many copies of the same material subjected to different processes (eg. 
washing, bleaching, dyeing) or constructed with different parameters (eg. different threading 
sequences on a loom, which produce pattern variations). These examples demonstrate a 
greater degree of flexibility regarding the fabric's final form by permitting multiples of the 
same basic unit, the swatch, to exist side by side. It's implied that one variation will be 
selected as the final design, locating the sampler at an earlier stage of the design process 
than the swatch and allowing it to function as a prototype of what the material might become 
in many parallel instances. We took inspiration from this format for representing fabrics as 
potential outcomes, and coined the "generalized swatch": a cluster of text and images that 
form the boundary of what the material could be. The generalized swatch is distinct from a 
design brief or request for development in that it intentionally underspecifies details that 
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designers use as starting points. It does not contain explicit directives about colors, raw 
materials or fabrication processes; instead, it describes the visual, auditory, tactile and 
olfactory qualities that the eventual material will possess, or the sensations and 
resemblances it may evoke, asking the designer to reverse-engineer it from these outcomes. 
For example, a generalized swatch may assert qualities like "dense", "rubbery", "ooze", 
"thwack", raising the question: what sort of material might behave and be perceived in such 
terms? In this way, it acts as a prototype, preserving the openness that exists at the 
beginning of the design process by prompting the designer to think abstractly and 
associatively. This first draft of the material, which lacks concrete representation but is 
nonetheless precise, leads to subsequent prototypes rendered in physical and digital form. 

 
Figure 5: A generalized swatch includes text and images that describe experiential qualities. 

When moving from the generalized swatch towards tangible prototypes, we identified two 
potential workflows for material creation. Because a core goal of this project was to 
demonstrate the sensory potential of newly designed materials in physical and digital space, 
it was important to establish methods by which both versions of the material could be 
created, coexisting and informing one another. The order in which these parallel prototypes 
were created was particularly important, as designers of physical fabrics often use immaterial 
references as guidelines and vice versa. We recognized that the first material sample would 
inevitably influence later samples, visually clarifying details to emulate or diverge from. This 
led to two complementary workflows: (1) a physical-first workflow, in which the generalized 
swatch guides selection of raw materials (eg. yarn and fiber) and fabrication techniques (eg. 
loop-pile knitting) in the creation of a physical sample, and (2) a digital-first workflow that 
bypasses fabrication constraints and distills the text- and image-based prompt into a 
procedural material (eg. a biomimetic cellular pattern) with flexible parameters.  
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Physical-first workflow 

 
Figure 6: Diagram of three kinds of prototypes generated from the physical-first workflow: generalized swatch, physical 
fabric and digital material.  

Before initiating this phase of work, we established criteria for deciding which approach 
would be appropriate for each generalized swatch in the collection. The first approach, which 
is related to typical textile prototyping, is suitable for materials whose experiential qualities 
can be directly connected to a specific textile technique. Generalized swatches that included 
descriptors like "prickly", "stiff" or "scrub" were more immediately evocative to the textile 
designers on our team. Such terms suggested fiber-based constructions, like short, coarse 
yarns protruding from a fabric's surface that feel scratchy when brushed. An early test of this 
workflow was done with the generalized swatch "sandy staticky buzz", which included 
references to small-scale, high-stimulus phenomena: glitchy, grainy, irregular patterns and 
textures with many points of contact. We identified loop-pile knitting as a technique that 
distributes small segments of yarn across the surface of the fabric, closely matching the 
white-noise qualities of the generalized swatch. Overtwisted linen yarn was selected for its 
tendency to twist back onto itself and form small, dense bumps in the fabric, ideal for a highly 
textured "sandy" handfeel. We characterized this design as onomatopoetic, as its scattered 
visual pattern evoked how it felt to touch its fine-grained bumpy surface. 

 
Figure 7: The generalized swatch (a) informs the knitted prototype of "sandy staticky buzz" (b), which is then used as a 
reference material to develop a digital material in Adobe Substance 3D Designer (c). 
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This process of translation from sensory terms to relevant textile techniques is a movement 
from generality to specificity, filling in many of the blanks (what is this made of? What 
equipment is used to make it?) so that a singular material can be created. In this method, the 
physical swatch is assessed for its adherence to the sensory qualities expressed in the 
generalized swatch. It is then used as a visual/tactile reference object when creating a 
procedural material, which may be an improvement upon it or simply an alternate 
manifestation of the same material qualities. Characteristics like the shape of knit stitches, 
the twisting of yarn loops, and the colors of variegated yarn would be highly challenging to 
model from imagination, and doing so would miss the point of this workflow altogether. As 
textile designers, we know that these small details of the fabric's construction are integral to 
how it looks, sounds, feels and moves. Using the physical swatch as a source of information 
for the digital swatch not only enables a higher level of realism in the digital material ("this 
looks convincingly like a fabric"), but also embeds specific haptic qualities ("this material 
looks like it would feel sandy, and make a scratchy noise when manipulated by hand"). The 
fabric's visual and physical features can be rendered by the digital material's base color, 
heightmap, roughness and other channels, suggesting a complex sensory profile. 

Digital-first workflow 

 
Figure 8: A digital material is generated first in this workflow, which then informs a physical fabric that may be made in a 
variety of ways. 

In the second workflow, the terms of the generalized swatch feed directly into procedural, 
rather than physical, material-making. This approach is suitable for materials whose "haptic 
interest" is derived not from textile structure but from broader qualities like reflectivity and 
smoothness; those with contradictory pairings of terms, such as "stable / gooey" or "fluid / 
fractured"; and those whose descriptors suggest a biological or immaterial phenomenon, like 
the refraction of light, rather than a deliberately constructed textilic artifact. We characterized 
these materials as "at home" in digital space, not belonging to a specific textile technique, in 
part because of their uncanny qualities. Working in a digital-first way, without fabrication 
constraints, allowed us to visualize the physical improbabilities built into certain generalized 
swatches. The PBR materials that we created are somewhat illusory and fictionalized, since 
they depict the outer surface of a material in great detail but don't comply with the rules for 
how knits or wovens are actually constructed beneath the surface. A greater level of 
improvisation and freedom is thus possible, with procedural methods enabling instances of 
tinkering or "bending" the material past the point of realism. The ability to quickly visualize a 
speculative material, in higher fidelity than a sketch or mockup, is a key strength of 
procedural material design software. The digital material lends a level of concreteness to the 
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first prototype, an abstract definition of a sensory experience, and serves as a visual and 
strategic reference for creating the next prototype, a physical sample. 

A material in our collection named "tensile gelatinous membrane" demonstrated many of the 
qualities outlined above, leading us to select it as a candidate for this digital-first workflow. To 
design a material that felt biological yet otherworldly, filmy and effervescent yet robust, we 
started by setting parameters for roughness and color, creating a slick translucent effect. Air 
bubbles on the surface and (seemingly) embedded in the material were used to suggest its 
viscosity and thickness, and a webbed pattern with raised edges was added to the 
heightmap, suggesting that the base material might be tensioned or spanning across edges 
like a soap film. With this approach, solutions to open-ended or contradictory prompts are 
found in an intuitive, free-associative way, with the designer borrowing visual features from 
familiar materials to imbue the prototype with the same connotations and implied tactile 
qualities. We then used the digital material to inform the physical material: the design choices 
during the procedural design process, which could not have been made in a textile 
fabrication setting, empowered us to select unconventional raw materials and methods. The 
webbed scaffolding was digitally embroidered, with several layers of thread built up to create 
a piece of dimensional lace. Casting a liquid silicone into the spaces between lace segments 
created a thin, stretchy yet constrained film with the desired "tensile membrane" effect. There 
were practical advantages to this workflow, including the ability to generate fabrication inputs 
(eg. a digital embroidery file) directly from the digital material's node graph. More 
significantly, deferring decisions about materials and methods until after developing the 
material in an unconstrained, speculative and highly visual space can lead to "hybrid" (eg. 
embroidery-casting) or entirely new ways of making textiles. 

 
Figure 9: In this workflow, the generalized swatch (a) informs the digital prototype for "tensile gelatinous membrane" (b), 
followed by a physical interpretation (c). 
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Temporal qualities of material prototypes 

The parametric nature of the swatch in our workflow aligns with the idea of the textile 
sampler, illustrating many potential states in which a material concept can be realized. With 
procedurally designed textiles, one way to visualize this solution space is to animate the 
material. We differentiated between two uses of movement in digital materials: simulating 
physical motion, as in a pleated textile that expands and contracts, and traversing a space of 
possibilities. While behaviors appear in the latter case that aren't physically plausible - the 
material transforms from one instance to another, seemingly flickering, pulsing or breathing - 
this mode of representation is valuable for understanding the boundaries of the generalized 
swatch and identifying convergences within it. For a digital textile with a complex surface 
pattern and pleated structure, based on qualities including "drifting", "whoosh" and "caress", 
we built a node graph that closely resembled the actual steps of designing a Jacquard-woven 
fabric. The textile's noise level (the degree to which yarn colors are randomly scattered), and 
the height and irregularity of its soft pleats, were exposed as parameters in the procedural 
design software so they could be quickly changed to update the material's appearance. 
Arranging the resulting variations into a temporal form allowed us to assess the many states 
that fit the "generalized swatch" definition, something a physical fabric doesn't permit. The 
underlying structure of this digital prototype also allowed us to extract parameters to fabricate 
any instance of the design that met the initial sensory criteria. 

 
Figure 10: Stills from the animated material sample illustrate distinct intersections of noise, pleat height and irregularity. 

Conclusion 

By acknowledging the multiple representations inherent to a single material, we propose a 
unique form of prototyping that privileges experiential qualities. Our method replaces the 
traditional swatch in textile design with the "generalized swatch", which encloses a 
constellation of material representations and sensory qualities. This form of prototyping 
specifies experiential qualities at the beginning and derives a material design from them, an 
inversion of typical material-selection processes that enables designers to develop 
sensorially complex materials. Textile designers currently lack tools to envision the sensory 
or temporal aspects of materials in the design stage, despite the rich potential of textiles to 
operate in these dimensions. With rapid improvement of appearance-based modeling 
software, we see an opportunity to apply strategic design methods that consider the 
multisensory properties that appearance and movement can imply. We aim to demonstrate 
the value of these tools, and potential ways of reconfiguring them, in support of the ideation 
of novel textile materials.  
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Figure 11: Additional knit, woven and non-textile materials developed from generalized swatches. 

Future steps for this work include organizing digital and physical textile samples into a library, 
in which users can compare and assess materials. Studying the range of responses allows 
us to measure, and subsequently tune, the variability in our design methods. Prior knowledge 
and cultural context play a large role in how we perceive materials, and are certainly present 
when we generate new materials from expected perceptual behaviors. Asking outside 
participants to describe their experiences of encountering our materials, which originated 
from sensory descriptions, closes the loop on our design process and indicates how it might 
be modified to produce more precise, powerful or favorable conditions of material interaction. 
We acknowledge that our current methods are limited by various factors: the examples in this 
paper were developed by English-speaking designers, so some language-specific details, 
like onomatopoeia and semantic ambiguity, will differ across linguistic contexts. Working 
primarily with text, as in the generalized swatch, may be challenging for designers 
accustomed to compiling visual and material references to inform their work. Moreover, our 
methods are not completely automatic or generative like text-to-image tools: they require the 
designer to both provide and synthesize inputs to create a novel material idea. While these 
steps necessitate a certain amount of creative effort, we find that they lead to highly unique 
and sensorially rich material outcomes.  

We also see an opportunity to expand the format of our material prototypes by including 
audio or interactive movement behavior, further heightening the sense of materiality in 
settings where the tactile aspect is missing. There are well-established software pipelines for 
bringing digital materials into 3D modeling, gaming and VR environments, where they can 
change dynamically based on user inputs. In these systems, the underlying design of the 
procedural material (ie. the node graph itself) closely controls the types of responsive 
behaviors that can occur, so designers may choose to structure the digital material in a way 
that mimics the physical logic of an existing one. Properties like thickness, bending stiffness 
and elasticity can be directly applied, rather than visually implied, through the use of software 
plugins that enable PBR materials in CLO, a popular digital fashion-design program. A 
thorough investigation of these methods could give designers the ability to more fully 
prototype material experiences early in the design process.  
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Abstract 
 
This research presents an interdisciplinary collaboration between design and chemistry researchers, which 
aimed to design and fabricate ultraviolet sensor prototypes using functional, 3D printed colour change 
material. Design and chemistry research streams each employed specialised knowledge and processes: 
design to engage users and to develop 3D printable concept designs; chemistry to synthesise a colour 
change material that could be integrated with 3D printing and to evaluate material outcomes. Mediating this 
collaboration was 3D printing technology and prototypes. These acted as boundary objects, which provided 
a stable condition at the boundary of each discipline’s expertise where information could be traded, and 
knowledge integrated. They facilitated syntactic and semantic understanding whereby a common language 
developed around the 3D printing process and outputs, as well as revealed differences and dependences 
of each discipline relating to what information was deemed meaningful and how it was used to progress 
respective contributions. The success of 3D printing as a boundary object was attributed to its effectiveness 
at mediating and embodying each stream’s contributions. Chemistry knowledge was input into the 3D 
printing technology in the form of a colour change material integrated with photopolymer resin. Design 
knowledge generated through user engagement and synthesised in conceptual designs was input into the 
3D printing technology in the form of 3D models. The knowledge of each stream became visible to the 
other through this process and in the 3D printed prototypes. This established common ground on which to 
evaluate and negotiate outcomes to ensure convergence on a mutually acceptable outcome. The research 
outcomes illustrate the potential for 3D printing technology and advanced prototypes to facilitate innovative 
outcomes in emerging research fields. This is important given the recognised challenges of interdisciplinary 
research and the value it holds for generating novel and productive outcomes when fostered effectively. 
 
Interdisciplinary Research; 3D Printing; Design; Chemistry; Boundary Objects 
 

The context of this paper is interdisciplinary research that uses 3D printing to support shared 
knowledge development and facilitate research innovation. Interdisciplinary collaborations 
are widely valued as they create opportunities to break new ground at the intersection of 
disciplinary expertise (Szostak et al., 2016). They are especially valued in academic contexts 
due to the potential for rich and innovative outputs that are often not possible using 
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approaches siloed within the boundaries of a single discipline’s knowledge (Dalton et al., 
2017). 3D printing is a compelling technology for enabling interdisciplinary collaboration as its 
underlying technology, processes, inputs, and applications naturally traverse a variety of 
discipline knowledge. For example, in a case study exploring the design of 3D printed 
hearing aids, Heiss (2020) labels 3D printed prototypes as ‘boundary objects’ that enabled 
discipline-specific knowledge to be integrated and that facilitated collaboration from an 
interdisciplinary team. Similarly, 3D printed anatomic models for preoperative planning 
represent an intersection of expertise. They require CT scanning expertise, 3D modelling 
process knowledge to translate CT scans to printable files, and the 3D printing outcomes 
provide invaluable benefit to surgical knowledge and patient education (Green et al., 2016). 
Innovative processes like these do not sit within a single person’s knowledge and expertise. 

Like these examples, we similarly position 3D printed prototypes as boundary objects 
capable of mediating interdisciplinary collaboration. However, we also argue that facilitating 
collaboration is not limited to physical prototypes but is also influenced by the underlying 3D 
printing technology and processes. This is because our collaboration occurred between 
design and chemistry with the aim to design and fabricate ultraviolet (UV) sensor prototypes 
using functional, 3D printed colour change material. Creating 3D printed prototypes required 
synthesis of colour change material into the 3D printing technology and design process. An 
experimental dialogue was required, which took place through the 3D printing materials and 
technology. 

We begin this paper by outlining the context of interdisciplinary collaborations and boundary 
objects. We then present a case study of our collaborative work designing and prototyping 
3D printed UV sensors incorporating functional colour change material. From this case study, 
we draw conclusions about the capacity for 3D printing with advanced materials to support 
interdisciplinary collaborations and facilitate innovative research fields. 

Background 

Interdisciplinary collaborations are an effective way to produce innovative outcomes that are 
not otherwise possible by a single discipline’s knowledge and expertise (Dalton et al., 2017; 
Szostak et al., 2016). Spanning multiple discipline boundaries to access the knowledge of 
several specialist domains enables knowledge to be recombined in creative ways (Hsu & 
Lim, 2014; Van de Ven & Zahra, 2017). This type of boundary spanning collaboration is a 
key characteristic of post-industrial work contexts (Bechky, 2006; Nicolini et al., 2012). It is 
an imperative in academic contexts due to the increasing complexity of problems being faced 
and opportunities for new research fields (Arnold et al., 2021). Accordingly, many universities 
encourage collaboration across disciplines through organisational structure and incentives 
(Arnold et al., 2021; Leahey & Barringer, 2020). Despite their recognised value, enabling 
collaborations that span disciplines, departments, organisations, and industries, is 
challenging. To create truly innovative outcomes and enable effective knowledge integration 
requires overcoming the boundaries of disciplinary specialisation while also amplifying 
specialised knowledge in ways that are comprehensible to a community of varied individuals 
(Caccamo et al., 2022). 

A longstanding concept used to help achieve knowledge integration is that of boundary 
objects. Star and Griesemer (1989) explain boundary objects as being central for translating 
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viewpoints of actors whose knowledge and expertise is heterogeneous, and therefore do not 
have adequate models for understanding each other’s work. Initially reported in scientific 
contexts, research on boundary objects has since spanned many disciplines (Caccamo et 
al., 2022). It is understandable then that boundary objects can constitute a range of artifacts 
(Star & Griesemer, 1989). However, as a general characteristic, their success can be 
determined by the extent to which they are mutually understood in practice and sufficiently 
create common ground to mediate collaboration (Bechky, 2003; Carlile, 2002; Levina & 
Vaast, 2005). For new product development, examples of boundary objects include 
repositories (e.g., databases, libraries), forms and methods (e.g., standard methods of 
enquiry and reporting), and objects or models (e.g., sketches, prototypes, drawings) (Carlile, 
2002). 

Boundary objects can be thought of as a bridge between worlds. That is, they open channels 
for collaboration but do not necessarily create deep understanding. In fact, sharing and 
understanding can be incomplete or partial. Their real strength lies in creating conditions for 
collaboration through their interpretive flexibility (Nicolini et al., 2012). Flexibility is important 
as deep expertise within a discipline should be maintained, alongside the ability to engage 
with knowledge of other disciplines (Brown et al., 2015; Conley et al., 2017). As a relevant 
example, Heiss (2020) explained how 3D printed hearing aid prototypes acted as boundary 
objects that mediated information trading and reduced conflict amongst a signal processing 
expert, a mechanical engineer, an audiologist, an electrical engineer, and a designer. Each 
actor’s knowledge was transformed through parallel, proactive, and individual contributions to 
the design of a hearing aid and could be progressed with a shared understanding. Likewise, 
3D models have been used as a persuasive tool between designers, project managers, and 
other stakeholders to achieve better results during the product development stage in a 
footwear company (Lauff, 2018). Prototypes played a communicative role and facilitated 
social interaction between stakeholders. They embodied technical knowledge and meanings 
that different types of stakeholders could translate, decode, and re-encode.  

The collaborative work at the centre of this paper is between design and chemistry. Each of 
these disciplines can be thought of as having their own worlds, comprising specific 
knowledge, methods, approaches, and beliefs. Having boundary objects to bridge these 
worlds is therefore of value. As a scientific discipline, chemistry includes characteristic 
activities of “systematic observation and experimentation, inductive and deductive reasoning, 
and the formation and testing of hypotheses and theories” (Hepburn & Andersen, 2021). 
Although knowledge and perspectives do vary (Hepburn & Andersen, 2021; Sankey, 2013), 
the scientific method applied represents a systematic and repeatable approach that relies on 
traits of precision, validation, specificity, and traceability, among others. Chemistry, like many 
of the natural and physical sciences, prefers quantitative evaluation of hypotheses through 
reproducible experimentation as the means to establish consensus (Murray, 1999). 

The analogue to the scientific method for design, the design process, is by comparison 
‘fuzzier’. Design is principally concerned with changing existing states into preferred ones 
(Simon, 1970). For these purposes, abductive reasoning is used, which has been described 
as “a logical way of considering inference or best guess leaps” (Kolko, 2010, p. 20). Kolko 
explained that abduction is applied within the confines of a design problem where a range of 
information, including personal experience, problem constraints, observations, and actions, is 
brought together to generate new knowledge. This knowledge generation is facilitated by an 
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iterative design process in which sketching, making, testing, and evaluating, result in design 
concepts that are then reinserted back into the design process. Typically, both the problems 
and solutions become clearer over the course of this process until a solution is generated 
(Cross, 1982; Kolko, 2010; Lawson, 2005; Smithers, 2002). It is also common for designers 
to foster interaction and collaboration among individuals from diverse disciplines during the 
design process because it generates many vantage points from which to tackle a problem 
(Tharchen et al., 2020; Välk et al., 2019). A well-recognised representation of the design 
process is the Double Diamond, which depicts a divergent and convergent thinking process 
moving through phases of discovery and defining of challenges, and then developing and 
delivering a solution. It is normal for phases to be moved between in a non-linear way, 
sometimes returning to the beginning if needed (Design Council, 2019). 

Despite any differences that may be present, it is ultimately in the best interest of 
collaborating disciplines to produce new knowledge that acts as a catalyst for innovation. 
Effective collaboration has the potential to combine knowledge for these purposes. The 
following case study presents collaborative work between chemistry and design disciplines, 
which produced wearable UV sensors using functional, 3D printed colour change material. 
The role of 3D printing and resulting prototypes as boundary objects exemplify how such 
technology and outcomes support effective research collaborations and innovative research 
outcomes. 

Case Study 

This case study presents a collaborative interdisciplinary research project that aimed to 
design, synthesise, and fabricate a collection of wearable UV sensors using functional, 3D 
printed colour change material. Although many wearable UV sensors are commercially 
available, ranging from photochromatic to photoelectric, they have had inconsistent results 
on improving sun safe behaviours (Hacker et al., 2019; Robinson et al., 2020). Potential 
reasons for the low efficacy of these devices are numerous, and include aesthetics, 
interaction experience (Jarusriboonchai & Häkkilä, 2019; Wentzel et al., 2016), 
customisation, comfort (Miner et al., 2001; Pateman et al., 2018), maintenance, and how 
easily the devices fit into a user’s daily routine (Lazar et al., 2015). This project sought to 
address many of these areas by designing a collection of aesthetic and function focused 
wearables that could seamlessly fit into a range of daily scenarios. 

The project was supported by a Queensland University of Technology Early Career 
Researcher Scheme Grant, which actively encouraged interdisciplinary collaboration for 
team submissions. Our project collaboration occurred between design and chemistry 
researchers, with expertise from each stream contributing to specific aspects of the project 
(Figure 1).  
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Figure 1: Project process showing design and chemistry stream interactions. 

The design stream (Swann, McKinnon, Mirzaei, Wigman) included industrial design, 
interaction design and digital fabrication expertise. This stream engaged with young 
Australians (aged 18-30) to understand their outdoor activities, sun protection behaviours, 
and perspectives toward sun safety technologies. This process identified that young 
Australians engage in a wide range of activity types and adopt variable behaviours to sun 
safety. They recognise the importance of sun safe behaviour, however, admit that it is not 
always possible. Despite the availability of a wide range of wearable UV sensors (Huang & 
Chalmers, 2021; Zou et al., 2020) it was determined that low maintenance devices that do 
not require power yet are effective for cumulative measurement and discrimination between 
UV-A and UV-B, and provide real-time information are likely to succeed as wearable devices 
(Zou et al., 2018). Insights from user engagement and the literature informed the iterative 
design development of wearable UV sensors incorporating colour change material.   

The chemistry stream (Boase, Wiedbrauk) included synthetic organic and polymer chemistry 
expertise. This stream focused on the molecular design of a UV reactive colour changing 
molecule, known as a photoswitch, that could provide a robust, sensitive, and reusable 
material for use in UV responsive wearable sensors. A review of the literature identified a 
specific class of molecules, commonly referred to as diarylethenes, as possessing the 
required chemical properties that would meet the needs identified by the design stream (Irie 
et al., 2014). Molecular synthesis and characterisation were first used to validate the 
properties of these molecules in the context of the demands for UV sun safety. Synthesised 
materials were formulated into 3D printing resins and material evaluation determined the 
suitability of these materials as UV sensor devices. 

The design and chemistry streams interacted throughout the project (Figure 1). Initially, user 
engagement let to the identification of user requirements, which informed desired functional 
characteristics of the molecule. For example, duration over which colour change should 
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occur to ensure suitability for different activity types. The molecule synthesis and testing 
outcomes provided knowledge of the molecule functionality, which provided constraints for 
iterative design. Central to the interactivity of the two streams was 3D printing. 3D printing 
acted as a common platform for each stream to communicate through and functional 
prototypes embodied the progress and outcomes of both streams simultaneously. The next 
section presents the activities of the chemistry stream, which is then followed by the activities 
of the design stream. The discussion details how 3D printing facilitated breaking the 
knowledge barrier by creating a shared language that simultaneously demonstrated the 
potentials and limitations of each stream’s work. This allowed each stream to adjust their 
approach to ensure effective collaboration and that project aspirations were met. 

Chemistry Stream: Molecule Synthesis and Evaluation 

A UV sensor material was developed using diphenyl diarylethene photoswitches, with the 
following requirements: (i) absorbance in UV-A and UV-B region (300 – 400 nm), (ii) 
reversible isomerisation in the solid state, (iii) visually obvious colour change during 
irradiation, and (iv) resistance to fatigue over repeated use (Irie et al., 2014; Wiedbrauk et al., 
2023). Photoswitches are a class of photochromatic material that can exhibit obvious colour 
change under UV light irradiation. The change is cumulative in that it doesn’t spontaneously 
change back to the initial state colour when taken out of UV light. Instead, the material can 
be reverted to the original state when exposed to light of a different colour. In our case, the 
photoswitch changed from colourless to pink when exposed to UV light. Exposure to green 
light was used to switch it back to colourless. Our process, using a Green LED light box that 
we designed and fabricated, is shown in Figure 2. Cumulative measurement of UV exposure 
and reversibility of this nature makes the material ideal for use as wearable UV sensors. The 
material can be used to measure UV dose over the course of a day. It can then be reset, 
which makes it reusable over many instances of activity. 

 
Figure 2: UV irradiated object exhibiting noticeable pink colour change (left), irradiated object inside LED light box under 
exposure to green LED light (middle), object changed back to colourless state following green light exposure (right). 

A diphenyl diarylethene photoswitch was synthesised, from commercially available 
precursors in four steps, to provide a clear crystalline solid. It was ground into a fine powder 



 

593 
 

using a mortar and pestle to allow for simple integration with fabrication methods. At first, the 
photoswitching properties were evaluated in solution to test that diphenyl diarylethene can 
act as a UV sensor at UV-A and UV-B doses relevant for sun protection. Following validation, 
the material was incorporated into silicone and then photopolymer resin for use in 
stereolithographic (SLA) 3D printing. The following sub-sections provide an overview of these 
processes. 

Silicone Sensors 

Silicone was selected as the first material to explore solid UV sensors using the diarylethene 
material due to low cost, ease of accessibility, high optical transmittance, and simplicity of 
process for creating basic 3-dimensional objects. Ground diarylethene photoswitch powder 
was incorporated into the resin component of a silicone kit, prior to mixing the catalyst 
component and curing the resin (final concentration 0.3 wt%). Simple flat shapes were 
produced to evaluate colour change and reversal. Figure 3 shows the material after 
irradiation with 6x 300nm UV bulbs at varying time intervals, and then the result of reversing 
the colour change following exposure to 10x Green LED bulbs for 2-hours. 

 
Figure 3: Cast silicone disks with unreacted and colourless diphenyl diarylethene (left), silicone disks showing colour 
change after exposure to 6x 300nm UV bulbs for 5 and 15 seconds (middle), silicone disks showing colour reversal after 
exposure to green light for 2-hours (right). 

The samples in Figure 3 were provided to the design stream to indicate the colour change 
and appearance potential of the sensors. This visual understanding of the sensors informed 
concept design directions. These initial tests were also expanded on by the chemistry 
stream. To test sensitivity to harmful UV spectrum, the sensors were irradiated with UV-B 
light (25 W.m-2) in a photoreactor at varying time intervals (0, 15, 30, 60, 120 seconds). 
Photographic analysis was used to quantify the colour response. Reversal tests were also 
conducted using a single low-powered green LED (1W, 520 nm) at varying time intervals with 
full discolouration achieved up to 2-hours (see Wiedbrauk et al., 2023). 

Stereolithograpic 3D Printed Sensors 

Following successful testing of the diphenyl diarylethene photoswitch material in silicone, the 
next phase was to explore its application to photopolymer resin for SLA 3D printing. This 3D 
printing technology was identified as an ideal candidate due to the potential compatibility of 
diphenyl diarylethene with the photopolymer materials used for SLA 3D printing. Specifically, 
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photopolymer resin is a liquid which turns to a solid under exposure to UV-blue light during 
the stereolithography process. It was expected that ground diphenyl diarylethene could be 
successfully mixed with the photopolymer in its liquid state.  

The first 3D printed tests were produced using an Elegoo Mars 2 Pro SLA 3D printer. 
NOVA3D high transparency photopolymer resin for 405nm SLA 3D printers was prepared 
with ground diphenyl diarylethene (0.3 wt%). A 3D file in the shape of a teardrop, created in 
Autodesk Fusion 360, was used for the test print. The shape was selected to explore 
whether material thickness affected the colour change intensity following UV exposure. 
Figure 4 shows the result of the test print, with one object irradiated with UV light from the 
sun and the other without UV exposure. The 3D printed object experienced visible warping of 
shape and one failed print, in which the teardrop shape was incomplete. This outcome was 
determined to be caused by the 3D print layer exposure settings’ incompatibility with the 
NOVA3D high transparency photopolymer resin, rather than due to the inclusion of diphenyl 
diarylethene.  

 
Figure 4: Initial test 3D print using diphenyl diarylethene (0.3 wt%) mixed with NOVA3D high transparency photopolymer 
resin printed on an Elegoo Mars 2 Pro SLA 3D printer. 

To address the issue of warping and print failure, successive tests were performed using 
ground diphenyl diarylethene (0.3 wt%) mixed with NOVA3D clear resin for 405nm SLA 3D 
printers. Unlike the high transparency resin used previously, default settings for printing with 
the clear resin type with the Elegoo Mars 2 Pro were available. A series of test prints, using 
designs produced by the design stream, are shown in Figure 5. The first batch of prints were 
cured post-print using an Elegoo Mercury curing machine. Noticeable discolouration was 
observed; at first some yellowing of the print prior to exposure, and then following UV 
exposure the colour change presented as orange, instead of the desired pink. To explore the 
cause of the discolouration, a subsequent batch of prints were not cured. It was 
hypothesised that the discolouration was caused either by excessive exposure to UV light 
from the full layer exposure approach used by the Elegoo Mars 2 Pro 3D printer or due to the 
pigmentation of the NOVA3D clear resin. 
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Figure 5: Test prints using NOVA3D clear resin for 405nm SLA 3D printers, showing prints cured and uncured post print, 
and unexposed and exposed to UV light in a photoreactor and/or sunlight. 

Aiming to eliminate discolouration of the colour change, further 3D prints were tested using a 
Formlabs Form 2 SLA 3D printer with Formlabs Clear V4 photopolymer resin. This printer 
was chosen as it uses a focused laser to expose only a small portion of the resin on each 
print layer to UV at a time, opposed to whole layer exposure, as is the case with the Elegoo 
Mars 2 Pro. Additionally, Formlabs Clear V4 resin exhibits minimal pigmentation. The resin 
was prepared with the ground diphenyl diarylethene (0.3 wt%) and was stirred and sonicated 
for 2-hours to ensure complete dispersal. All 3D prints were produced with a layer resolution 
of 50 microns and automatically generated support layout using PreForm software. 
Completed prints were not artificially cured post-print. Instead, they were irradiated with UV 
light from the sun. Figure 6 shows the initial prints comparing some exposed to UV light and 
others unexposed. Comparing these prints to those produced using the Elegoo Mars 2 Pro 
and clear resin (Figure 5), distinct colour change with no discolouration is evident.  

 
Figure 6: Comparison of UV light exposed print to unexposed prints produced using a Formlabs Form 2 SLA 3D printer 
with Formlabs clear V4 resin (left), larger print exposed to UV light produced using a Formlabs Form 2 SLA 3D printer 
with Formlabs clear V4 resin (right). 

Having identified a 3D printer, resin, and diphenyl diarylethene combination capable of 
producing UV sensors with noticeable colour change, tests were then conducted to analyse 
dose response and stability over multiple cycles. A set of small beads (like those in Figure 6) 
were exposed to UV-B light and reset using 4x1W green LED lights over 10 cycles. 
Photographic analysis showed that the beads performed consistently regarding colourimetric 
response to UV and returning to the colourless state over several reset cycles (see 
Wiedbrauk et al., 2023).  
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Design Stream: Iterative Concept Design 

Engaging with the young Australian (aged 18-30) user group during a series of design 
workshops led to identifying a range of activity types and associated sun protection 
strategies. From this, three design directions were specified, relating to routine (e.g., 
commuting to work), leisure (e.g., going to the beach, festivals), and recreation (e.g., playing 
sports, hiking) activities. An Iterative design development process, employing sketching and 
computer-aided design, addressed each direction and resulted in a range of design concepts 
(Figure 7). Concepts spanned various forms, typically relating to product categories of 
commonly worn jewellery and accessories including, bracelets, rings, earrings, straps, 
beads, and pendants. 

 
Figure 7: Sketches and computer-aided design renders exploring various design concepts. 

At this early stage, concepts were generated without knowing the eventual material 
properties or that 3D printing would be used as the fabrication method. Therefore, design 
concepts focused on exploring aesthetics and aspirational functional requirements, such as 
customisable colour change over various durations (10-minutes – 2-hours), for a range of 
materials and fabrication approaches. As material synthesis progressed, the knowledge 
passed on from solution and silicone testing (refer to Figure 3) provided additional 
constraints that were incorporated into the designs. For example, representations of colour 
change were based on high levels of saturation observable in silicone tests. Likewise, rapid 
UV response times in which colour change occurred quickly led to designs that could be 
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interacted with in novel ways to create functionality. For example, the ability to rotate parts of 
a design to expose the colour change material to UV only when a wearer wanted to.  

Successful photopolymer tests using 3D printing (refer to Figure 4) established additional 
constraints. Now knowing that SLA 3D printing would be used for fabrication, designs 
comprising single body forms or limited parts were favoured. Concept designs unsuitable for 
SLA 3D printing, such as those in which the colour change material was integrated with 
textile or flexible material were abandoned. A finding of the first batch of 3D printed designs 
was that although the colour change was noticeable, it was less than expected based on the 
previous silicone tests (refer to Figure 6 and Figure 3). This prompted exploration of how 
design changes could be implemented to exemplify colour contrast. One strategy used was 
to adopt a two-tone design in which the colour change material was positioned next to a light 
colour material to create higher contrast (Figure 8).  

 
Figure 8: 3D printed prototype adopting a two-tone design to enhance contrast of colour change. 

Another strategy to enhance colour noticeability, was through the design of the objects’ 
surfaces. It was observed that colour intensity was enhanced on sections of designs 
characterised by surface variation (i.e., rippled, textured, etc.) when compared to those with 
uniform (i.e., flat, smooth, etc.) surfaces. Thin wall sections and edges showed the highest 
colour intensity (Figure 9). This prompted the creation of more designs with variable surface 
textures and patterning to exemplify the colour change. 

 
Figure 9: Noticeable increase in colour intensity on object edges and variable surface textures and patterns (left), 
designs were created with variable surface texture and patterns to highlight colour change (right). 
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The design stream’s final output was a collection of designs spanning five categories (rings, 
necklaces, clips, bracelets, and earrings). Multiple prints of each design were produced to 
enable further quantitative analysis by the chemistry stream and qualitative analysis through 
a user study conducted by the design stream. It is our aim to develop the designs into 
commercially available products. The outcomes of these next stages will inform the project’s 
future direction, including aesthetic and functional refinements, and materials and fabrication 
techniques suitable for producing larger quantities. 

Discussion: 3D Printing as Boundary Object 

This research has presented collaborative work between design and chemistry researchers 
that aimed to design and fabricate UV sensor prototypes using functional, 3D printed colour 
change material. A feature of this work was that 3D printing technology and the resulting 
prototypes served as boundary objects that mediated collaboration. We argue that 3D 
printing was an effective mediator because the knowledge, processes and methods of each 
stream were required to pass through and become embedded in the technology at multiple 
levels (Carlile, 2004). For design, this was the knowledge generated from user engagement, 
concept design, and computer-aided design. For chemistry, this was the knowledge 
generated through molecular synthesis, material fabrication and evaluation. This knowledge, 
and the related processes and methods, became visible to the opposing stream as a result of 
using the 3D printing technology and creating the prototypes. In this way, the 3D printing 
technology facilitated both syntactic and semantic understanding, which are two 
characteristics of successful boundary objects that facilitate joint problem solving (Carlile, 
2002). The following discussion details these experiences. 

3D printing and the resulting prototypes outlined in the case study operated as a mediator of 
dialogue that occurred between streams. The project inputs being progressed by each 
stream (i.e., design concepts and material synthesis) were effectively translated into physical 
prototypes that could be commonly understood. This outcome is described in the syntactical 
approach to boundaries, where boundary objects facilitate a shared language or syntax 
(Carlile, 2002). A similar characteristic was documented by Heiss (2020) in which diagrams 
of 3D models provided a visual language that could be comprehended by each actor in the 
product development process. In our case, 3D printing technology effectively mediated a 
shared language because it established a stable condition comprising a set range of 
parameters that the outputs of each stream had to adapt to and meet (Carlile, 2002). For the 
design stream, design knowledge from user engagement and concept design was embodied 
in the digital 3D model print files. For the chemistry stream, chemistry knowledge was 
embodied in the mixture of the diarylethene photoswitch and photopolymer resin. Each of 
these then became inputs for 3D printing that were mediated by the technology.  

The resulting 3D printed prototypes combined the knowledge from the two streams in a way 
that could be mutually understood. The visible 3D printing process and prototypes allowed 
for the tacit specialist knowledge underlying information synthesis and the applied 
procedures to be made explicit (Carlile, 2004; Van de Ven & Zahra, 2017). Despite each 
respective stream not having a deep understanding of the other, this effective combining of 
knowledge created a way of discussing inputs that focused on the technology or prototype 
and not the technical and discipline specific knowledge that enabled it. An example of this 
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from the case study was the dialogue that took place upon noticing that 3D prints exhibited 
discolouration. The chemistry stream hypothesised that the molecule may have decayed 
because of extended UV exposure, which led to adjusting the post-print process to shorter 
curing times or no curing time, and eventually adopting a different 3D printing technology. In 
this case, the language for discussing the issue did not focus on the material chemistry, but 
rather the 3D printing process. It was a practice-oriented vocabulary that existed on common 
ground (Levina & Vaast, 2005; Van de Ven & Zahra, 2017) and was understood by both 
streams as they were involved with and familiar with the 3D printing process. It was 
ultimately effective for facilitating evaluation and further iteration. 

In addition to exchanging information, boundary objects enable learning about individuals’ 
differences and dependences (Carlile, 2002, 2004). This relates to the semantic approach, 
which recognises that “even if a common syntax or language is present, interpretations are 
often different which make communication and collaboration difficult” (Carlile, 2002, p. 444). 
In the case study, differences emerged in what aspects of the prototypes were deemed 
meaningful, and how this information was used. For example, when the representational 
mode (Caccamo et al., 2022) of the prototypes changed from silicone to 3D printed 
photopolymer, observations that the 3D printed prototypes showed lower colour intensity 
prompted two different perspectives and approaches. The chemistry stream proceeded to 
analyse the colour response through a structured photographic evaluation to provide 
quantifiable results. In contrast, the design stream proceeded with shape revisions that 
incorporated greater surface variation, which upon visual inspection was determined to 
amplify the colour response (refer to Figure 9). These different responses revealed the 
knowledge and processes that each respective stream had to better understand and 
overcome the issue. 

Observing differences at the boundary where 3D printing was positioned facilitated a trading 
zone for information exchange. Although the 3D printers and prototypes typically served as 
the focus of encounters, they often facilitated a much broader understanding and 
appreciation of the processes behind each stream’s inputs. They created ‘anchor points’ for 
understanding each disciplines way of working (Välk et al., 2019), and fostered cooperative 
creativity; the joint generation, combining and realising of ideas (Page & John, 2020). For 
example, the chemistry team made regular visits to the design fabrication studio to 
understand how design process and materials fed into the 3D printing process. Likewise, the 
design team visited the chemistry lab to better understand the processes to create and 
evaluate the materials. Such interactions created an effective space for negotiation and the 
revealing of dependence, which is “a condition where two entities must take each other into 
account if they are to meet their goals” (Litwak & Hylton, 1962 in Carlile, 2002). As more 
understanding formed about each area of expertise and their dependences, the views and 
efforts of each stream were aligned (Seidel & O’Mahony, 2014). Ultimately, convergence on 
a solution that best satisfied both perspectives occurred. 

Conclusion 

This paper has presented an innovative collaboration between chemistry and design 
researchers to design and fabricate wearable UV sensors using functional, colour change 
material. Although the specialised knowledge from each respective discipline was 
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fundamental to the project, 3D printing acted as an input device, which simultaneously 
provided constraints by its very nature as a technology platform and mediated constraints 
that were generated by the respective streams’ outputs. The evolving interaction that 
occurred through the technology created new knowledge in an understandable medium that 
each stream could process and incorporate into their practice to progress individual work 
(Caccamo et al., 2022). The research demonstrates the capability of 3D printing technology 
and advanced prototypes as boundary objects to support interdisciplinary collaboration. 
Although this case study focused on a design-chemistry collaboration, we expect that 3D 
printing can mediate diverse collaborations in conditions where each discipline’s knowledge 
can be input through the 3D printer and output in a form that combines this knowledge. 
Effectively navigating this process creates opportunities for innovative outcomes in emerging 
research fields. 
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To Prototype to Learn Fronting 
Uncertainties. A Pedagogy Based on 
Anti-Disciplinarity, Thinkering and 
Speculation 
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Abstract  
 
This paper aims to present and discuss how teaching visual identity and experience design in 
Communication Design undergraduate education may be developed within an anti-disciplinary approach, 
adopting a speculative design framework. By adopting this approach, students become familiar with design 
as a problem-seeking and problem-finding practice, which encourages the development of concepts, 
scenarios, and results without any predetermined function. Moreover, they assume an open approach to 
final results and learn more about a design field intended as an open context with blurred borders.  
The project’s development is based on the principle of learning by doing, which consists of thinkering, 
making mistakes, repeatedly trying to improve the results, and acquiring competencies and skills. This 
method pushes the students to experiment with visual expressions and user experiences between two and 
three dimensions. They could range among many techniques and technologies, from analog to digital ones. 
Consequently, each design had to be theoretically discussed and physically verified by making prototypes. 
The prototyping phase has a double goal: on the one hand, to learn to use new tools, coding, and 3D 
printing environments; on the other, to test the results and effectiveness of design scenarios and concepts. 
By defining a design process and discussing the implications of an anti-disciplinary approach, the aim is to 
inquire how such framing may destabilize conservative methods and consolidate new practices into 
Communication Design learning.  
 
Communication Design, Speculative Design, Thinkering, Design Education, Anti-Disciplinarity 
 

Communication Design, usually intended as the area concerning the design of 
communicative artefacts and specifically of visual kind (Bucchetti, 2020, p. 117-118; Lussu, 
2010), has nowadays expanded its boundaries, becoming more of an open context with 
blurred borders (Armstrong, 2009; Grimaldi, 2009). As affirmed by Grimaldi (2009, p. 28), 
“Blur is not a simple area in which the overlapping of themes determines an indistinct area. 
Blur is present everywhere, even in the dematerialization and deconstruction of traditional 
disciplines”. By its very nature, Communication Design is a discipline situated among 
scientific knowledge, technical expertise, and art. Its knowledge and culture are becoming 
increasingly difficult to fit into any existing academic standard compared to the past. It is 
possible to define it as an anti-disciplinary field that requires a new set of values (Ito, 2016) in 
terms of knowledge, culture, and expertise because of the recent changes and 
advancements in technologies, expectations, and requests from users, audiences, and 
industry. In addition, it is possible to witness a clear switch from the centrality of function to 
the centrality of meaning (Antonelli, 2011a) and from the design of mere artefacts to 
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systems, often adaptive and variable. These statements convey consistently the idea that 
Communication Design, far from being a mere problem-solving framework and a 
commercial-oriented practice, can also be a tool for exploration and questioning to 
investigate and front the uncertainty of our contemporaneity.  

Some of the briefly introduced concepts constitute the background that inspired the teaching 
method and the assignments of a Final Synthesis Communication Design Studio (Bachelor in 
Communication Design, third year) over the last nine years. The students are prompted to 
work on visual and experience design related to thought-provoking themes, such as human 
conditions or emotions. The task is to design and prototype objects, installations, or 
interactive devices (defined as ‘Communicative Machines’ and at a 1:1 scale) in a critical and 
speculative framework, assuming the theme as an opportunity. The main goal is not 
necessarily to speculate on possible futures but to imagine a probable or plausible alternative 
present, taking real conditions and human superstructures (in the meaning of Harari, 2014) 
into account. This is the starting point to involve students in reflective practice (Schön, 1983) 
at various stages of the iterative design process, from scenario definition to concept, 
development, and prototyping. Consequently, Communication Design can be used as a tool 
and a means to validate speculation: the speculative process is correct when the design 
artefacts can effectively convey it. Design should not be considered a self-reflective practice 
but a powerful communication tool to promote speculation. 

Students, divided into small teams, learn to cross disciplinary borders and adopt a critical 
approach to apparently fixed disciplines. The applied iterative process interprets 
experimentation as a means to find solutions, even in areas that teachers, professionals, or 
students do not master confidently (Triggs, 2003, pp. 7-17). For the prototyping phase (from 
first development to final steps), students adopt a ‘learning by doing’ approach, experiencing 
something close to the definition of “thinkering” (Antonelli, 2011b), for which a final result is 
obtained through progressive collective reworks. Berglund & Grimheden (2011, p. 737) 
confirm that both experimentation and prototyping consist of iterations of “trial and error”, 
which is a significant feature in several aspects of a response development from design to 
final release.  

Technological Fluency, Speculative Design, and Prototyping 

Within such a framework, teaching students to understand technologies (even those who 
may not be familiar with most of them, such as coding or prototyping) and how to become 
“fluent” with them (Lukens & DiSalvo, 2012) becomes crucial. It is not about creating 
expertise but rather literacy (Cangiano, 2016), which means being able to understand which 
tools can be the most suitable for translating a concept into an artefact. Students are not 
forced to fit their speculation into a predetermined media. Quite the opposite, they are 
encouraged to understand first the goal of their project and then explore the available 
technology to find the most suitable media for them, whether it is printed matter, a three-
dimensional space, or a piece of code. 

The proposed learning approach opens a space for intellectual exploration, demanding a 
tangible design translation to discuss and evaluate such speculation. Where design has been 
paradoxically left behind by its modernist promises (Colomina & Wigley, 2016), showing the 
limits of its deterministic spirit, it becomes necessary to re-think new roles for design itself 
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(Dunne & Raby, 2013). As sociologist Bauman (2016) states, in a post-modern society rife 
with uncertainties, it is in the ambiguity itself that a transformative potential can be found. “As 
design educators, we cannot afford to exclude Speculative Design from […] education of our 
students, especially after the current crisis that the whole world is experiencing” (Auger et al., 
2021). As a pedagogical tool, Speculative Design opens students’ minds to “think more 
creatively and critically about the role of design in our shared futures” and apply design 
principles in different contexts and types of projects. Most design educational programs still 
adopt “the modernist rational and functional understanding of design as a problem-solving 
discipline” (Auger, 2016). It is necessary and urgent for the designer to be trained to “reflect-
in-action” to learn to be a “researcher in the practice context” (Schön, 1983, p. 68) and not 
just to solve problems. Mazè & Redström (2007, p. 10) affirmed that “rather than objective 
knowledge or abstract theory, conceived of as above or in advance of practice, such 
perspectives give primacy to subjective interpretation and practical experience”. Moreover, 
Mitrović (2019) adds that “through imagination and critical thinking and by using design [...], 
Speculative Design practice inspires thinking, raises awareness, examines, provokes action, 
opens discussions and has the potential to offer alternative directions and positive shifts that 
are urgently needed in today’s world. It is also significant that we can view this practice as a 
reflective approach that provides designers with the opportunity to reflect on the issues they 
are dealing with and, even more importantly, the practice itself. Through critical investigation, 
the creation of objects that generate a story, or through a story that is embodied in artefacts, 
Speculative Design attempts to anticipate the future, but at the same time assists in re-
thinking and understanding our present moment.” 

These considerations appear to be a fitting premise for a teaching process at an 
undergraduate level aimed at integrating research into and through learning. It is a training 
level whose main objective is to allow students to acquire technical skills and a range of soft 
skills to be used in the professional field.  

Coding and digital prototyping are encouraged, and computational and physical world 
integration is appreciated. However, using a specific technology is not mandatory: framing a 
design problem by choosing material, medium, or method first might limit possible solutions. 
On the other hand, coding and other digital technologies are languages that designers need 
to learn and use proactively and consistently.  

Undergraduate students usually regard coding as a sector-specific, obscure practice. They 
rather learn to use the software as a static tool for their practices: the possibility to customize 
or to create new tools is still hardly accepted. By using closed software, “you’ll never be able 
to examine what the programming code is actually doing, and if you want it to work 
differently, it’s impossible for you to make changes to the software” (Maeda, 2019, p. 138). 
Bringing code within the toolset enables students to learn “procedural literacy” and no longer 
regard the computer as a mysterious “black box” (Crow, 2008). They (re)gain control of the 
technology. 

In the professional context, computational design is misunderstood as a technical skill 
instead of being regarded as a way of thinking. According to Reas, it allows one “to think 
around and outside of the constraints of any specific piece of software – it makes it more 
possible to imagine and invent something new [...] the code is a means to an end, and the 
focus is on what the code creates or generates” (Cangiano, 2016). 

Learning to code has set the conditions for new ideas and forms in the Communication 
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Design field. The point is that learning to program and engage the computer more directly 
with code opens the possibility of creating tools, systems, environments, and entirely new 
modes of expression. As a consequence, using the McLuhan metaphor, computer and digital 
technologies could cease to be tools and become media instead (Reas et al., 2010, p. 25). 
Moreover, it is crucial to consider accessibility to instructions and information related to 
programming languages offered by the global open-source culture as a critical component in 
this evolutionary process (Lehni, 2011; Antonelli, 2011b). This culture allows sharing of 
knowledge, responses, and codes, making a constant upgrade possible. Knowledge 
becomes available for all, blurring the boundaries of academic and professional disciplinary 
fields.  

In a teaching context, the approach that does not consider acquiring skills and knowledge as 
separated fragments but as an evolutionary and iterative process appears more effective. 
The use of programming to start processes and develop applications is adopted as a key 
element of the toolset (Lehni, 2011). This approach allows the customization of some 
applications both at the development/prototyping and testing phases, which we can consider 
as steps of a reflection-in-action process, “providing continuous improvement and higher 
levels of assurance that solutions will be appropriate and effective” (Bowie & Cassim, 2016, 
p. 142).  

We do not mean to replace or compete against traditional design tools and media but to 
enrich them and enhance the designer’s technological imagination in order to produce 
multimodal forms of expression (Balsamo, 2010, pp. 4-7). This is possible by approaching 
with a thinkering attitude eventual new canvases for the designer. Some of these “new 
canvases” proposed during the Course are electronics and embedded programming with 
Arduino ecosystem, codes for visual output such as Processing, p5.js, and Three.js, digital 
fabrication, 3D modelling and printing tools. These help students to create concrete 
prototypes that “provide the crucial element of surprise, unexpected realizations that the 
designer could not have arrived at without producing a concrete manifestation of [...] (the) 
ideas” (Klemmer et al., 2006, p. 142). The prototype plays an essential role in terms of 
research purpose as well, so we can refer to it as a research artefact (Giaccardi, 2019; 
Zimmerman, Forlizzi & Evenson, 2007), or as a vehicle “for research about, for and through 
design” (Wensveen & Matthews, 2014, p. 262). Students in the second semester work on 
their final thesis developing research from these projects.  

This variety of possible media and tools finds a breeding ground in Speculative Design, 
which is characterized by not belonging only to the design context and a particular set of 
rules or methods, opening to various methods, tools, techniques, and instruments as well as 
other practices and disciplines (Mitrović, 2019). According to Lukens & DiSalvo (2012, p. 32), 
“speculative design and technological fluency are cross-disciplinary and integrative”. We can 
interpret the term “fluency” as the “ability to translate between domains and view the 
membranes separating areas of inquiry as porous” (Lukens & DiSalvo, 2012, p. 32). 
Bernstein (2011, p. 8) adds that “fluency with technology often draws on knowledge, skills, 
and approaches that cross traditional disciplinary boundaries”.  
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Anti-Disciplinary Teaching Methodology 

According to the belief that design is a tool to create ideas, not only things, students are 
involved in a process that moves from problem-solving to problem-finding. That encourages 
the development of concepts, scenarios, and responses without any predetermined function, 
aesthetic, or, as already discussed, boundaries in the use of technology.  

The process is based on an anti-disciplinary and evolutionary idea of the educational design 
process, which does not rely on a fixed design method. Defining a teaching methodology as 
anti-disciplinary means “going one step beyond being multi-disciplinary” (Childress, 2016), 
avoiding strict specialization in Communication Design education. Adopting an anti-
disciplinary approach could mean “not only working in one specific field, but rather instead 
drawing from elsewhere to imagine something new” (Brin, 2016). The pedagogical strategy, 
with its critical approach, “emphasizes alternative approaches to conventional problem-
solving paradigms […] [including] both problem-seeking initiatives and problem-posing 
inquires” (Blauvelt & Davis, 1997, p. 80). Overall, the proposed methodology and educational 
objectives must consider that the Final Synthesis Communication Design Studio of the third 
year is the final one for the students. One of its peculiarities is that it is a Studio in which all 
the knowledge and skills acquired in the previous semesters must be used. Coding and 
prototyping are added to those related to the design of communication and visual systems. 
Overall, the final project allows students to deal with a hybrid, transversal dimension of 
Communication Design, not necessarily closed in a specific area.  

 

Figure 1: The methodology model. 

The applied methodology can be visualized with a spiral model, which accurately represents 
repeating cycles of design moving away from a central starting point (Figure 1). It is inspired 
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by the software development model by Barry Boehm (Dubberly, 2005, p. 122) with some 
modifications. The intention is to represent not a sequential process but a cyclical one 
emphasizing continuous improvement (Dubberly, 2005, p. 115). In each of the four main 
phases, students could experience different steps in the design process as they gradually 
approach their final project. Nevertheless, according to Frascara & Winkler (2008, p. 7), it is 
not “reduced to a mechanistic set of steps” because “method without imagination contributes 
very little to the design profession and the solution of complex design projects”.  

Students work in groups of a minimum of 4 and a maximum of 6 people, considering the total 
amount of students increased from 55 to more than 60 per class in the last four years. Once 
the general theme is given (e.g., ‘death’, ‘rituals’, ‘daily data’), each group has to define a 
specific point of view on the theme and a scenario to work on: so they have to seek and find 
a problem to highlight and discuss through Analysis and Research. They use human 
superstructures and organizations as useful subjects to ‘represent’ their fiction through 
fictional branding to apply competencies and skills already acquired previously in the first two 
years of the Course.  

The second step is to define a concept and a communication strategy and how to develop it 
in a multidimensional and multichannel dimension (touchpoints and selected media), as well 
as the Communicative Machine’s main functions, meanings, and contents. According to their 
concept and strategy, they must think and design a visual identity that can be consistently 
communicated in two- and three-dimensional outputs. By doing so, the students gain 
confidence in the design of complex systems. 

The core activity is the prototyping phase which involves both digital and analog areas. They 
are encouraged to autonomously acquire the skills they lack, especially in the areas of digital 
design, coding, and prototyping. The teachers eventually support them in developing their 
projects better. Each member has a specific role within the group based on his/her interests 
and skills. A crucial element of this “critical pedagogy is the recognition, not the dismissal, of 
students’ social experiences and cultural affiliations, which serve as lenses through which 
they experience the world and are a reflection of the audiences we attempt to reach” 
(Blauvelt & Davis, 1997, p. 80). 

The main outputs (Communicative Machines) are objects, installations, or interactive devices 
realized as prototypes to be verified and tested. These ‘machines’ should be intended as 
“object personas”: an extension of the design research and educational process arguing for 
design fiction as an important methodological tool. Design fiction represents a speculative 
mode of thinking that can disclose new questions and unconventional opportunities (Cila et 
al., 2015). 

Prototyping Communicative Machines 

“A work of speculative design is often an object […]. While prototyping deals with how an 
idea could be realized, speculative design asks what if that idea was prevalent in our 
society? Would we want it?” (Peace, 2019). The experimental projects presented here aim to 
“unsettle the present rather than predict the future” (Clark, 2011, p. 17).  

Each one has been developed (from the concept to the final prototype) over a period of five 
months. These are results coming from various classes with different briefs. Each year, their 
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projects are: exhibited (except during pandemic times) on occasions proper to test concepts 
and prototypes through a wide audience; exposed into a collective website or individual 
social network accounts so to share ideas, optimize presentation materials (e.g., photos, 
videos, texts) and verify that the audience can understand them without direct explanations.  

 
Figure 2: In Loving Memory, A.Y. 2019-2020 (Authors: Gabriele Broggini, Chiara Carovelli, Emanuele Ceccherini, 
Eleonora Dussin, Bianca Fratin). 

During the 2019-2020 Academic Year, the assigned central theme was ‘Death’ 
(http://morte13.labsintesi-c1.info/), an intriguing and demanding issue, especially considering 
that just after a few months we all fronted it directly because of the pandemic. Out of 13 
projects, one seems to be consistent with the aims of the present paper. Starting from the 
“what if?” question “How long does the life of the objects we own last?”, the project entitled In 
Loving Memory (Figure 2) intended to discuss daily products planned and perceived 
obsolescence. Specifically, the strategy applied by several global corporations to reduce life 
to these objects, e.g., mobile phones, shoes, tights, or earphones. Instead of repairing them, 
consumers would rather throw them away because it is not economically convenient or a 
perfect excuse to change an old item with its new model, producing massive waste. The 
prototyped interactive memorial is dedicated precisely to these objects, telling their stories 
and explaining technical causes leading them to ‘death’. The installation allows users to 
activate various narratives available on web pages with texts, images, and short videos. The 
website also works as an archive of these stories, and users can add content. Each object 
stands in a niche of the memorial; when the user approaches a niche, a proximity sensor 
activates local LED lighting, highlighting the object. A QR Code allows the connection to the 
online archive. With its intentional monumentality, the project is proposed as a critical 
speculation on a contemporary problem, providing an interpretation of the general theme of 
death from the point of view of objects. 

‘Rituals’ was the assigned theme for the Academic Year 2020-2021 (http://retuals.labsintesi-
c1.info/). The aim was to investigate human rituals in conditions of remote distances and 
forced online connections. Of course, the pandemic effect conditioned the choice, but the 
rituals considered allowed to envision, in some cases, new needs and behaviours. 

TOD (Figure 3), a sort of home device, intended to speculate on the ritual of dead 
commemoration, starting from the question, “what if commemorating the dead was an 
evaluated performance?”. Tod blends into the environment and the everyday life of its users 
just like every high-tech device. It guides the user to the proper commemoration of the dead 
by suggesting the right frequency and execution. The Core symbolizes each deceased 
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person; it is a portable device made ‘alive’ by the glow of an ever-changing luminous ‘wisp’. 
The user can perform the memorial service by placing it in his home hub and periodically 
performing three tasks: Contact, Conversation, and Remembrance. In this case, the 
speculation moves from a pure critical goal to a ‘future design’ one, assuming the possibility 
of such a home ritual. The prototype developed allowed: 1) to test the user journey, fixing the 
digital interface functionalities and flow, 2) to verify the impact and agency of the object itself 
with an external audience inserting it in videos that supported the project presentation, 
involving people outside the School.  

 
Figure 3: TOD, A.Y. 2020-2021 (Authors: Giovanni Bonassi, Martina Bracchi, Silvia Casavola, Donato Renzulli, 
Tommaso Stragà, Matteo Visivi).  

The object was created by thermoforming a sheet of PETG, subsequently finished with a 
soft-touch paint; some sensors make it possible to activate the various commemorative 
functions managed overall through a mobile phone used as hardware to take advantage of 
the touchscreen. Finally, the CORE of the device (the smallest cube, symbol of the soul of 
the deceased) has inside a matrix of sixty-four LEDs (Adafruit DotStar High Density 8x8 Grid) 
which light up individually to obtain a ‘wisp’ effect which also characterizes the visual identity. 

 
Figure 4: Vireo. Sexual Blooming, A.Y. 2020-2021 (Authors: Alessandro Gori, Lara Macrini, Matteo Paoli, Caterina 
Ramilli, Simone Restifo Pilato). 

Instead, Vireo (Figure 4) investigated and discussed the ritual of ‘sexual blooming’ by 
conceiving an interactive kit allowing users to express and share individual sensations, 
memories, and impressions. The user is asked to question his interpretation of this 
fundamental passage in life through five different devices. Each device stimulates sensations 
that vary in intensity and, depending on the user’s choices, are translated into data that give 
the experience a visible form. As a final output, a unique flower is produced for each user. 
The flower shapes, colours, and parts change according to the inputs received by the user. 
The flower is a metaphor for a new language and becomes a means of sharing and 
comparison with other users who interface with the kit. Each user, through a website, can 
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compare his/her personal output across three different views that provide new interpretations 
of the experience. In the speculation scenario, the Vireo flower becomes the new way of 
expressing oneself to talk about one’s virginity without limits due to a one-way vision. The 
speculation intends to provoke the audience on an intimate issue that is exposed in various 
cultures through various kinds of rituals but, at the same time, not publicly shared in 
contemporary societies. 

The kit was developed using a variety of sensors and actuators to obtain a system of multi-
sensory interfaces that stimulate and interact with the user in various ways, including 
sensations of heat, vibrations, sounds, and lights, in order to achieve a high degree of 
involvement and complete immersion during use. A USB Hub manages the five objects’ 
interactions, and a wireless display gives feedback to the user, visualizing the individual 
flower. In this case, the prototype was developed to support an original narrative consistently 
in two dimensions. A material one that includes the five devices referring to the senses. And 
a digital one, with the programming of the website interface and the visualization of the single 
representations (the individual ‘flowers’) obtained using the Blender 3D modelling software. 
The result is an essential part of the learning process, helping to verify the acquisition of 
specific technical skills and the transversality in using knowledge. 

 
Figure 5: Proxy by Nextnet, A.Y. 2021-2022 (Authors: Andrea Avanzi, Lorenzo Baraldi, Samuele Cellura, Andrea 
Nodari). 

Finally, during the Academic Year 2021-2022 (http://fattididati.labsintesi-c1.info/), having as 
the main theme ‘Daily Data’, another home device, named Proxy by Nextnet (Figure 5), 
intended to speculate on the impact of the internet on the environment. The internet machine 
consumes energy and produces tons of CO2 daily, although people continue to see it as 
ethereal and pure. In a fictional future plagued by an economic and social crisis, the 
ecological impact of the internet is out of control. Each country is forced to ban the internet 
planetwide, and Nexnet Proxy is the only device capable of generating connection through 
user effort. A display visualizes the quantity of web connection available and the possible 
kind of digital data the user can access (e.g., video, social network, files’ weight). Although 
the scenario may appear simplistic, it is possible to position Nextnet as a critical-speculative 
project, imagining a possible future that could also be an alternative present, considering the 
current conditions of our planet. 

Also, in this case, the prototype was developed to support the scenario and narrative 
consistently. The 3D-printed object was completed with an Arduino board connected to a Hall 
sensor and low-energy consumption display. The prototype is connected to a computer to 
manage the data collected from the sensor and transmit them to the Nextnet website.  
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Discussion and Some Conclusions 

The four shortly discussed projects developed using the presented pedagogy process 
generated responses in the meaning of Frascara (Frascara & Winkler, 2008, p. 11): design 
reduces problems and should always involve research. These were realized starting from 
different points of view, developing different scenarios, and using various technologies and 
media, no matter if analog and/or digital. A natural consequence is that each design has to 
be theoretically discussed and physically verified by making prototypes. Students are pushed 
to experiment with visual expressions, user experiences, and tangible interactions between 
two and three dimensions, inevitably involving the fourth, the one of time. Students unveil 
unconventional approaches to the project and explore alternative design values, forms, and 
representations (Johannessen, 2017; Bardzell & Bardzell, 2013). 

Speculation and critical stances were translated actively using Communication Design but 
approaching design solutions as a hybrid discipline, that means it “allows to break out of 
traditional typologies, to experiment with hybridizations of formats, structures, and modes of 
expression” (Quaggiotto & Galasso, 2023, p. 220). By adopting this approach, students are 
led to assume a critical attitude towards their position as designers, reflecting their practice’s 
social and political implications. Moreover, they also get used to managing their professional 
field as an open context, not necessarily closed by disciplinary boundaries but evolutionary 
by nature. Design speculations are not meant to give answers and certainties; they aim to 
imagine new questions and reflect on contemporary and future times. They experienced a 
learning path that intends to go beyond the centrality of téchne to encourage the wielding of 
knowledge.  

The prototyping phase is considered significant since, beyond the reasons already explained, 
it generates organizational capabilities such as flexibility and requisite variety, becoming 
integral to products and processes. It also operates as an antidote against core rigidities 
through updates of new knowledge and new methods for solving problems (Leonard-Barton, 
1995; Berglund & Grimheden, 2011). According to Berglund & Grimheden (2011), the 
knowledge spiral model allows students to add benefits to teamwork, utilizing each other 
experiences and perspectives, integration and synthesis, and socializing.  

The material and/or digital prototype artefacts play an essential role in introducing students to 
a Research through Design (RtD) attitude (Zimmerman, Forlizzi, & Evenson, 2007). 
According to some of Giaccardi’s (2019) statements, they play intriguing and essential roles 
in demonstrating possibilities, provoking and speculating on alternative presents or futures, 
evaluating design outcomes, and empirically testing hypotheses. Certainly, their 
development cannot be reduced to a single objective.  

The feedback collected over the years, both from students and during occasions of sharing 
with a broader audience (e.g. exhibitions, websites, social networks), confirm the 
effectiveness of the learning process and educational experimentation aimed at creating 
working prototypes. Students appreciate the anti-disciplinary approach in acquiring new 
knowledge and skills, directly verifying communication design’s hybrid nature. At the same 
time, they learn to learn, accepting the challenge of a constantly evolving discipline and 
practice. In the comments to the various editions of the Communication Design Studio, they 
define the design approach as “extremely innovative” and “useful to learn by doing, work 
more independently and deal with technologies never used before”. Furthermore, the 
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assignment of issues to develop through a speculative approach is interpreted as 
“stimulating” and “a challenge”, which allows them to “find unconventional design solutions”. 

The practical verification, made with an external audience to that of the School, finally makes 
it possible to verify the design hypotheses through the prototype. Its role is crucial to allow an 
audience to understand the design narrative through direct experience. For students, this 
phase can be critical for questioning the design hypothesis. However, it also becomes the 
moment for self-criticism, for reflection on what has been achieved. 

It is our firm belief that an anti-disciplinary way of working and designing should be 
encouraged, especially during students’ education so to train them to break disciplinary 
fields, to look to knowledge and technology with an open mind, to be better designers and 
citizens able to manage and react to uncertainties. 
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Abstract  
 
In this paper, we propose to look at designing processes as interpretive acts of translations parallel to other 
various descriptive and iterative artifacts – briefs, mood boards, sketches, post-it boards, design drawings, 
technical drawings, user journey-maps and diagrams, renderings, mock-ups, etc. – and to look at what 
roles prototypes play within these processes of translation. More specifically, the role of prototypes within 
processes of translation will be investigated by looking at social design and especially in social design 
education projects. 
Indeed, whereas prototypes have served designers for many decades to consider alternative outcomes, 
test out various approaches, and evaluate ergonomic needs and constraints, in social design, as part of 
participatory or codesign practices, prototypes offer even more potential for harnessing communities, 
mediating between various stakeholders, and highlighting a more relevant path for the design team. In a 
similar manner, in design education, prototypes are not only used to highlight the various stages of the 
design process but also the importance of the different design partners and stakeholders. Furthermore, 
prototypes can serve to highlight key values and ideologies relevant to a specific design strategy to 
articulate and enhance the designer’s role in their local and professional communities. By using translation 
to link these spheres of knowledge, we will highlight an innovative approach to understanding the 
importance of prototypes in social design education. 
 
social design; prototype; education; design research; semiotics 

Introduction 

There is a widespread agreement – also acknowledged by the call for paper of this 
conference – on the fact that, among the cascade or cloud of inscriptions, representations 
(Armando and Durbiano 2016; Beaubois 2015), or “descriptive artifacts” (Mattozzi 2019) – 
i.e. various iterations of the brief, mood boards, sketches, post-it boards (or their digital 
versions, such as Miro), drawings, technical drawings, diagrams focused on users journeys, 
renderings, mock-ups, etc. – that characterises designing processes, prototypes tend to 
come in the “later phases” (Sanders and Stappers 2014) or “far advanced in development” 
(Marcus 2014) of the designing process. Moreover, it is also widely acknowledged that 
prototypes allow experimentation (Corsin Jimenez 2014; Marcus 2014), by providing a 
possible, but still open to revision, configurations of what the desired outcome of the 
designing process should be. 
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The specificity of such experimentation lies in the fact that through prototypes “others”, i.e. 
people not part of the design studio or of the design process, like various kinds of 
stakeholders, potential users (design partners, as they are termed in the UK) or 
manufacturers can be involved through the presence of the prototype “on the table” 
(Stappers 2007) and engaged in the design process, producing “focused discussions” (ibid) 
and feedback, thanks also to the fact that the prototype can be tested by “confront[ing] the 
world” (ibid), also through trials of usage. 

In this paper, we will take into account all these issues through the notion of “translation”, 
showing the relevance of this notion in order to understand design, and specifically the role 
of prototypes, through examples taken from design projects carried out within social design 
courses. 

Therefore, the paper will also propose a reflection on the role of prototypes within social 
design education. 

Translations within designing  

We assume the design process as a process of iterative translations taking place from one of 
the “descriptive artefact” (brief, mood boards, sketches, post-it boards, drawings, technical 
drawings, diagrams focused on users journeys, renderings, mock-ups, etc.) we mentioned in 
the introduction, to the other. Of course, within this iterative process prototypes play a crucial 
role. 

By translation, we mean the passage from a configuration (be it verbal, visual, tangible, etc., 
or a combination of all these options) to another configuration through the mediation of a 
third configuration, even just an imagined or “mental” one, within a process akin to the one of 
the Peircian sign. The third configuration – the mediating one – identifies, highlights, extracts, 
hierarchize and reconfigure features of the first configuration into the second one – a process 
that is usually intended as interpretation. Take, for instance, the passage from a sketch of a 
product to a prototype through a rendering: the rendering will keep only certain features of 
the sketch, adding others features, which in turn will influence the prototype. Of course, the 
translation between the sketch and the rendering is in turn mediated, and thus translated, by 
other possible configurations, for instance the configuration reconstructed “mentally” by the 
user and then the one articulated by the constraints and opportunities provided by the 3D 
modelling software. Or, take the passage from a brief to a sketch: it can be mediated by the 
configuration created by the set of products similar to the one mentioned in the brief found 
through a research on the internet (Ventura and Ventura 2015). Or, take the passage from a 
mock up of a seat to the prototype: it can be mediated by the configuration created by 
various materials and the body of a craftsman who is in charge of finding the right material 
and tries them out on his own body (Parolin and Mattozzi 2013).  

As we can see, translations within designing are dense iterations of mediations, within which 
in between two configurations you can always find another one carrying out a translation. 

To achieve these various modes of translation, designers enact several phases of key 
systems of interpretation, including a visual-material one (through semiotic denotations), a 
hermeneutic one, and the intricate understanding of the relation between design decisions 
and its manifestation of experiences, memories, feelings etc. (through a phenomenological 
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basis). This understanding enables designers to incorporate in the mediating configurations 
the socio-cultural behaviours of individuals and communities involved in and through the 
project or intervention, as well as – key issue for social design projects – social values and 
ideologies. These are translated into the project, both from a theoretical and ethical stance 
and from a practical stance through the collaboration of the design partners, using codesign 
and participatory design practices.  

Prototypes as translations 

Prototypes as special translations within the designing process 

Not dissimilarly from other “descriptive artefacts”, prototypes take part in the translation 
processes in two ways: a prototype 1) is the translation of previous steps of the designing 
process in a temporary stable configuration 2) it prompts further translations that take the 
form of feedback, indications, and requests for revisions, which will likely lead to a new 
version of the prototype, when not to a revision of a portion of the designing process, going 
upstream the cascade of descriptive artefacts. 

However, differently from other “descriptive artefacts”, prototypes come toward the end of the 
designing process, as we already noticed in the introduction, with reference to Sanders and 
Stappers (2014) and Marcus (2014). Therefore, prototypes need to carry out a translation 
that somehow summarizes and builds on all the previous translation by providing a 
temporary stable configuration, which gathers and articulates most of the features of what 
should be the actual output. 

Seen in this way, prototypes carry out something more than one of the iterative translations 
punctuating the designing process, given that it enacts a version of the final configuration of 
the design project or intervention. Around it, others – other people besides those who have 
taken part to the designing process and who have a specific expertise related to design in 
general or to a specific designing process, like stakeholders of various kind, users or design 
partners, manufacturers – can be gathered and, through it, can be engaged and involved, at 
various degrees, within the designing process. 

Therefore, prototypes open up the designing process to others, and through such opening 
trigger social change (Sanders and Stappers 2014). Such opening up provides prototypes 
with their experimental relevance, i.e. the possibility of “confronting the world” (Stappers 
2007) through trials and verifying if what designed “works” or not. But not only. The 
experimental relevance of prototypes regards also opening up, in turn, other possible ways of 
designing and, hence, revisions of the designing process and the very design project – this 
second opening takes place especially if what designed does not seem to “work” or to fully 
“work”.  

Such double opening – opening the design process to “others” and through it opening it to 
revisions – is key for social design, given its commitment to work for and with communities 
and to be sensitive to their values, points of view and dynamics. 

Thus, prototypes are key steps in processes that tend to involve and engage communities, 
like those related to social design. Indeed, apart from using the prototype to check, reflect or 
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validate a design concept, a prototype can serve as a steppingstone in co-designing, through 
which community members interact with the design team.  

Prototypes as translation: from many to one  

Seen in the way we are outlining, prototypes are something more than just the translation 
from a vague and abstract idea into a concrete, visualized and materialized output – as 
somewhat suggested by the call of this conference. Whereas the cloud made up by the 
various descriptive artefacts (brief, sketches, mood boards, technical drawings, rendering, 
post-it boards, journey diagrams, etc.) constituting the previous steps of the designing 
process can seem, taken as a whole, vague and chaotic and can seem to outline a vague 
and more or less abstract idea of the design project or intervention, each instance is in itself 
definite, characterized by its own details, and concrete.  

Thus, the translation prototypes achieve does not go so much from the abstract to the 
concrete, but mainly from various scattered and multiple concrete instances to one collecting 
and connecting many of them and many of their features in an, often operational, whole.  

Prototypes as translation in design education 

The specific role prototypes play in designing processes seen as translations is of course key 
also within design education – and, indeed, as Sanders and Stappers (2014) remarked that 
prototypes can let students understand the importance of theory in design practice and 
education.  

Given that, in a prototype, students need to translate many of the previous translations, 
articulating them in one, usually material, manifestation, they often find themselves 
encountering, for the first time, disparate issues – e.g., issues of weight, ratio and 
ergonomics, just to name a few – they need to articulate all at once. 

We need also to consider that, differently from professional practice, where prototypes can 
end up being the last step of the designing processes, but usually are the step before making 
and manufacturing, i.e. the process which will lead to the final output as a product, an actual 
service or an intervention, within education, prototypes are usually the final output of a 
designing process taking place in a studio course or in a thesis design research process. 
Thus, within education, prototypes notoriously prompt a very specific final translation: a 
judgment by teachers.  

Usually such judgment is mediated by a theoretical, social, and practical professional debate 
between student and teachers and among teacher themselves.  

Prototypes’ relevance for social design  

In our view of the prototype incorporates several attributes: first, a prototype is key in bridging 
different social groups; second, a prototype is crucial when conducting design research in 
general, but more so when working in the field of social design; third, a prototype is a crucial 
element in design research, not only from a practical point of view, but to test and integrate 
theoretical knowledge; and finally, a prototype is a quasi-ethical tool helping the designer to 
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step out of their professional stronghold and confront other cultural norms and constraints.  

Prototypes in social design education  

To bolster our claims, we wish to turn to several examples of students’ works gathered 
through various cases taken from student projects of undergraduate and graduate programs 
in Hadassah College, Shenkar College, and the Master in Eco-Social Design of the Free 
University of Bozen-Bolzano. 

As for the present paper, we do not intend to compare the various projects or the three 
education programs, but just to present different cases that we have experience of as 
teachers and supervisors, through which we can show how prototypes work as translations 
and prompt for further translations. Their unique attribute through social design focus will 
further enhance our approach to education strategies. 

The first three cases come from thesis discussed at the Graduate Program of 
Interdisciplinary Design at Shenkar, whereas the fourth and the fifth from thesis discussed 
within a 4 years undergraduate program in inclusive design at Hadassah Academic College. 
Nevertheless, both share the same principles: during the last year of their studies, students 
conduct a lengthy theoretical and empirical process parallel to their final year project. This in 
turn is made of 4 parts: 1. An in-depth theoretical and/or historical research meant to outline 
the field of research. This can include the history of an object, socio-cultural attributes of a 
process, or general relevant theories from adjunct disciplines (behavioural psychology, 
educational philosophy, social attributes of occupation therapy, etc.). 2.  Empirical research, 
focused on managing and manufacturing new knowledge through active research which 
includes ethnography, shadowing, visual/material content analysis, qualitative 
questionnaires, and more. 3. Added advanced research processes which include co-design 
or participatory design and validation using various prototypes. 4. Characterization of the 
designed project, including explaining every design decision, and in-length reflection as well 
as interpretation of the major innovation junctions of the project.  

The last three cases come, instead, from the first introductory semester of the Masters in 
Eco-Social Design of the Free University of Bozen-Bolzano. This first semester introduces 
students coming from very different bachelor backgrounds – mainly design related, but not 
necessarily – to social design. The introductory design studio course brings together 
teachings related to product and spatial design (3D artifacts), communication design (2D 
artifacts), and Design Research. This effort has been carried out in collaboration with Officine 
Vispa (https://officinevispa.com/), an NGO working in community development instigating 
projects for Bozen-Bolzano’s peripheral neighbourhoods, such as Don Bosco and Casanova-
Kaiserau. From the get-go, students are familiarized with social design and are acquainted 
with the neighbourhood through visits and meetings with residents. As classes are manily 
conducted in the neighbourhood rather than at the university, students have more time to 
conduct deeper ethnographic explorations of the neighbourhood and its residents, while 
applying various relevant design research methodologies. Based on this, students need to 
develop design projects for and with communities, often focusing on the issue of care. These 
design projects end with a prototype that is used in three ways: first, as part of an exhibition 
aimed at the entirety of the neighbourhood’s residents, including people not directly involved 
in a specific project, sharing ways by which the neighbourhood could be transformed for their 
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benefit; second, as a prototype to be assessed by the Municipality, who partially finances the 
project, to understand if anything can be actually developed, manufactured and integrated 
into the neighborhood; third, as an artefacts around which the final examination takes place. 

Prototype as Self-Enactment  

In her graduate final year program, fashion designer Eden Ben Ami focused on the negative 
and positive traits of the historical corset vis-a-vis the socio-cultural perception of the 
feminine body. After a lengthy historical, theoretical, and empirical research (including 
interviews with fashion designers and qualitative questionnaires), Ben Ami continued to 
conduct an in-depth period of auto-ethnography. In this innovative period, she reproduced 
the historical corset and used it in her daily chores for whole days and recorded her physical, 
emotional, and psychological reflections on its use. Surprisingly, her research refuted classic 
myths regarding the corset including death at a young age, physiological damage, 
objectification of the feminine body, and being forced to wear it by decree of male family 
members (see Gibson, 2020). In her brief, Ben Ami concluded that since the historic corset 
was aimed for a standing position, it would be extremely valuable for a society that suffers 
from physical ailments due to lengthy periods of sitting motionless at workstation (a fact 
intensified since the COVID-19 lockdowns).  

 
Figure 1: Eden Ben Ami's corset 

The auto-ethnography research started with the reproduction of a classic 19th-century 
corset, wearing it daily and reflecting on the experience in a journal. As the hours spent 
wearing the corset grew, so did the time it took Ben Ami to wear the corset shortened from 
15 minutes to 3, then to 20 seconds. Gradually she noticed changes in the way her body 
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positioned itself and the ways it reflected her posture and relation to the outside world. 
Indeed, as a fashion designer working hours leaning over a sewing machine ending with an 
aching lower back, the corset eliminated these aches. While a positive change was the 
strengthening of the core muscles, a negative change was rib aches, due to a wrong 
measuring of the corset, resulting in Ben Ami shortening it by a few centimetres. Altogether, 
she spent over 1500 hours wearing the corset, leading to redesigning it and shifting its 
design till it reached the smallest shape that would still produce the same effect.  

In other words, in this case, the prototype served a dual purpose. First, to reflect on classic 
functional design dilemmas relating to shape, size, material etc. However, the second 
purpose is the crucial one. In this case study, the act of translation was not only the dialogue 
between corsets as have been developed and used through history and the final project, but 
a translation of norms, conventions, and embodiment, mediated by her body and her 
practices. Such translation resulted not only in the rejection of contemporary perception of 
this object but in harnessing this product for a new understanding of both the feminine body, 
as well as a professional practitioner, and the intricate relation between labour and her body.  

 
Figure 2: The corset in detail 
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Prototype as Function Testing  

Typically, prototypes used in architecture or urban design are scaled down, thus focusing on 
an act of translating both the scale, as well the aesthetics and functionality. In her graduate 
project, Gilat Blum searched for a design system meant for a liminal area on the seafront of 
Tel Aviv. As in other Mediterranean seafront cities, the sea strip of Tel Aviv is characterized 
by a very narrow strip of sand, not very far from residential and commercial urban 
surroundings. Likewise, the climate is very dry, hot, and humid, raising the issue of designed 
shading solutions, as well as the classic needs of residents and tourists out for a fun day on 
the beach. After an in-depth research period including observations, interviews, and 
qualitative questionnaires, Blum designed a set of shading solutions and public furniture 
made of sand and other organic materials. Following her research, Blum understood that this 
site of “urban nature” needed to cater to different communities - tourists, parents of young 
children, teenagers, runners, people meditating or exercising Yoga, etc. These required 
solutions to their differing needs, such as a sun/shade ratio, privacy/commonality, and quiet 
space/lively atmosphere, as well as a preference for different hours throughout the day. 
These helped define her brief to design a flexible solution that would also be sustainable and 
cheap to manufacture and maintain. Her various models, ranging in materials and layout 
helped in this dual translation. Her solution rests on the municipality’s diggers that will 
transform sand into designed shapes and harden the sand through sustainable chemical 
solutions (see Hurkxkens, 2020), then fitted with 2D perforated textile sheets for shading. 
Thus, each temporary construction crumbles back at the end of the day, allowing for different 
shapes the next day, according to varying needs and the number of different visitors.  

 

 
Figure 3: Gilat's scaled prototype for the coastline of Tel Aviv 
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In another seemingly functional project, designer Noa Matityahu used her relationship with 
her grandmother to offer an inclusive solution for the elderly, following COVID-19 the rising 
epidemic of acute loneliness among the elderly population. Through her prototype, Matityahu 
focused on four challenges the elderly is often faced, especially so during a lockdown or 
when family members are living far away from their residence: loneliness, the fear of new 
technologies, keeping a constant connection with family members, and a need for keeping 
one’s fine motor control skills. In this case, as well, apart from functional testing, the 
prototype served to focus on key attributes and values of inclusive and social design – low-
cost and preferably low-tech solutions; bespoke design, emanating a sense of style and high-
end design, yet low-cost manufacturing; easy to use; and a designed product offering a 
plethora of functions. The main material in this product is wood - which connects to simplicity 
and warmth, and a single horizontal hinge alludes to backgammon board games which are 
very common among Israelis from all age groups. The user then chooses a design pattern to 
begin embroidering along the chosen lines. The interesting addition is that upon placing a 
tablet in the designated area, the elderly person shares their pattern with family members, 
thus enabling a mutual activity adding an actual conversation, and working together on the 
same project. The gentler the pressure, the more accurate would the final result be. Thus, 
the prototype in this example works on four different layouts, while translating the core values 
of social design - designing for what matters, working with and for social groups, and 
focusing on other values that the monetary one.  

 
Figure 4: Noa Matityahu's prototype in use by her grandmother 
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Figure 5: Noa Matityahu's detailed view of the prototype 

 

Prototype as a Cultural Tool  

In a different project, Hadar Sasson from HAC, focused on HIV among pregnant women in 
rural Uganda. Her unique project included two products – a testing platform meant for blood 
collecting and analysing samples, and a visual campaign meant for raising awareness – we 
wish to focus on the latter, due to its unique cultural attributes. For various reasons, including 
a post-COVID-19 climate and academic safety regulations, Sasson was unable to physically 
travel to Uganda to conduct research. However, she conducted multiple interviews and 
remote observations with both local community members and design practitioners from the 
research area. Indeed, for raising awareness Sasson designed a poster that evolved through 
several prototypes. While it was fairly clear that the layout needed an image, headline, and 
short text, and fonts were an easy choice, the image and colours presented various socio-
cultural issues. Consulting a local graphic design studio, Sasson focused on a combination of 
harvest (corn) flowering through a mother, thus alluding to the importance of a healthy 
relationship between a mother and her foetus. The colours were gathered from local symbols 
and rituals and validated through the local graphic design studio as well. Indeed, in this case, 
the act of translation through the prototype did not only help to figure out design choices but 
also navigate and create a healthy dialogue between the two cultures – the designer and the 
local community.  
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Figure 6: Hadar Sasson's poster prototypes for healthcare among rural communities in Uganda  

Another case study from the same undergraduate program at HAC focused on a local 
community as well, that of ultra-orthodox Jewish women. In this community, it is strictly 
forbidden to mention the feminine body, even in relation to healthcare issues. Therefore, 
breast cancer, albeit being a crucial matter to confront from an early age, can lead to 
mothers choosing not to talk to their young daughters on the subject, and harming them 
while doing so. Designer Pliah Mendel chose to address this issue through design research. 
Her project consists of two elements - a board depicting three representations of lumps found 
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in the feminine breast and their meaning in relation to breast cancer. These representations 
were made of silicone and were designed in a manner that would not imitate the feminine 
breast too closely to not induce shame or unease. In addition, these were hung on a wall in 
local Mikveh centres (a centre for ritualistic purification baths, taken a week after the end of 
menstruation). In this location, as women were naked in any case, a focus on their own 
bodies would not be considered boastful or generate shame. Thus, the prototype was used 
not only to help in the translation of the design concept, but also to decipher the amount of 
similitude between the prototype and an actual breast.  

 

 
Figure 7: Pliah Mendel's prototype for breast cancer detection in the Ultra-Orthodox community in Jerusalem 
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Prototypes for/with a Neighborhood 

Twiddle 

 
 

The first prototype is Twiddle, designed by Simon Barthmuss, Giulia Fasoli, and Vanessa 
Deotto, a deck chair, which is also a podium, but that can lend itself to other uses. It has 
been designed for a specific square of the neighbourhood Casanova-Kaiserau, Piazza Anita 
Pichler Platz, to allow people to attend, enliven and enjoy that location. It has been designed 
to be used for a special initiative – a local, not yet existing, festival – but it could be also used 
outside the context of the festival. Besides using it as a deck chair for public events related to 
the festival, anyone can turn it into a podium by easily flipping it. The three designers’ main 
aim was to collect stories of the neighbourhood that could be told by each person who 
experienced and performed their narrative from Twiddle as a podium. 

The project can also be seen as a service design, since these deck chairs/podiums can 
become a service available all year round and the designers also planned the service in 
order to become self-sustained, by outlining a system of care instigated the inhabitants. 
Conversely, Twiddle is an element of a much broader social design project which aims at 
making a specific square of the neighbourhood a place for social gathering and exchange. 

The deck chair/podium is the centre and main mediator of such a project and its prototype is 
what emerges more clearly in the exhibit (Fig. 8), also because it is an artifact that could be 
used autonomously, not in relation to the neighbourhood and the festival for which it has 
been designed.  

Figure 8: Two uses of Twiddle 
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In another application, the prototype also stood at the centre of the final exam. 

Such a project and its prototype emerged out of three months’ worth of focused observation, 
walks, and familiarization with the neighbourhood, which made the designers particularly 
sensitive to squares “framed by the many large building complexes” (Fig. 9), as they 
described it . These activities were recorded mainly through photos and audio. The 
comparison of these recordings allowed the designers to identify busier and calmer places. 
The emptiness and stillness of squares and especially Anita Pichler’s prompted the students 
to design something that would change such a situation. Therefore, they started to design 
directly on photos they took, turning them into grayscale. 

 

Figure 9. Streets and buildings of the Casanova-
Kaiserau neighborhood of Bozen-Bolzano. 
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Visit walks and observations throughout the neighbourhood were translated into specific 
inscriptions (photos and audio). Each photo or audio track was then classified through an 
abstract category (busy/calm-still). From there, the idea of imbuing still places with life and 
activity was translated into drawings, where the uniformity of the still square was further 
highlighted by making it grayscale and by inserting in a contrasting way, coloured elements, 
which translated the previous abstract category “busy/calm” into another, less abstract one, 
coloured greyscale (Fig. 10). 

The design of the deck chair/podium was then translated by materializing the “busy-coloured” 
part of the category, though somehow maintaining it given that used as a deck chair, 
Twiddle, affords more calmness, and used as a podium affords more activity and noise. 

 

Figure 10 Rendering of Twiddle use. 
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Rattopparole (word-patches) 

Rattopparole (word-patches) is a project designed by Guillermo Mondelli and Andrea 
Righetto for the neighbourhood of Don Bosco in order to provide inhabitants with local pride 
and a sense of community. Rattopparole are patches designed from images and words 
related to the neighbourhood, that inhabitants can attach to their clothes to show their origin, 
and sense of belonging to their neighbourhood. 

 
Figure 12. Patches designed and used in the Rattopparole project 

Figure 11. Twiddle at the final project exhibiton, where it could meet the inhabitants. 
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The process of translation in this case is very explicit (Fig. 14). Through visits, walks, short 
interviews, and observations, words, colours and images of the quarters have been recorded 
and then stylized up to finally making them into prototype patches.   

 

 
 

 

The project has now been considered by the partner NGO, Officine Vispa, to be developed 
as part of its Social Tailoring, but since it has been developed during the first lockdown, 
prototypes need still to be used as a prompt for discussion with possible design partners. 

Figure 13. Patch on a  jacket. 

Figure 14. Translations from the neighborhood to the patches  
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Rivista Casanova 

 
 

 

 

 

 

 

 

Figure 15. Rivista Casanova’s prototype at the end of project exhibition  
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The last project from the first introductory semester of the Masters Degree in Eco-Social 
Design of the Free University of Bozen-Bolzano is Rivista Casanova, an “editorial” project of 
an oversized magazine (“rivista”, in Italian), designed by Iske Conradie, Carola Kurz and 
Maria Pasqualini (Figg. 15 and 16 ), which entails, the display structure of such a magazine. 

Rivista Casanova, was designed to be placed in the public space, tied and suspended to 
vertical elements present in the territory, like lampposts or trees. Therefore, it would act as a 
sort of paginated dazibao (wall newspaper). It was meant to allow participatory contributions 
from the inhabitants of the Casanova-Kaiserau neighborhood while relying on easily 
produced A4 sheets – used as basic module. 

Figure 16. Rivista Casanova’s prototype at the end of project exhibition with visitor 
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Like the other two design projects presented earlier, Rivista Casanova translated a field 
research activity into a product. The three students had noticed that there were no posters, 
no community boards, no graffiti or personalization, and no sense of shared lives within the 
neighborhood. The only stories being told about the inhabitants was from outside, from news 
outlets based outside the neighborhood, which often stigmatized the inhabitants of 
Casanova-Kaiserau. Therefore, the three students thought to provide an oversized magazine 
layout and structure which would generate curiosity and could work as point of attraction for 
the community around which gather and, at the same time, take directly part to the narration 
of the very neighborhood. 

This case is of particular interest because it has been chosen by the Municipality of Bozen-
Bolzano to be manufactured and installed in the neighborhood, therefore bringing the design 
project beyond the borders of a student design project and the prototype through which it is 
materialized. One consequence of this further step has been a second act of translation in 
which the prototype was transformed into an real-world product. Such further translation has 
entailed several significant transformations from the initial design prototype stemming mainly 
from legal issues relating to municipal legislation, especially related to safety and to the 
occupation of public space with permanent elements. 

Because of these legal issue the main transformation from the first prototype is that the final 
product had to be manufactured with fixed pages and on wheels as a moveable element 
brought every morning to the defined location, rather than as an inherent and permanent 
“outgrowth” of the environment. 

Moreover, the fact of being moveable entailed another transformation, not of the product, of 
the structure, but of it’s management– someone had to be in charge to move it in the public 
space during the day and removing it during the night. In part, this could be allocated to a 
community member, thus enhancing responsibility and involvement by other design partners.  

As in the other cases presented in this paper, Rivista Casanova was not just a product – a 
display construct and a graphic layout – but rather a service, which required not only an act 
of design but also the periodical management of the creation of its content. While originally 
sketched, it remained mainly in the original design and prototype, and later assigned to the 
community in a co-design effort striving for the best management and display of content. 
However, this part has remained preliminary and unresolved and, once decided to actually 
manufacture the product, such aspect was overlooked, focusing on the materiality of the 
prototype and its interaction with the environment and expecting that someone would take 
care of the rest (the involved NGO? the three designers? the Municipality?). The actual 
production of the prototype, then, clarified the necessity of roles, responsibilities and 
timeframe of this project in the immediate future.  

Thus, in this case the prototype’ strength shifted from the classic perception of a designed 
product (aesthetics, configuration, materials, colors etc.), to an ability to highlight a societal 
system, allocate responsibilities and harness a community to join in action. This is why, at 
present, the realization of the project has failed. It already started to show cracks during the 
manufacturing process, which entailed further work by the three student designers who 
probably did not expect this development and were not able or interested in following it’s 
further development. Indeed, while good for the community, in design education prototypes 
can highlight the nitty-gritty daily routine of functioning as a designer, as well as highlight the 
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complexity of social projects contrary to classical project relying on a clear market and 
consumption trajectories.  

 

 

Figure 17. Rivista Casanova’s steel display 
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Discussion 

The prototypes portrayed within the various design projects we have introduced in this paper 
stem from different standpoints in social design education trajectories – masters and 
bachelor, starting or ending of programs – and thus present differing complexities. 
Nevertheless, being all related to social design they all present key similarities, in that they 
encompass a phase of field research – whether the research field is own bodies in their 
socio-cultural complexities or a neighborhood or various kind of practices –, within which 
social research methods are used. From such field research elements, features and issues 
emerge – like body sensations, functional responses for values and attributes, color palettes, 
adequate shapes and sizes, etc. – that need to be then translated into the prototype, in order 
for it to work as a way to engage partners and stakeholders, as well as to flesh out social 

Figure 17. Rivista Casanova’s steel display in the neighborhood 
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sensibilities and points of friction. Moreover, not only are they built around strong and defined 
social values and ideologies, but they are centered around specified local communities, with 
which designers work in-tandem.  

Nevertheless, the prototypes developed at the end of the education trajectory tend to be 
used more easily as actual operational prototypes. Being in direct contact with local 
communities, this leads to using prototypes as material and visual liaison venues with 
community-based design partners (local residents), stakeholders and hypothetical clients 
and purchasers (NGOs, municipalities, local government agencies, industry partners etc.).  

An important aspect of the ways in which prototypes are used within social design 
educational projects is the different functions they play within the project: First, validating the 
project’s practical hypothesis (“is it working?”); second, applying theoretical knowledge 
gathered through and with and community (“does it generate relevant ideas, thoughts, and 
reflection?”); third, is the community engaged in and accepts the project through 
collaborative efforts (“is it socially and culturally appropriate?”); fourth, are the core values of 
the project truly embedded in the final designed product (“value-oriented correlation?”).  

Because of these various functions, there is an interesting reframing of the relationship 
between the design process, on the one hand, and the function and importance of the 
prototype in social design education, on the other. While in social design, prototypes tend to 
be less accurate in their material and industry-ready features, due to the complex and 
lengthy nature of these projects, their importance to the design process cannot be ignored. 
We can clearly see the tension between a working socially designed artefact and a working 
product in the last presented case study – the oversized community magazine. There, the 
final product, though working as an actual designed product, differed relevantly from the 
social design prototype, and did not work as well as a social design intervention.  

All these raise an issue regarding the very notion of the adequate prototype for social design 
projects and how it should be harnessed in educational projects that are limited in time and 
resources, yet call for intricate answers to complex questions. Nevertheless, what these 
examples ascertain is that prototypes have a place and an important role to play in the 
designing process and more so when dealing with social design education. Indeed, as 
wicked problems become more numerous and designers are called to offer suitable 
solutions, so will the importance of using prototypes in think tanks and in relation to 
theoretical and complex models rise.  

Seen as a combined act of translation and concretization, the prototype in social design 
continues to another layer. Through a gradual and collaborative process, it brings together 
an abstract layer (comprised of ideas, values, theories and concepts) as well as an empirical 
layer (comprised of data that was discovered, developed and put on trial through the design 
process) which evolve to a visual and material manifestation. These various instances – like 
a color palette, a material sample, a set of core values, and translation, into a specific 
configuration – emerge within the designing process and are then scattered along its 
development. The prototype is also made from the collection, selection and connection into 
an operational whole of these often very concrete elements. Thus, the act of translation 
serves not only to initiate these layers but also to mediate between the various design 
partners and finally gather these options and infuse them into a validated and interpreted 
designed whole.  
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Prototyping of theories  

 
Sisse Schaldemose, VIA University College, Aarhus, Denmark 
 

Abstract  
 
This paper explores the prospects of prototyping as an aid in understanding theory among students at a 
higher education. Drawing on research by Buur et.al. (2022) into Design Anthropological Theory 
Instruments, this research, brings the concept of theory instruments into a teaching setting among social 
work students. Using research through design (Zimmerman, Stolterman & Forlizzi, 2010), this research 
explores how working with tangible materials influence students’ understanding of theory.  
Prototyping theories can help bridge the gap between abstract concepts and concrete application. The 
research is concerned with the tangibility of abstract theory and explores both the process of making 
prototypes as well as the impact of more finished theory instruments. Introducing theory instruments or 
having the students physicalizing a theory does not automatically lead to a deeper or more thorough 
understanding of theory and does not prevent misconceptions or simplifications. However, the tangible 
nature of the process opens for a reflexive conversation. The physical models becomes drivers for the 
discussion about the theory and what is essential or important in the theory, and as such the prototypes 
can be perceived as “boundary objects” (Star & Griesemer, 1989)  or “shared objects of thoughts” (Kirch, 
2010). The research also finds that purely visual representations sometimes hinder fully grasping the 
complexity of a theory and when the theory is physicalized, it opens for further exploration and 
conversations about the complexity of a theory as it becomes tangible. By physicalizing theory, it becomes 
clearer to the students that a model has its limitations and cannot capture all aspects of a theory and thus 
strengthening the student’s metamodeling competencies (Schwartz & White, 2005). 
 
Physicalizing, Keyword 2; objects vs. things, Keyword 3: metamodeling, Keyword 4: theory-praxis 
 

Houde and Hill (1997) defines prototype as “any representation of a design idea, regardless 
of medium. This includes a preexisting object when used to answer a design question 
(Houde & Hill, 1997). Prototypes are commonly used to explore or demonstrate some aspect 
of a future artefact. “An artifact may be a commercially released product or any end-result of 
a design activity such as a concept system developed for research purposes” (Houde & Hill, 
1997). This paper seeks to illuminate that prototypes also can be used in the proces of 
understanding theory. Using things or tangibles as part of the design process is well known 
within the design community (Brandt & Grunnet, 2000, Buur & Mitchell, 2010, Brandt, 2007, 
Stappers & Sanders, 2004, Sanders & Stappers, 2014). Mitchell and Buur states that “The 
value of such props or “things to think with” are determined not by their realism or fidelity but 
by the dialogue the objects help to facilitate and by the inspirations that they spark” (Mitchell 
& Buur, 2010, p.30). The fidelity or realism is not at the essence but rather the possibility for 
dialogue that these props create. In teaching, tangibles or physical learning objects 
(sometimes referred to as manipulatives) are primarily designed for younger learners 
(Schneider, 2017). The reason being the assumption that adults can skip the concrete stage 
and jump directly to a more abstract representation and that manipulatives often are static 
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thus limiting their representation value of more advanced concepts.  

The social work profession is both an academic discipline as well as a practice-based 
profession. For a social work student as well as a certified social worker, theories are often 
means to understand a very complex social world. Theories are for that reason most 
valuable when they are applied to understand or comprehend the many complex social 
problems encountered by social workers. To apply a theory, it is necessary to be able to fully 
understand it. This research seeks to bring the insight from the design world into teaching. 
Teaching is to a large part a matter of facilitating the best possible learning environment. Eva 
Brandt finds that the use of mock-ups “served as boundary objects that spanned the gap 
between the different competencies and interests of participants in design.” (Brandt, 2007, 
p.1). If the models made by the students are perceived as mock-ups (they are physical 
representations of an idea or concept) they might also serve as boundary objects that can 
span the gap between not only the student’s different understandings but also the gap 
between theory and praxis.  

Social work students are used to seeing visual 2D representations of theory as part of their 
education. These are often in the form of diagrams, graphs, tables and charts etc. What is 
common for these illustrations is that they are all what could be described as ‘objects’ in Tim 
Ingold’s words. Tim Ingold insists on a radical distinction between objects and things (Ingold, 
2010, 2012). Drawing on Heidegger’s essay “the thing” he states: “the object stands before 
us as a fait accompli, presenting its congealed, outer surfaces to our inspection. The thing, 
by contrast, is a ‘going on’, or better, a place where several goings on become entwined.” 
(Ingold, 2010, p.4). Perceiving the visual illustrations, which the students are usually 
presented with, as objects means that they might be perceived as a final finished 
representation and as such “the truth”.  Ingold quotes the painter Paul Klee who insisted, that 
giving rise to forms is more important than the forms themselves. “Form is the end, death’, he 
wrote. ‘Form-giving is movement, action. Form-giving is life” (2010, p.2). What this paper 
seeks to explore is whether prototyping can be perceived as a form-giving process and as 
such bring life to the students’ understanding and comprehension of theory. This paper 
stipulates that the prototyping of theory can aid the social work students in the process of 
comprehending sometimes very complex theories.   

Methodology  

The constructivist and social constructivist learning theories inspire the research for this 
paper. Constructivist learning-theory (primarily attributed to Jean Piaget) builds on the 
foundation that learning is an active process between the individual and their surroundings 
(Dolin, 2015 & Ulriksen, 2016). A key element within this approach is that all new knowledge 
is implemented, shaped, and incorporated into the existing knowledge. This is an important 
notion, as the student isn’t an empty vessel that is just waiting to be filled but the information 
needs to be reconfigured into existing knowledge.  

The social constructivist learning theory is predominately influenced by Lev Vygotsky and 
builds on the notion that any learning is socially constructed rather than an individual process 
and that learning takes place in a social relation between the surroundings, the culture one is 
a part of and the artefacts one encounters and other people one is in interaction with. In both 
understandings, the fundamental notion is that learning is an active process. For learning to 
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happen, the learner needs to be part of the process (Ulriksen, 2016). As the focus of this 
research is an inquiry into how working with tangible materials influence students 
understanding and perception of theory, and with the above learning- theory in mind a 
qualitative approach in the form of collaborative workshops were chosen. The main focus 
has been the student’s experiences rather than any kind of causality between tangible 
materials and learning. 

In total six workshops were held, each lasting two hours in the spring of 2021. Four 
workshops with students and two workshops with teachers from the social work education. 
The focus of the two first workshops was for students to make physical representations of 
theory they knew. At their disposal were clay, pipe cleaners, pompoms, toilet paper rolls, 
glue, string, and rubber bands. Pen, paper and any other drawing devices were deliberately 
left out, in an aim to shift their attention away from a visual 2-dimensional representation and 
challenge them to think in a 3-dimensional way about the theories, as the focus was to 
investigate what a tangible 3-dimensional representation would do to the perception of 
theory. The two workshops with the teachers focused on the development of two theory 
instruments (Buur et.al, 2022) and the final two workshops with students focused on testing 
those theory instruments.  

The impact of materials 

Throughout the two first workshops, the significance of the material available for the students 
came to prove quite important. The material available in the workshops seemed to influence 
not just the students final models but also the building process and as such their perception 
of theory. The models made in the first workshop were nearly all flat (almost 2D) some to the 
extent, that they might as well have been drawn by hand. Therefore, other materials were 
introduced in the second workshop (different shaped building blocks and Styrofoam balls). All 
the models made in the second workshop were all 3-dimensional. The material that was 
added was all included in the models and the common denominator for the materials is that 
they carry a resemblance or an inherent symbolic meaning. They look like something already 
known. A Styrofoam ball is round and can resemble a head, and then very quickly a person. 
A building block, shaped like a bridge, can easily be interpreted in the symbolic meaning of 
the word bridge – bringing something together, bridging, a pathway etc. One interpretation 
could be that it lowers the threshold for participating as the inherent symbolic meaning 
sparks the inspiration. Several of the students picked the building blocks that were shaped in 

    
Figure 1: participant 4 and his model of social capital    Figure 2: Participant 3 and her model of empowerment 
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a certain way, for instance, a bridge and turned that symbolic meaning into a symbolic 
meaning in the theory. For instance, one student used a brick shaped like a bridge to 
symbolise “bridging social capital” coined by Robert D. Putnam (1995) (Figure 1) and another 
student used a similar brick to symbolize achievement of empowerment (Figure 2).  

According to Donald Schön (1992), different designers often select different materials when 
presented with the same stock of available materials, and even appreciate the ‘same’ objects 
in different ways and ascribe different meanings and features to them. In his paper 
“Designing as reflective conversation with the materials of a design situation” (1992), Schön 
reflects upon this variation in preference and its implication and states: 

 “Because each of them saw the materials in a different way, chose to use different items, 
singled out different features, and exploited different relationships between items and 
features, each student constructed a unique design world.” (Schön, 1992).  

However, what guides the students into picking specific materials in this research and 
ascribing certain meanings to them might also be seen as what Donald Norman calls 
‘signifiers’ (2008). The building blocks can be viewed as such signifiers, firstly because some 
of them are shaped like for instance a bridge and as such offer interpretations either literately 
or metaphorically of bridging. The embedded clues or signs seem to fuel the imagination and 
as is seen from the examples, these signs are appropriated very differently. To some 
students it seems like these signifiers offer help in the modelling process. Going from very 
abstract theory to a very concrete representation in the shape of a model might prove easier, 
with materials that have some kind of embedded ques that can spark the imagination. 
Particularly with students to whom such “creative activities” are quite foreign.  

The impact of sensorimotor coupling 

Another striking found in the research is how the model making challenge the students 
cognitive process and their perception of theory. Several of the students expressed that they 
found the process difficult but also exciting “I thought it was incredibly exciting to be part of. I 
thought it was difficult at first to model a theory by hand. Because you really must think 
differently and creatively” (Workshop 1, participant 1).  

It was clear from both the statements but also the non-verbal communication, that the 
students were highly focused and concentrated, while making the models. Despite it being, 
an extracurricular activity, they all seemed deeply consumed and focused in the task. This is 
in line with the constructivist perception of learning. The students are invited to take actively 
part in the learning process and are not just passive perceivers of information, which might 
prove significantly more challenging than just reading about it or listen to a lecture.   

Even though the students are using their hands, they highlight the brain activity involved: 

 “To me it’s candy for the brain. Sitting here, being creative, working with my hands it’s 
focus training. I haven’t gone into this thinking ‘I’m just going to make the most dope thing’ 
but more with the approach that now I’m going to work with my brain” (Workshop 2, 
participant 2). 

“Yeah, it’s true that it is good for the brain because you force yourself to think in a 
completely different way. You don’t think about the time because you are so consumed 
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within theory (Workshop 2, participant 5). 

The students highlights the cognitive process which of cause, has to do with the task of 
modelling theory, but it might also be an example of what Schön would call a reflective 
conversation with the design situation (Schön, 1992) and in line with sensorimotor coupling 
(Dijk, 2013). The students are in a sense in dialogue with their model; they are not just simply 
creating a model through a predefined sketch in their head, but instead in parallel and in 
conversation with the material. This is seen several times during the first two workshops 
where the students are picking up materials, feeling, bending, putting it back again, picking 
up another material and thinking aloud saying things like “I’m just thinking of the best way…” 
or “I think it should be green – or maybe blue..”or “I’m wondering how to approach it”. I don’t 
see any indications of the materials being used as a relief of cognitive load as suggested by 
the extended mind theory (Clark & Chalmers, 1998) as none of the participants expressed 
any kind of cognitive relief but quite the opposite. The students all describe the process as 
difficult yet exiting. It seems more like a dialectic process where the material provides 
feedback and informs the cognitive process. In order for the students to create a model that 
captures the essence of the theory, they need to understand the theory and the development 
of the model almost automatically becomes a back and forth process – trying out, changing, 
alternating, moving etc. In that process the students reflects about the theory to an extend 
that wouldn’t be necessary, if they were simply just hearing or reading about it.  

The impact of collaboration  

After each of the students had made their model, they each presented it to each other which 
sparked a lot of discussion. It was through this discussion, their thoughts behind their models 
were revealed, and realisations became apparent. Such a realisation is presented in the 
following transcript from workshop 2. Participant 3 has just presented her model of 
empowerment and the following conversation takes place:  

Participant 2 (referring to the model in Figure 2): “How do you suppose one gets from there 
(pointing at the red building block) to there (pointing to the green building block)? Now it’s 
just a ‘picture’ that shows ‘this is the road you need to take’ – but if the model should show 
how one gets to be empowered? 

In this comment, participant 2 is challenging participant 3’s perception of empowerment and 
tries to indicate that something might be missing.  
Participant 3: “well I’m trying to illustrate that using this tunnel (pointing to middle part).That is 
also the reason there is this opening (pointing to the green building block that has a hole in it 
and looks like a bridge) to show that is where you have reached empowerment but how you 
get there, I haven’t thought about”.  

Participant 3 is now beginning to realise that there might be something in the theory she has 
overlooked and that the model might be too simplistic.  
Participant 1 tries to suggest ways to improve the model to make it more in line with the 
theory: 
Participant 1: “I wonder; what if there were something that went the other way? Where you 
have the tunnel, maybe a ball that moved if something changed? Some event that had an 
impact, an influence that effected the process and then the ball would move closer to the 
green building block?”  
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By making this comment I’m contemplating whether she is suggesting ways for the model to 
be less static: “How could it be more interactive?”  

Participant 1: “It is exactly a process. It’s not linear”  

This comment leads participant 3 to realise that what the model lacks, is a way to show the 
complexity of the theory of empowerment: 
Participant 3: “Well that’s true because right now we are sort of going from A to B (points to 
the model) but it isn’t always like that. Well, most of the time it’s not like that at all.”  
This leads participant 2 to make the following comment: “I can clearly see the visual aspect 
of it but how can we bring it to life? Because right now it’s just something we can look at”. 

This comment highlights the point of a physical model – if the model should contribute to 
something more than what a visual representation can do, it needs to add something more. 
In particular when it comes to quite complex theory. If not, it ends up simplifying the theory to 
an extend where the representation isn’t a helpful aid. 
Towards the end of the workshop participant 2 refers to the above episode reflecting about 
the process: “Well just look, a completely “dead” model got brought to life just from us talking 
about it”. 
Van Dijk states that “Socially Situated Practice research emphasizes how artefacts ‘get taken 
up’ as meaningful elements within a social process between people.” (2013, p.44). In the 
above example we see just that. Meaning is created not just between the model and that one 
participant who have made it but also in a dynamic social process between the students in 
cooperation with the materials. The material at hand becomes drivers for the discussion 
about the theory and what is essential or important in the theory (that empowerment is not a 
linear process where one goes from A to B).  
These models might be perceived as boundary objects. Susan Leigh Star and James R. 
Griesemer  introduced the concept Boundary objects in 1989 and described them as “objects 
which are both plastic enough to adapt to local needs and the constraints of the several 
parties employing them, yet robust enough to maintain a common identity across sites. They 
are weakly structured in common use, and become strongly structured in individualsite use. 
These objects may be abstract or concrete. They have different meanings in different social 
worlds but their structure is common enough to more than one world to make them 
recognizable, a means of translation.” (Star & Griesemer, 1989).  
Viewing these models created by the students as mock-ups they might serve as exactly such 
boundary objects. Eva Brandt describes how mock-ups serves as “‘boundary objects’ that 
spanned the gap between the different competencies and interests of participants in design” 
(Brandt, 2007).  

The above model made by participant 3, might be perceived as such a boundary object or 
perhaps as what David Kirsch refers to as ‘a shared object of thoughts’ - an external 
representation or as an additional aid to the words. “When someone externalizes a structure, 
they are communicating with themselves, as well as making it possible for others to share 
with them a common focus. An externalized structure can be shared as an object of 
thought..[]..A shared object of thought means that different thinkers share mechanisms of 
reference and for agreeing on attributes of the referent” (Kirsch, 2010). Towards the end of 
workshop 2 one participant states: “ You just get it visualised in a completely different way 
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than when you have ordinary teaching where you must make your own pictures in your head” 
(Workshop 2, participant 5). This underlines the value of psycial representations as they offer 
a externalised shared object of thoght that can be discussed and collaborativly elaborated.  
Instead of the students, trying to explain themselves purely verbally they now refer to the 
same externalised idea that is in front of them that can be elaborated or challenged. In line 
with Buur & Mitchell (2010), David Kirsch (2010) also highlights these externalised elements 
as vehicle for thoughts or “things to think with”. In the above example the model serves as 
just such a vehicle, as it aids the students in their conversation as they are now referring to 
the same parts of the model (the red building block as the beginning, the green the end and 
the process in the middle).  

The impact of visual models 

Representations (visual or physical) are created to lower the threshold for comprehension, 
especially with complex topics. As documented by Fuhrmann et.al. (2018) modelling 
promotes the understanding of complex scientific concepts and helps students overcome 
misconceptions. But what if it isn’t always the case? What if a representation or model does 
the exact opposite? What if the representation itself leads to misconceptions? 
Bronfenbrenner’s ecological systems theory (Bronfenbrenner,1979) is usually represented 
with concentric circles (Figure 5) in various ways though Bronfenbrenner himself never 
represented his theory this way but instead referred to Russian dolls as a metaphor. 
However, most students are familiar with the visual representation in the shape of the 
concentric circles and will often refer to exactly that model if asked to describe the theory.  

In workshop 1, a student makes a physical representation of the model, and it is indeed 
made up of concentric circles (Figure 3). 

As part of the two design workshops with the teachers, several prototypes of the 
Bronfenbrenner theory were created. It was found to be very difficult not to be affected by the 
visual representation and several of the attempts had many similarities with the visual 
representations (Figure 4).  

      
Figure  3: participant 5, the ecological system theory Figure 4: The theory instrument with the concentric 

circles “re-established” 
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In workshop 4 were the prototype was presented, one student tries to re-establish the 
concentric circles with rubber bands on the board so that it resembled the visual 
representation even more (Figure 4). A way to understand this could be that the visual model 
has become a fait accompli and perhaps in Ingold’s definition an object. Something that 
stands before us as complete and final and any further changes it may undergo belongs to 
the phase of use or consumption (Ingold, 2012). Understanding the visual representation of 
the ecological theory as an object has the implications that it is “finished” and maybe also to 
some extent that it is “true” and as such doesn’t invite for any different interpretations but 
instead application or use. If the model instead in Ingold’s words is viewed as a collection of 
materials or a thing it can be seen as “a potential—for further making, growth, and 
transformation” (Ingold, 2012). In a sense what needs to happen is a deconstruction of the 
object and a way to deconstruct the model is to physicalize it. This is to some extent seen in 
workshop 1 when the student (participant 5) makes a physical representation of the 
ecological system theory. She does reach some new insights she might not have achieved 
only by looking at the model. Some of it partly because she can now rearrange the circles. 
This might relate to what Kirsch (2010) calls ‘the power of rearrangement’. The possibility to 
manipulate and rearrange something and not just look at it offers different ways of 
synthesising and connecting parts in a new way that a visual representation doesn’t offer. To 
some extent, the visual representation is “dead” as it isn’t a “becoming” whereas a physical 
representation can invite for transformation and further making provided it holds sufficient 
encouragement for manipulation. When students are at the beginning of grasping a theory 
like Bronfenbrenner’s, they might heavily rely on simplistic models and overlook that a model 
cannot capture all aspects of a theory. When students model their own or when presented 
with a prototype in the form of a theory instrument they get confronted with this dilemma or at 
least some of them start to reflect upon that. 

 
Figure 5: showing some of the visual models used to explain the ecological system theory (Shelton, 2017) 
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Discussion 

The motivation for this research has been to explore what theory Instruments (Buur et.al. 
2022) and the proces of prototyping could offer social work students in their pursuit to 
understand and grasp theory. It is common in most educations to ascribe to a learning 
taxonomy in order to assess the students’ learning outcomes and for the social work 
education, the Biggs Structure of Learning outcomes (SOLO) taxonomy has been selected 
(Biggs, 2012). 

Based on this research the question now arises: does tangible teaching help stimulate 
reflection and thus support higher learning outcomes? From the two first workshops, it is 
evident the starting point for the students were very different. Some seemed to be able to 
critique and juggle different concepts thus indicating a quite high abstraction level to begin 
with. This is forinstance seen when two students creates a physical representation of 
Goffmans theory of frontstage/backstage (Figure 8). Others were grasping to comprehend 
the theory they had chosen and therefore it comes across as quite simple and with Biggs 

 
Figure 6: the latest prototype of the ecological system theory 
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words “unistructural” (Biggs, 2012). This is for instance seen in Figure 9, which is a physical 
representaion of Honneths recognition theory. In one instance, the model is even what could 
be called pre-structural where a student has gotten two theories mixed up (Bourdieu and 
Putnam – Figure 1). This means that introducing theory modelling to the students is no magic 
wand and doesn’t prevent reproducing misconceptions. However, what is also seen in the 
workshops, is that even when the models are produced on a quite unistructural level they 
serve as a starting point for further exploration and that misconceptions are corrected by the 
other students. It needs to be stated, that none of the students had prepared for the 
workshop for instance by reading papers etc. beforehand, as the threshold for participating 
deliberately was kept to a minimum. They therefore relied on their memory of the theories. 
Using prototyping as an active part of teaching would require a different approach and would 
probably rely on the students being prepared for instance by reading a particular theory 
beforehand. Prototyping seem to aid student-centred learning and more active involvement 
of the students which might lead to higher learning outcomes (Hoidn & Klemenčič, 2020). 
That however will need further research to explore. The process of prototyping might make it 
less intimidating for students to receive feedback from their peers as there may well be an 

 
Figure7 – Solo taxonomy (Biggs & Tang, 2011, p. 91) 

 

     
Figure 8: Goffman, Frontstage/Backstage              Figure 9: Honneth  theory of recognition 
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acceptance of the imperfection of the model due to the materials at hand and the 
unfamiliarity of the exercise. The imperfections of the prototypes also seem to invite for 
interpretation and dialogue to a wider extent than what would be the case with a drawing or a 
written paper where more precision might be expected. 

Conclusion 

Through this research, it is found that in the process of making a model the students are in 
dialogue with their model. They are not just simply creating a model through a predefined 
sketch in their head, but instead in parallel and in conversation with the material (Schön, 
1992, Van Dijk, 2013) as the material provides feedback and informs the cognitive process. 
The power of this conversation with the material is found to be particularly predominant when 
it is done collaboratively. The material at hand becomes drivers for the discussion about the 
theory and what is essential or important in the theory, and as such the model can be 
perceived as a boundary object (Star & Griesemer, 1989) or “a shared object of thoughts” 
(Kirch, 2010). Even when the models are produced on a quite unistructural level (Biggs, 
2012), they serve as a starting point for further exploration and the other students corrects 
misconceptions. In this research, it is found that visual representations sometimes can stand 
in the way of fully grasping the complexity of a theory. This is exemplified by 
Bronfenbrenner’s ecological systems theory (Bronfenbrenner, 1979). All representations are 
simplifications and leave aspects of a theory out, but when a representation is visual there is 
a risk that the representation gets taken for granted due to the static nature that doesn’t 
leave room for further manipulation. However, when the theory is physicalized, it opens for 
further exploration and conversations about the complexity of the theory. By deconstructing 
the visual model and making another by physicalizing it, it is made clear that a model has its 
limitations and can’t capture all aspects of a theory. The possibility to manipulate and 
rearrange something and not just look at it offers different ways of synthesising and 
connecting parts in a new way that a visual representation doesn’t offer. Introducing theory 
instruments or having the students physicalizing a theory doesn’t automatically lead to a 
deeper or more thorough understanding of theory and doesn’t prevent misconceptions or 
simplifications. It is however found that the tangible nature of the process opens for a 
reflexive conversation that gives access to the misconceptions as they might else just have 
stayed in the head.  
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Abstract  
 
The study aimed to understand the role of physical mock-ups in the ideation phase while designing building 
components for the selected regions of extreme weather conditions in India. A thematic analysis was 
conducted to identify the emerging themes from a set of student projects that represented the initial ideas 
using sketching and physical mock-ups during ideation.  
Today the use of physical mock-ups is limited to evaluating ideas that are already developed using 
sketching. Prior research promotes using physical mock-ups as an effective tool to generate new ideas, as 
it supplements the designer’s incorrect mental models and enhances the creativity and functionality of the 
ideas. Also, focusing on physical mock-ups when used along with external representations like sketching 
and role-play should result in better positioning and instructions in contemporary Product Design education. 
The first part of the paper describes the stages involved in the design of the research study, which followed 
the Sketch > Mock-up > Sketch (SMS) ideation process. The second part of the paper describes the six-
phase thematic analysis to examine and analyze the data to develop themes from ten student projects. The 
third part of the paper describes the five emerging themes and findings to highlight the importance of 
physical mock-ups in the ideation process, along with other forms of external representations like sketching 
and roleplay. 
 
Product Design; Design Process; Physical Mock-ups; External Representations; Thematic Analysis 
 
Designing is an intricate activity, and the outcome involves the manipulation of the designer’s internal 
representations, which is vital to innovation (Christensen and Schunn 2009). However, the inadequate 
internal representations give rise to the need for external representations of the idea, such as sketching, 
physical mock-ups, role play, etc.  The information available about physical mock-ups in the ideation phase 
is conflicting. No guidelines are available to address the real-life scenario of using a hybrid or flexible external 
representation approach.  The research so far has focused more on the role of physical mock-ups 
quantitatively. There is a need to qualitatively evaluate the effects of using it along with other forms of external 
representations, especially sketching. 

Literature Review 

Physical Mock-ups have been instrumental over the centuries in producing innovative 
representations to better connect with different stakeholders' expectations (Sanders and 
Stappers 2014). In the initial process of design, the concepts are still fluid and can be 
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improvised quickly. The physical mockups help the designers externalize the thought 
process for better visualization and reworking, forming a feedback loop that Robert McKim 
calls ‘etc’ (etc: express/ test/ cycle). McKim proposes constructing a three-dimensional 
structure as one of the ways of expressing visual ideas along with other ways, such as acting 
them out, talking about them, writing them down, and drawing them (McKim 1972). 

Researchers and experts describe physical mock-up making as a way for designers to 
explore form, composition, and functionality from idea to detail design. Also, physical mock-
ups are defined as a problem-solving tool, a kind of culture and language, and experts 
strongly recommend frequent use of physical mock-ups in the design process (Kelley 2001) 
(Isa, Liem, and Steinert 2015). Designers, engineers, and artisans use physical mock-ups to 
ideate, visualize and refine product ideas. Making a three-dimensional object by hand 
requires skill and knowledge of form, proportion, and construction. In this context, Marks and 
Kelly support the existence of physical mock-ups and reject the notion of ultimate 
dependency on virtual models as tools for solving all design problems (Kelley 2001) (Marks 
2000). However, in recent years, Computer-Aided Design (CAD) has seen increased 
attention in the idea generation stage (Joshi and Chakravarthy 2021). Many researchers 
believe that the designer should be careful in resorting to physical mock-ups as considerable 
time, effort, and cost is involved, which may influence the design decision and directions over 
time. This limitation is known as design fixation, and to counter this view, researchers also 
propose that the fixation is a general phenomenon induced by many other factors present in 
all other representations (Christensen and Schunn 2009) (Baxter 1995). The literature so far 
suggests that limited qualitative studies were conducted in the context of physical mock-ups 
as a generative tool in the ideation phase. 

Research Method 

Thematic analysis is one of the most used methods in Qualitative Data Analysis (QDA). 
Instead of counting the frequencies of occurrence of phrases and words, it focuses on 
identifying and describing the patterns within the data, which can be characterized as themes  
(Guest, MacQueen, and Namey 2014). Themes can also be defined as ‘abstract (and often 
fuzzy) constructs’ that link not only expressions found in texts but also expressions found in 
images, sounds, and objects.  The qualitative analysis of the content involves searching 
through the data using the inductive approach to identify the connections and patterns which 
can become themes (O’Leary 2017). Braun and Clarke proposed a Six phase model to 
conduct thematic analysis and emphasized that it is not a linear model but a recursive 
process (Braun, V. and Clarke 2006). 

Thematic Analysis 

The Design task required the students to work on the building components of a rural house 
as per the identified problems in the report by UNDP, India (United Nations Development 
Programme). From the UNDP reports and secondary research, a re-defined brief and a set 
of design priorities were derived for the selected region. Analogies to generate ideas (direct, 
symbolic, fantasy, and personal analogy) were used to explore innovative solutions (Sinha 
and Chakravarthy 2013). 
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The Design task was divided into three stages consisting of Sketch (S), Mock-up (M), and 
Sketch (S) (SMS ideation process). In the first stage, the students were asked to generate as 
many ideas as possible using analogy to ideate and sketch to represent the ideas. During the 
second stage, the students selected a few ideas to demonstrate the solution using physical 
mock-ups. In the third stage, the students documented the journey from sketches to physical 
mock-ups with refined sketches of the final idea. The initial ideation sketches were made in 
the studio environment, and the physical mock-ups were made in the workshop using various 
materials such as thermocol, hard boards, thick paper, wood, bamboo sticks, wire mesh, 
etc., and utilized cutters, scissors, and hand tools as required. The data consisted of 
presentations, images of the physical mock-ups, and feedback on the mock-up building 
activity. 

Braun and Clarke’s Six phase model was used to conduct the thematic analysis, which is as 
follows. 

Phase 1: Familiarization with the data 

Common to all forms of Qualitative Data Analysis, immersion and becoming intimately 
familiar with the data was required. It was achieved by reading and re-reading the data to 
note initial observations. All 10 cases were studied in detail concerning all three stages of the 
ideation process, and preliminary observations were made. 

Sample case 1 

Case 1 - Structures for Storm-Resistant Housing in Tripura 
Stage 1- Initial Sketch (S) Stage 2 - Physical mock-up (M) Stage 3 - Refined Sketch (S) 
 
 

 

       

 
 

   
        

 

Champion idea – Photo frame 
analogy 

Ideation continued during the 
mock-up stage (tie beams) 

Concept evaluated for form, 
function, and construction 

Figure 1: Stages of Ideation 

Initial observations 

• The final idea evolved from combining the champion idea with subsidiary ideas and 
improvising it during the mock-up stage. During the evaluation of the idea for function 
using physical mock-up, tie beams were introduced, indicating continuation of 
ideation. 

• Combining different ideas to make a unified concept happened during the mock-up 
making stage while the subject tried to iron out all the issues.  
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• Paper offered flexibility in making different parts of the mock-up, like the hollow 
external wall, the pile foundation, and the house.  

Phase 2: Generate initial codes 

A reflective thematic analysis was conducted with an open coding method to evolve codes. 
As per the coding strategy, all 10 cases were coded using CAQDAS (Computer-Assisted 
Qualitative Data Analysis Software, MaxQDA). In this phase, a set of codes, along with 
relevant data extracts, were generated. 

Phase 3: Search for themes 

This phase involved grouping the codes based on similarity to form initial code categories. 
The codes generated from all 10 cases were clustered based on their affinity and refined 
further to arrive at code categories which eventually led to themes. 

Phase 4: Review and refine codes and categories 

This phase involved rechecking whether the codes, categories, code extracts, and the entire 
data set work together as themes. Also, re-evaluate whether the themes narrate the story 
about the data and outline the nature of individual themes.  

Phase 5: Define themes 

This involves giving a meaningful and precise name to each theme and detailing the analysis 
of each theme based on the relevance of the data. The code categories were further 
grouped, and themes were defined for each category as per their common links to form a 
theme.  

Phase 6: Writing up themes 

This phase involved writing the analytic narrative with data extracts to make observations 
and arrive at conclusions. The baselined codes were re-applied to the data to check the 
applicability and arrive at data interpretation with themes. 
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Figure 2: From initial open codes to categories using the Max QDA tool 

Interpretation of data with themes 

The following themes emerged from the reflective thematic analysis. 

Theme 1: Design process  

Initial Research, Redefined Brief and Design Priorities 

Initial research leads to a redefined brief and a set of design priorities. Ideation is carried out 
based on the redefined brief and inputs from research.  Design Priorities act as a guide for 
ideation, later to evaluate ideas at stages 1 and 2 and help narrow down to a champion idea 
and a few subsidiary ideas.  

Ideation Stages 

In stage 1, ideas are generated using sketches with annotations and directional arrows.  The 
students generated as many ideas as possible using analogy to ideate, and the first level of 
screening of the ideas took place using the design priorities.  A champion Idea and a few 
subsidiary ideas are selected to continue ideation in stage 2 using physical mock-ups. At 
stage 2, the students continued ideation using physical mock-ups made from any available 
low-cost material. At this stage, there was scope to incrementally improve the idea by fusing 
the champion and subsidiary ideas or refining the champion idea for form, function, and 
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construction. At stage 3, the student documented the journey from initial ideation sketches 
and physical mock-ups to the final refined solution to showcase the creative visualization 
process. No improvement to significantly less improvement of the idea is noticed at this 
stage. 

Ideation can be categorized as open ideation (no constraints) or closed ideation (based on 
re-defined briefs and priorities). Open ideation without considering any Design priorities gives 
more scope to continue ideation even at stage 2. In contrast, closed ideation, with a re-
defined brief and design priority, can be more focused based on requirements and may 
restrict the continuation of ideation in stage 2.  

Theme 2: Ideation  

Ideation Purpose and External Representation 

In stages 1 and 2, role play also supports ideation. Sketching as an external representation 
initially helps visualize form, proportions, and the working mechanism shown through 
directional arrows and annotations.  

Overall, the purpose of the ideation using the physical mock-ups is to visualize form, 
function, and construction. Continuation of ideation is noticed in some cases, even during the 
physical mock-up making, by either refining/ detailing the idea or by trying to fuse the 
subsidiary ideas into the champion idea.  The scaled-down physical mock-ups were made 
within half a day, which helped the students to visualize/ refine the forms, understand/ re-
work the function, and also to fuse different ideas to make a new idea. The working 
mechanism usually has moving parts based on scientific principles, like a telescopic 
structure.  A lack of building skills forces the students to make physical mock-ups with static 
parts instead of moving parts, and the movement is simulated internally. 

Speculation is the time spent correcting the mental model while making the physical mock-
ups. At this stage, along with updating the mental models, it also reveals new situations while 
addressing the hidden parts of the idea. 

Idea Category and Fusion of Ideas 

The fusion of ideas first takes place partially at stage 1. It continues in stage 2 by fusing the 
champion and subsidiary ideas, indicating that there is more scope for the fusion of ideas 
while making the physical mock-ups. The fusion of subsidiary-focused ideas into the main 
champion idea often produces an incremental or radical change. The fusion introduces 
complexities in geometry and moving parts, and physical mock-ups played a role in 
visualizing it to handle the increased level of complexity, which would have been difficult to 
represent using sketching.  
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Theme 3: Sketching  

In stage 1, most of the sketches fall under the category of Idea sketches (Pei 2009), and the 
quality of the sketches ranges from very basic to moderate. It improves from idea sketches in 
the ideation to concept sketches in the refined final solution. However, the Doodles are 
absent in ideation, which could have retained the essence of the idea at a high level so that 
the scope of developing a new set of ideas in the next stage could have been more. In some 
cases, a lack of skill in the drawing may have led to low-quality sketches, which increased 
the scope of using physical mock-ups to ideate in stage 2.  

In some cases, although the quality of sketches is basic, the ideas that are generated with 
more details give less scope to continue ideation using physical mock-ups. The quality of 
sketches and level of completion of the idea influences the scope for the continuation of the 
ideation at the next stage. The Sketching skill does not affect the idea-generation process, 
and physical mock-ups can compensate for the lack of quality in sketching. In most cases, a 
good skill in sketching may have prevented effective ideation using physical mock-ups, 
except in one case, a good skill in sketching did not hinder physical mock-up-making in any 
way.  The orthogonal sketches indicate low skill level, but ideation still generated good 
quality ideas.  

Theme 4: Physical Mock-ups – Object Properties  

Physical Mock-ups as External Representation 

All the physical mock-ups fall under the category of Explorative form and/or function mock-
ups (Subramanya and Chakravarthy 2019). Focussed function mock-ups are made when the 
working mechanism is explored, and comprehensive mock-ups are made in both cases. A 
comprehensive physical mock-up can also be a collection of many focused ideas. The 
focused physical mock-ups that explore a working mechanism with moving parts, have 3 to 5 
parts. The comprehensive physical mock-ups have three or less than three parts that mainly 
explore the form.  

The scale of the physical mock-ups in all the projects is scaled down, and all the mock-ups 
are of basic quality except one, which is of moderate quality. Different scales are used to 
make Physical mock-ups, but the overall size remains from (10x10x10) cm to (25x25x25) 
cms. The tendency is to have a size that is handheld and manageable.  

Material, Cost, and Building Process 

Any available low-cost and flexible material in and around the workshop was used. 
Thermocol and thick paper are the most preferred materials, in addition to plastic pipes, 
metal wires, wire mesh, corrugated sheets, sliding plastic bars, and bamboo strips. Usually, 
one or two primary materials are used to build the mock-ups, along with accessory materials 
like plastic pipes, metal wires, etc. In all cases, the cost of the material is low except when 
thick boards and wood are used. Building skills are basic in nature, and the skill required to 
build the mock-ups is mainly to cut, bend and stick using glue and pins. 



 

665 
 

Physical Mock-ups – Geometry and Primitives 

Although many types of geometry are used, planar and rectilinear geometry is the most 
preferred (Hannah 2002). If there is a lack of skill in making curvilinear forms, it is replaced 
by rectilinear forms at the physical mock-up stage, and in functional mock-ups, it may not 
affect the idea much. A geometry primitive is an existing object like a plastic pipe that can be 
directly used to build mock-ups, and the most preferred geometry primitive is plastic pipes of 
various diameters, which can fit into one another. Available Geometry primitives help build 
mock-ups quickly, as demonstrated in many cases, to visualize the telescopic working 
mechanism.  

Theme 5: Physical Mock-ups – Human Aspects  

Feedback and Functionality 

In most cases, the finalized idea from stage 1 is visualized for form, function, and 
construction to get evaluative feedback rather than generating new ideas. In some cases, 
although the mock-up-making activity started for evaluative feedback, it gradually shifted to 
reflective feedback. As in the case of storm-resistant housing, tie beams are introduced 
during the mock-up-making stage, indicating reflective practice and speculation.  Similarly, in 
the case of affordable rural housing, the positioning of the scales is refined based on the 
airflow simulated by a hair dryer. The feedback can start from either a reflective or evaluative 
perspective; it goes into a loop when one speculates on an idea, and ideation continues with 
incremental changes introduced to improvise the idea.  

 

 

          

 

Figure 3: Continuation of ideation (Left: tie beams introduced in the Physical mock-ups, Right: Simulation of the 
environment to re-position the scales) 

Time taken and Difficulty Level 

The overall time given to complete the mock-up-making activity was half a day; in most 
cases, the time taken to build the mock-ups ranges from less to moderate time with a basic 
level of difficulty. In two cases, the time taken was moderate, either due to the material (wood 
and hardboard) or due to many moving parts with complex assembly (Bow and arrow), which 
introduces a moderate level of difficulty in building the mock-ups.  
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Figure 4: Material and Difficulty level (Left: hardboard with static parts, Right: Wood with moving parts) 

Fixation and Skill Proficiency 

Most of the students are advanced beginners (Dreyfus 2004) (Honken 2013), as they can 
decide on the materials and build the physical mock-ups with minimum supervision. An 
advanced beginner can handle physical mock-ups with dynamic parts and moderate difficulty 
levels in less time if the basic quality is maintained.  

No fixation was observed as the materials were low cost, flexible and the time spent on 
building it was less except in the case of the cost-efficient roof (Fig 4, Right); the fixation 
ranges between basic to moderate because of the material (wood) and precision required 
(bow and arrow movement). Building material, cost, and skills contribute to the time taken to 
build the mock-up and directly affect the fixation.  

Findings and Discussions 

From the themes generated, the following findings emerged. 

• The Sketch > Mock-up > Sketch (SMS) ideation process gives enough scope to the 
subjects to use the physical mock-ups in the ideation phase more as an evaluative tool than 
the generative tool. Improvising the existing idea has more scope than creating an entirely 
new idea while making physical mock-ups (themes 1 and 2). The physical mock-ups allow 
the designer to simulate the context to evaluate the idea and play with it to expand the 
possibilities early. The findings show that the exploration of the idea continued while making 
the mock-ups, suggesting that mock-ups were not used merely to convert the 2D sketch into 
a 3D physical mock-up which is in line with the previous research studies (Isa, Liem, and 
Steinert 2015) (V. K. Viswanathan and Linsey 2010).   

• An increase in the number of parts, complex assembly, moving parts, and the rigidity of the 
material like wood increases the difficulty level of building the mock-ups leading to an 
increase in time taken that can act as factors contributing to fixation (themes 4 and 5). The 
findings support the earlier research on fixation (Baxter 1995) (V. Viswanathan and Linsey 
2011).  

• The possibility of fixation exists at all design process steps, and appropriate measures 
should be taken to avoid it. Early fixation has a cascading effect on the rest of the Design 
process and should be avoided (theme 5). The skill proficiency level of advanced beginners, 
as per the Five-Stage Model of Adult Skills Acquisition by Dreyfus, was able to handle a 
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moderate level of difficulty in less time leading to no fixation (themes 4 and 5) (Dreyfus 2004) 
(Honken 2013). 

• The purpose and type of the physical mock-ups are interlinked. Large-sized products are 
divided into many parts to make focused mock-ups. The tendency is to make the physical 
mock-ups only until the mental model is corrected or confirmed (all themes). This further 
confirms the findings from earlier research that the uncertainty is reduced by making mental 
operations aided by physical mock-ups in this study (Christensen and Schunn 2009). 

`• Reflective and Evaluative feedback goes in a loop when both are present in the exploration 
(theme 5), which is in accordance with Robert McKim’s ‘etc’ (etc: express/ test/ cycle) 
(McKim 1972).  

 

At stage 1, instead of Idea/ concept sketches, Doodles would have given more opportunity to 
continue ideation while making the physical mock-ups. If the sketches are focused or 
comprehensive, the tendency is to make the same type of physical mock-up (themes 2 and 
3). The subjects could have innovated more if they had more time and options for making 
mock-ups for different ideas with iterations. Being aware of the contributions of the physical 
mock-ups could have led to the continuation of ideation at stage 2. Ideation methods using 
physical mock-ups are an opportunity to explore. Different strategies can be developed to 
make radical changes to the existing ideas. The ideas interacting to improve the existing idea 
or generate a new one need to be studied in detail (themes 1 and 2). 

While starting with evaluative feedback, a switch happens in thinking from evaluative to 
reflective. Speculation is a way of switching mechanisms to shift from evaluative to reflective 
feedback, which needs further study. The absence of speculation also indicates no reflective 
feedback (themes 2 and 5). Evaluating the working mechanism with moving parts using a 
physical mock-up needs better visualization and building skills (themes 4 and5). An in-depth 
study is required to build the students’ skills while making the physical mock-ups with moving 
parts.  

Future studies should consider actual materials' influence and properties compared to mock-
up materials. Also, the role played by the existing geometry primitives, like cylindrical pipes, 
etc., should be explored to specifically provide primitives for making the physical mock-ups 
quickly. There is scope to change the order of sketching and physical mock-up-making 
activities based on the student’s skill level. The faculty should be aware of the skill levels of 
the student to suggest the order of the stages. Collective learning while making physical 
mock-ups could be explored by adopting community-based approach which can involve 
student communities.  

Design education traditionally has emphasized sketching and its use in creative explorations 
and now is supporting the use of CAD as an alternative representational tool. The education 
needs to pay more attention to the development of 3D visualization using physical mock-ups 
and their uses in correcting mental models. The use of physical mock-ups, along with other 
external representations like sketching and role play, should be explored further. 
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Abstract  
China has promoted labor education to an important position in the education. Based on the background of 
middle school labour education reform. In order to explore the product prototype in labor education, this 
paper applies Situated learning theory to analyze the factors in labour education to support whole process 
of product prototype design. By combining the basic characteristics of Situated learning theory with the 
Define, Ideate, and Prototype stage of design thinking, we developed Prototyope1.0 for one school. 
Further, we apply the teaching mode of Situated learning theory to test the prototype and guide the 
upgrading of prototype products. By summarizing the experiential knowledge of the prototype after every 
iteration, the practice field of labour education has evolved into a community of practice from prototype1.0 
to prototype3.0.  
 
Prototype design; Experiential knowledge; Chinese labour education; Situated learning theory; 
 
Introduction 
 
Since 2018, China has begun to attach importance to implementing labor courses in schools. In 
2020, the "Opinions on Comprehensively Strengthening Labour Education in Colleges, Middle 
Schools and Primary Schools in the New Era" emphasized that labour education has the 
comprehensive educational value of cultivating morality, increasing intelligence, strengthening 
physical fitness, and improving aesthetics. This policy has promoted labour education to an 
essential position in the education system and provided fundamental guidance. However, how to 
organize and implement Chinese labour education in daily teaching practice still needs to be 
further explored. (Li Qun & Zhang Pingping; 2021). 
The primary feature of labour education is to enable students to master both knowledge and skills 
in labour practice. And the labour education in schools can not be isolated from the systematic 
curriculum content. We bring the design perspective into educational field and found that 
prototypes stimulate reflections which are used by designers to frame, refine, and discover 
possibilities in design space (YK Lim & E Stolterman & JD Tenenberg; 2008). In the field of school 
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labor education, we use the prototype to reflective practice, optimize the product design of labor 
education, and provide teaching aids for labor education courses. Under the background, this 
study follows the design prototype project of labour teaching product in two middle schools in 
Shanghai. 
With interdisciplinary research methods, design thinking is applied to the course conception and 
design, combined with education theories to explore the function and effectiveness of its prototype 
products. Experiential knowledge can then be generalized based on prototype research feedback. 
The continuous improvement of prototype 1.0 to prototype 3.0 was achieved through the practical 
feedback and collaborative process of the prototype in design research among practitioners, R&D, 
and academia. 

Theoretical Background 

Situated learning theory or situated cognition theory has been a popular topic in western 
learning theory since the 1990s. This theory is founded on the reflection of learning theory 
and addresses the needs of school practice. 

Situated learning theory is based on situated cognition. Representations have been viewed 
as the essential concern of cognitive science, yet few studies have examined how people 
create, perceive, and attribute meaning to new representational forms.(William J, 1993) 
Vidulich M.(1994) synthesized research on the situated theory and believed that situated 
cognition is the integration of information obtained through the environment and one's own 
knowledge to form an integrated understanding of mental perception, the meaning of events, 
and the ability to anticipate the consequences of taking or failing to take particular actions. 
David H.(2000) and Thomas M. Duffy(2003) extended this theoretical research from the 
"practice field" to the "communities of practice".  The social relations of apprentices within a 
community change through their direct involvement in activities, and, in the process, the 
apprentices' understanding and knowledge skills develop. More importantly, the identity of 
the "learner" no longer belongs to a fixed category but a dynamic and generative concept. 
Members of communities become genuine practitioners. 

Situated learning theory believes that the essence of learning is the process of individual 
participation in practice, the interaction with others and the environment. (Liu&Gao, 2010), 
According to two articles named Analysis of Situated Cognitive Learning Theory and Situated 
Cognitive Teaching Model (Liu&Gao, 2010) ,and Situated learning: Multiple perspectives 
(McLellan H, 1996), the theory holds that learning has the following characteristics and the 
following teaching models. 

Situationality 

Learning and acting are indistinct, learning being a continuous, life-long process resulting from 
acting in situations.(Brown et al.,1989) It emphasizes that the situation is a necessary condition for 
learning to occur and proceed, and the situation also has the function of clue guidance, helping to 
retain learning knowledge. 
Authenticity 

Brown et al.(1989) referrd that students may pass exams (a distinctive part of school 
cultures) but still not be able to use a domain's conceptual tools in authentic practice. It 
emphasizes that learning occurs in real-world situations, including both physical and 
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cognitive authenticity. Physical authenticity including practicing in real-space scenarios such 
as companies. Cognitive authenticity refers to professionals engaging in professional 
activities. 

Practicalness 

It emphasizes that learners must actively engage in practice related to the professional field 
rather than relying on textbooks or teachers' experience summaries. Learners should pay 
attention to the methods of discovering, analyzing, and solving problems related to the 
professional field and truly understand the knowledge content. 

Inquiry 

Give learners the right to inquire, that is, to be exposed to real dilemmas and find solutions. 
Learners need to feel responsible for the solutions, not just rely on what teachers can offer, 
but to develop their professional thinking. 

Proactivity 

Inspire learners' motivation for active learning and provide diverse learning resources. For 
example, design real problem situations, provide appropriate demonstration and guidance, 
give students a sense of meaning and achievement in the learning process, and stimulate 
students' learning motivation. 

Under the support of the Situated learning theory, teaching modes have also emerged in 
teaching practice, mainly including the following three types: anchor-casting teaching mode, 
cognitive apprenticeship teaching mode and interactive teaching mode. 

Anchor-casting Teaching Mode 

This mode uses multimedia technology to present an accurate and interesting story to attract 
learners and bring them into complex situations. Determining a problem in a situation is 
compared to "casting an anchor". The teaching content and process are based on the 
problems that have been determined. The anchor-casting teaching mode enables students to 
generate learning needs in a complete and actual situation and, through the interaction 
among members of the learning community, complete the whole process of identifying, 
proposing, and achieving goals with their activities as well as generative learning. The main 
objective of this teaching mode is to create a situation that enables students and teachers to 
continue to explore meaningful problems, and help learners understand the types of 
problems. And then observe how experts or teachers use knowledge to clarify, represent and 
discover problems, and make learners identify, discover, and solve problems in the same 
situation from multiple perspectives to integrate their learning. 

Cognitive Apprenticeship Teaching Mode 

Brown and Collins proposed the basic framework and elements of the cognitive 
apprenticeship mode. This model includes four components: content, method, sequence, and 
sociality. (Gao, 2001) The range includes disciplines knowledge, problem-solving strategies, 
management strategies, and learning strategies. The teaching method creates opportunities 
for students to observe, participate and discover. Sequence refers to the construction in 
stages, from simple to complex, from parts to a whole, to build the skills which experts need 
in practical operations. Sociality requires the representation of the learning environment, the 
real-world features in which the learned knowledge is applied. 
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Interactive Teaching Mode 

Interactive teaching is a learning mode in which teachers and learners cooperate. It is a 
constructive and open teaching method that emphasizes multi-directional interaction and 
cooperation between teachers and students, between students, between students and 
textbooks, and that completes a specific learning task while communicating and 
collaborating. Interactive teaching emphasizes the interaction between the learner and the 
environment.  

According to the view of Brown et al, activity in school should be authentic, which implies that 
school activities should include the ordinary practice of different science cultures. The 
teacher's task, is to confront the apprentices with effective strategies that can be used to 
solve everyday problems.The goal of teaching in school is the student's acquisition of skills 
practiced within science communities. To accomplish this goal, different teaching techniques 
are used, such as modeling, coaching, scaffolding.(Vanessa P, 2013) Therefore, Situated 
learning theory's model is currently mainly used to guide teaching practice. However, few 
studies have applied this theory to the design of teaching environments, teaching products, 
and teaching scenarios that assist teaching practice. We explore how Situated learning 
theory can be effectively applied to learning designs and the situational interests of learners. 
Prototypes have an effect on our thinking because they are considered best examples of a 
conceptual category.(Nieveen N, 2013) Taking the learning concept of situated cognition 
theory as the theoretical guidance of the designing process in the concept stage and 
implementing situated cognition teaching mode as the standard to test the prototype are 
essential innovations in applying the theory to the design project.  

 

Research design and methods 
From prototype 1.0 to prototype 3.0, there are two processes in prototype iteration. By 
applying Situated learning theory, design thinking process, participatory research, user 
interviews, literature research, and other methods, the prototype product design is upgraded 
to the prototype product service system design. 

Prototype 1.0 

Prototype 1.0 followed the typical design thinking process's Empathise, Define, Ideate, 
Prototype stage. Empathise stage: using desk research, participatory research, and user 
interviews to collect the school's goals of labour education, school characteristics, objective 
conditions, the teaching process, etc., to determine the basic needs of target users. Define & 
Ideate stage: The basic features of Situated learning theory were summarized through a 
literature review and used to guide the early stage of the design thinking process. The Define 
stage of design thinking was introduced to deeply explore the needs of target users and then 
define the functional elements that the labour education product prototype should have in the 
Ideate stage. Prototype stage: We designed the "Fish and Vegetable Symbiosis" prototype 
product.   

Prototype 2.0 

Prototype 2.0 followed the Test, Ideate, Prototype stage of the typical design thinking process 
to realize the reframing of the prototype concept. Test stage: The teaching mode of Situated 
learning theory was summarized to test Prototype 1.0's application effect. To collect as much 
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data as possible and get feedback from different users, semi-structured interviews were 
conducted with teachers and students. Implementing the situated learning teaching mode 
was used as the specific evaluation rules in the target users' interviews. Ideate stage: The 
interview content was organized and summarized to find how much the existing Prototype 
1.0 has achieved and its advantages and disadvantages. The disadvantages of Prototype 1.0 
are avoided and develop further functional ideas for the unmet needs of teachers and 
students to upgrade the Prototype. Prototype stage: We designed the Roof Garden Planting 
Box prototype product system.  

Prototype 3.0 

Prototype 3.0 followed similar stage of Prototype 2.0. The second test was conducted by the 
practice of teaching mode of Situated learning theory and semi-structured interview. We 
increased the consideration of sociality, further optimized Prototype 2.0 to establish the 
teaching system, and ensured the teaching effect to be better realized. We designed the 
Planting Box equipped with Labour Education Web version and Applet version prototype 
product service system.  

 
The process of designing, testing and redesigning the Prototype of Chinese labor education 
is through the collaborative participation of research and practice. This study uses 
interdisciplinary research methods and takes the needs of teachers and students as the core. 
Moreover, The development of Prototype realizes the transformation from the "practice field" 
of teaching products and environment to the "practice community" of a teaching system with 
social attributes. 

 

Prototype Design Practice and Analysis 
Design thinking is a problem-solving process that focuses on the end-user’s needs and their 
experience to generate better product solutions.(Crandall,2019) The design process of 
Prototype 1.0 follows the typical design thinking process, and the Define and Ideate stages of 
design are integrated into the characteristics proposed by the Situated learning theory to 
clarify the functional elements and design the product prototype, as shown in figure 1. In the 
Prototype stage and Test stage of the design process, the application of the teaching mode 
of the situated theory is used as the evaluation standard to test the application of the 
prototype as shown in figure 2. According to the evaluation, the part that needs improvement 
was brought into the redesign of the prototype. The following will introduce Prototype 1.0 to 
the Prototype 3.0 design practice. 
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Figure 1 the Situated learning theory’s characteristics in typical design thinking process 

 

 

Figure 2 the Situated learning theory’s teaching model in typical design thinking process 

1) Prototype 1.0: Shanghai X Middle School of Design and Innovation-"Fish 
and Vegetable Symbiosis" Product Prototype 

The design practice of Prototype 1.0 was carried out at the Shanghai X Middle School of 
Design and Innovation. With the goal of "ecological education", the school plans to adopt the 
PBL teaching method to carry out labour education. Based on this, a combination of 
teaching, practice and creation was designed for it. The "Fish and Vegetable Symbiosis" 
product prototype, in the limited teaching space inside the school building, combines 
aquaculture and hydroponics and applies to an integrated product system. By simulating the 
natural environment where animals and plants grow, fish and vegetables provide the 
nutrients they need for each other and are self-sufficient. Fish farming does not need to 
change the water, there is no water quality concern, and vegetables can grow generally 
without fertilization. labour education is carried out in this ecological symbiosis system, which 
realizes the teaching of the combination of multidisciplinary knowledge and labour practice. 

Empathise stage 

The Middle School is located near the Bund in Shanghai, with a superior geographical 
location. It is an open innovation platform for high school students in Huangpu District. It 
provides services such as innovative social practice, innovation achievement display, 
entrepreneurial cooperation, school-enterprise exchanges, and international exchanges for 
high school students in Huangpu District. The existing curriculum system at the school 
includes 40% of innovative courses based on real-life scenarios. The school's labour 
education needs innovative, urban, and technological attributes to better integrate with the 
school's existing situation. 

In addition to researching the teaching needs of the middle schools, we also analyzed the 
demands of the users of labour education product prototypes: teachers and students. For 
teachers they hope to meet their own interdisciplinary knowledge teaching needs and 
provide real teaching venues, etc. Students need rich learning forms and can get feedback 
and motivation for learning, etc. The Affinity Diagram research method is used to identify 
target users, which summarized the requirements, as shown in figure 3 below. 
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Figure 3 Affinity Diagram research of teacher and student 

Define stage 

In order to define labour education, it was analyzed with the help of Situated  learning theory. 
Corresponding to the five learning characteristics proposed by it for labour education, the 
characteristics that the prototype of the labour education product should be defined as figure 
4 follows: 

 
Figure 4 the ideas of the labour education product’s prototype characteristics 
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a) Situationality.  

The labour situation is a necessary condition for the occurrence and progress of labour 
education. It has the function of clue guidance and is helpful for the retention of labour 
knowledge. 

b) Authenticity.  

Labour education occurs in real events, and the prototype of labour education products 
must contain real working situations or the actual process of professionals engaging in 
professional activities. This is also the core of PBL teaching, that is, learning from real-
world problems. 

c) Practicalness.  

Students should actively engage in labour practice and hands-on operations, not just 
read textbooks and listen to teachers' teachings. The prototype of labour education 
products needs to enable students to discover, analyze and solve labor practice 
problems to understand the detailed content truly. 

d) Inquiry.  

Students must have the ability and space to conduct an independent inquiry, which 
requires necessitates the use of labour education product prototypes to provide in-depth 
exploration space, integrate multidisciplinary knowledge, and assist students in 
developing in-depth professional thinking. 

e) Proactivity.  

The prototype of labour education products should arouse students' motivation for active 
learning and provide learners with diverse labour learning resources. Design interesting 
and real-world problem situations, for example, and provide appropriate demonstration 
and guidance so students can have a sense of meaning and achievement in the learning 
process, stimulating their learning motivation. 

Compared with traditional labour, positioning the scenario in urban agriculture includes basic 
labour processes such as planting and cultivation and extended content such as system 
design thinking, technology popularization, and green environmental education involving 
biology, chemistry, and physics. Finally, a typical case of circular farming-the "Fish and 
Vegetable Symbiosis" product was selected as the theme of the labour education, guiding 
the development of labour education courses and practices. 

In addition to researching the teaching needs of the middle school, we also explored the 
needs of the users of labour education product prototypes, that is, teachers and students. 
Based on the characteristics of the Situated learning theory: situationality, authenticity, 
practicality, inquiry, and proactivity, the users' research results are summarized. 

Ideate stage 

Based on the "Fish and Vegetable Symbiosis" product, the corresponding course 
development is carried out, and the function of the labour education product prototype is 
gradually formed from the content. In this courses, Students must first learn how to apply the 
two technologies of aquaculture and hydroponics into one system through ecological design 
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so that animals, plants, and microorganisms can achieve a harmonious ecological balance 
relationship and understand the sustainable cycle in a low-carbon production model. In this 
course, students have the opportunity to try different media for plant cultivation, such as 
substrate cultivation based on gravel or ceramsite, deep-water floating raft cultivation using 
floating materials such as foam to build floating platforms, and pipe cultivation using PVC 
pipes as planting carriers. Cultivation, in which the water for fish farming is directly atomized 
and sprayed onto the roots of plants. In the end, students will also observe and record the 
various processes of aquaponics. 

From the content of the course, the product prototype must contain the following features: 

a) Fish pond 

b) Cultivation area 

c) Filter pool 

d) Water pump system 

e) Observation records 

Prototype stage 

According to the labour education course content and corresponding product functions 
produced in the ideate stage, the aquaponics system product prototype design is carried out 
as shown in figure 5. According to the existing teaching space, relatively bright and lively 
product prototype colours are selected, and in order to ensure the operability and safety of 
students, the product specifications and shapes are designed accordingly. At the same time, 
animals and plants that are suitable for teaching and easy to raise and plant are selected to 
ensure smooth teaching progress on a fundamental basis. 

 

Figure 5 "Fish and Vegetable Symbiosis" Product Prototype 

Test stage 

After the prototype is designed, it is applied to the teaching practice of the X Middle School, 
and the feedback from students and teachers is investigated according to the application 
degree of the teaching mode of Situated  learning theory. Based on this, the prototype test is 
carried out to find the opportunity point for prototype updating. The following table 1 
summarizes the interviews' keywords with target users. 
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Three 
Teaching 
Model 

Target users Key words 

 

 

 

 

 

Anchored 
Instruction  

Teaching Mode 

teachers ''It creates a planting and observation 
situation for students, in which they can 
observe and learn independently according 
to the problems.'' 

''Limited by the product form, it is impossible 
to divide into multiple groups to cooperate at 
the same time.'' 

''Lack more forms of multimedia equipment 
to support classroom teaching and 
interpretation.'' 

…… 

students ''We simulated some natural temperature 
and moisture conditions in indoor space, and 
our practical knowledge could not be tested 
under real outdoor conditions.'' 

''It would be nice if the supporting equipment 
supported us to discuss and record the 
problems at a certain moment.'' 

…… 

 

 

 

 

 

Cognitive 
Apprenticeship 
Teaching Mode 

teachers ''Students can directly observe the process 
of the teacher's operation of the equipment, 
and practice after learning by themselves''； 

''With the help of the teacher, students make 
sure the research problems for observation, 
operate the equipment and record the 
environmental data of plant growth.'' 

''According to the disciplinary knowledge 
taught by teachers, students can utilize the 
knowledge to evaluate the operation of 
ecosystems.'' 

…… 

students ''We observe and record the circulation 
between animals, plants and microorganisms 
by applying the knowledge taught by our 
teachers. Real scenes make it easier for us 
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to understand this knowledge.'' 

''Although the situation of water cycle is true, 
the parameters are set by the teacher, and 
we lack many opportunities to set up and 
experiment by ourselves.'' 

…… 

 

 

 

Interactive 
Teaching Mode 

teachers ''There is more interaction between students 
and teachers, and less cooperation and 
interaction between students.'' 

''Students can record data by the touch 
screen on the product, but they lack diverse 
interactive ways.'' 

…… 

students ''The space of each cell in the product is very 
limited, so it is difficult to ensure that each of 
us can practice in it.'' 

…… 

Table 1 the interviews' keywords with target users 

According to the interview summary, although we have provided a prototype of the "Fish and 
Vegetable Symbiosis" product prototype, an integrated product that can be taught, practiced, 
and created, there are some problems in prototype 1.0. In Anchored Instruction Teaching 
Mode, its product form cannot support multiple teams cooperating simultaneously and lacks 
more multimedia equipment to support classroom teaching and interpretation. The students 
hope to have natural outdoor conditions to practice more and need more intelligent 
supporting equipment. In Cognitive Apprenticeship Teaching Mode, the product prototype 
provides a good implementation condition for cognitive apportioning ship teaching mode. At 
the same time, the students need more opportunities to set up and experiment by 
themselves. In Interactive Teaching Mode, there is less cooperation and interaction between 
students and a lack of diverse interactive ways.  

Prototype 1.0 provides improvement direction in teamwork, interactive content, equipment 
interaction, setting up natural outdoor conditions, and other aspects for Prototype 2.0. 

2）Prototype 2.0：Shanghai-Y Middle School- Roof Garden Planting Box 
Product Prototype 

According to the test feedback and experiential knowledge summary for Prototype 1.0, with 
the help of the project opportunity provided by Shanghai Y Middle School, Prototype 1.0 was 
iteratively upgraded. Aiming at the problem that middle school students in Cognitive 
Apprenticeship Teaching Mode have fewer opportunities for teamwork, the structure of 
integrated products was reconceived in Prototype 2.0's Flexibility. The product will eventually 
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become a modular structure that can be disassembled into 24 planting boxes. The planting 
boxes can be used in combination or individually. It is designed to meet the need for 
multimedia equipment to support classroom teaching and interpretation in Anchored 
Instruction Teaching Mode. Students can use large-screen devices to collect data and touch 
controls with the intelligent central control platform. For the Interactive Teaching Mode, 
provide more gamified knowledge interaction methods to promote learning among students, 
continue and innovate Prototype 1.0, and design Prototype 2.0: Roof Garden with 24 planting 
boxes, as shown in figure 6. 

The labour education classroom is mainly composed of group cooperation and independent 
learning. The planting box is placed on the roof space of the campus, and the labour 
education environment is changed from indoor to outdoor, completely following the real 
natural environment. Each planting box can carry out independent group practice by using a 
modular design. Students can plant in the planting box area and use the intelligent drip 
irrigation of supporting equipment to optimize the treatment. The module observes data and 
irrigates plants. The main technical components include environmental detection system, a 
soil detection system, a rainwater recovery system, a solar power generation system, an 
automatic irrigation system, a nutrient solution supplement system, a plant growth recording 
system, etc., to create more experimental possibilities for students. 

 
Figure 6 Roof Garden Planting Box Product Prototype 

The prototype planting box is also matched with multimedia equipment and science 
popularization content design, as shown in figure 7. The terminal control system of the 
planting box is placed in an independent area, which can also be used as a brainstorming 
area for students. The intelligent screen provides various interactive forms that help students 
observe data, draw sketches, and search for information. At the same time, implement the 
anchored teaching mode. In the design of popular science content, the anchor of the 
question is designed in the glass door in a guided manner through graphic design, and the 
corresponding subject knowledge is visualized in the form of knowledge graphs and cards. 
The study of theoretical knowledge provides more ways for independent learning and 
exploration. 

 
Figure 7 multimedia equipment and science popularization content design 
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From Prototype 1.0 to Prototype 2.0, the prototype product design was upgraded to the 
prototype product system design, which was applied in the labour education practice of Y 
Middle School. After some time passed, the feedback from students and teachers was 
investigated again with the application degree of the teaching mode of Situated learning 
theory to retest the prototype. Similarly, the following table 2 summarizes the interviews' 
keywords with target users. 

Three Teaching 
Model 

Target 
users 

Key words 

 

 

 

 

Anchored 
Instruction  

Teaching Mode 

teachers '' It is necessary to maintain the continuity of 
students' labour practice situation from school 
to family in order to get good learning results.'' 

''Hope to observe and evaluate each stage 
process of students' problem solving in time.'' 

…… 

students ''Hope to get the teacher's timely guidance in 
the process of labour operation.''； 

'' I hope that there will be a platform for finding 
resources and sharing them with classmates.''
； 

…… 

 

 

 

 

Cognitive 
Apprenticeship 
Teaching Mode 

teachers ''Provide more learning resources for teachers' 
teaching.''； 

''Record the teaching and experimental process 
of teachers.''； 

''Personalized teaching according to the 
progress information of different students.''； 

…… 

students ''Be able to learn individually according to our 
own progress.''； 

''Get guidance from teachers in different ways 
in the process of autonomous learning.''； 

…… 

 teachers ''Consider sociality and promote the 
participation of more stakeholders such as 
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Interactive 
Teaching Mode 

parents.''； 

…… 

students ''Hope to increase more interesting interactions 
with my classmates.'' 

''Hope my labour achievements can be 
recorded.'' 

…… 

Table 2 the interviews’ keywords with target users 

Prototype 2.0 has made more perfect measures in interactivity, the authenticity of practical 
situations, and group cooperation, but it still can be improved. In Anchored Instruction 
Teaching Mode, it is necessary to maintain the continuity of students' labour practice from 
school to family to keep a collaborative practice situation. 

Students hope to have a platform to find learning resources. At the same time, the teacher 
should strengthen the process guidance. In the Cognitive Apprenticeship Teaching Mode, 
teachers hope to get teaching resources, record the teaching and experimental process, and 
realize personalized teaching. Students also hope to learn individually and get guidance from 
teachers in different ways according to their own progress. In Interactive Teaching Mode, the 
prototype needs to consider sociality and promote the participation of more stakeholders, 
such as parents. The students need more interesting interactions with my classmates, and 
the labour achievements can be recorded.  

Prototype 2.0 makes it clear that products ask for higher participation, providing a platform 
for resources, recording the process, and ensuring that the location does not limit the effect 
of labour education of students to be more social and sustainable. 

 

Prototype 3.0: the Planting Box equipped with Labour Education Web Version 
and Applet Version  
Prototype 3.0 is improved based on Prototype 2.0's experiential knowledge summary. 
According to the investigation of the three teaching modes, the existing problems can have 
common solutions. For example, it is necessary to provide a platform for teachers and 
students to guide and manage the teaching process. What's more, the acquisition of 
learning resources, communication with peers, and using the platform to build more 
stakeholders to participate in the interactive community. It breaks through the limitations of 
space and venues, continues the labour education practice in schools, and invites parents, 
students, and labour workers to participate. Create a communication community to realize 
the sharing of students' labour practice and also improve students' sense of achievement in 
labour practice through the design of the reward mechanism. The innovation of OMO 
(Online-Merge-Offline) teaching method, combining offline physical space and online digital 
space, is about to emerge. 

Used in conjunction with planting boxes, a web version of labour education is designed for 
teachers to support the development of labour courses based on 24 planting boxes. It 
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provides teachers with a platform for acquiring teaching resources, managing the teaching 
process, and analyzing teaching data, as shown in figure 8 . Students also can freely obtain 
course resources before taking classes, while teachers can use the platform to show course 
content and interact with students in the online classroom. Besides, teachers can collect 
and conduct periodic data analyses on students' labour assignments after class. 

For students, an applet version of labour education is designed that is interoperable with the 
content of the web version, as shown in figure 9. It also expands the number of participants 
in the labour practice and creates an atmosphere for students to promote labour education 
between home and school. Students can personalize learning content according to practical 
topics and their progress and independently query and learn derived knowledge after class 
by the applet. After the school courses are over, parents can be invited to participate in the 
after-school practice of labour education. Students can share their homework with the 
community. Anyone who lands in the community can join in the topic discussion and 
knowledge sharing of labour education and can make an appointment to participate in the 
planting of the school roof garden. 

 
Figure 8 To teachers：labour education web version 

 
Figure 9 To students：labour education applet version 

Prototype 3.0 uses digital tools to combine online and offline teaching scenarios, develops 
online courses based on 24 planting boxes, and provides teaching and learning resources to 
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serve the whole process of teachers' labour teaching. And use the online platform to expand 
the scope of participants so that course learning can continue from school to family and 
community, increase the interaction between teachers and students, and between students, 
school and family, and community, and upgrade to a labour education prototype product and 
service system design. 

Conclusion 

The prototype design of labour education products explores situational cognitive theory in 
practical scenes. Based on Chinese labour education's requirements, this paper introduces 
how we are guided the Situated learning theory to define, ideate and prototype stage of 
design thinking, and applies the teaching mode of Situated learning theory to test and then 
upgrade prototype products. 

From the Prototype 1.0 product design of "Fish and Vegetable Symbiosis" to the Prototype 
2.0 product system design of "Roof Garden Planting Box" to the Prototype 3.0 product 
service system design of the Roof Garden Planting Box equipped with labour education web 
version and applet version, labour education has been better transformed from "practice 
field" to "community of practice". In the practice field created by Prototype 1.0, the situation is 
authentic. However, some natural conditions in this situation are still simulated, such as the 
natural water cycle replaced by aquaponics and the natural soil replaced by the nutrient 
solution. In Prototype 2.0, the products landed from indoor to outdoor through the change of 
structure and shape, following the real natural environment, and expanding labour education 
into daily life through Prototype 3.0, breaking the physical space limitation of the practice field 
and then expanding the field of labour education practice. 

In Prototype 1.0, the curriculum practice setting by an integrated product, leads to fewer 
opportunities for team cooperation in the process of students' practice. Teacher uniformly 
sets the relevant parameters of the products, so students lack long-term topics of joint 
exploration and interaction. In Prototype 2.0 and 3.0, the identity of students' team members 
is from participants to collaborators to managers through modular product prototypes 
combined with specific group tasks. According to the practice of different modular products in 
each group and the teaching interaction between teachers with different characteristics, the 
practice community starts to form according to different goals. The upgrade of Prototype 3.0 
promoted labour education to be more social. The situation and participating members of 
labour practice expanded to families and communities, which increased the practice 
community members by combining online and offline, and strengthened the interaction and 
connection of the practice community. 

By upgrading Prototype 1.0 to Prototype 3.0, this paper proves the application significance of 
Situated cognition learning theory in labour education practice and believes that the 
combination of online and offline teaching methods can effectively promote the formation of 
practice community and achieve better labour education teaching effect. 
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Abstract  
 
This paper presents the co-design process implemented throughout a project called “My Architect and I” 
and the prototypes of tools that emerged from it. These prototypes aim to improve the interactional 
practices between architects and user-clients in the context of private housing projects in Belgium. The 
purpose of this study is to identify the roots and triggers shaping the artefacts designed throughout the 
process. This paper focuses on one of the prototypes brought up by the project. This tool was put together 
in a short amount of time, under the pressure of the codesign workshops schedule. It results in a paper 
booklet imagined as a form to be filled in by user-clients in order to inform the architects on their desires 
and needs. As we take a step back and reflect on the overall outputs from this research through design, we 
break down each aspect of the booklet to identify the origin of the design choices. This may inform broader 
design criteria to imagine other tools or strategies to facilitate the interactions between an architect and 
user-client. This method of deconstructing an artefact is an attempt at objectifying the codesign process’ 
added value. The evolving prototype isn’t considered as an end in itself, but rather as a mean to reflect on 
the facilitation process. 
 
Interactional tool; Codesign; Research through design; Architectural practices; Contact form 
 
Architects too often rely on their own experience as the main reference when designing (Cuff, 
1991) and rarely go beyond the brief conversational interaction at the beginning of a project to 
capture the needs and expectations of their user-client (Norouzi et al., 2015; Van der Linden et 
al., 2017). This traditional model is now being challenged (Macaire, 2009; Siva & London, 2011; 
McDonnell & Lloyd, 2014). The involvement of users in this process is essential to the success of 
the project (Lawson, 2006; Sarkar & Gero, 2017; Arboleda, 2020). A recent systematic literature 
review highlighted the current struggles these actors still encounter, confirming bottlenecks lying 
in the architects’ assumed roles and in the current expectations and needs of their clients 
(Mertens et al., 2022a). 
 
Overview of the project “My architect and I” 

This research is based on a project called “My Architect and I”. The context is that of housing 
in Wallonia and Brussels, in Belgium, where any construction work affecting the envelope or 
structure of a building legally requires the services of an architect. Local researchers have 
shown how that the experience can bring stress and struggles to both architects and user-
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clients1 in that process (Nauwelaers & Rossini, 2014; Stals et al., 2016). Based on the 
assumption that there is an opportunity there for improvement in terms of satisfaction, we 
address the interactions between these two parties. The primary goal is to identify 
consequences of this habitus shock (Siva & London, 2009), issues and points of friction, and 
potential levers for change. The researchers investigate needs and desires that might still not 
be met in that relationship.  

The “My Architect and I” project consists of a two-phase research: (i) a research and 
preparation phase, and (ii) a codesign process informed by the latter. The second phase can 
be understood as Research through Design (RtD), "a way of doing research in which design 
activities play an essential role in the generation of knowledge" (Boon & al., 2020, p.139). In 
this case, the artefact is not the final target of RtD; knowledge and understanding of 
interactions remain the main goal pursued (Godin & Zahedi, 2014). Table 1 sums up the 
phases of the project (also presented in Mertens et al., to be published). 
Table 1: Phases and activities of the project 

R
esearch and preparation 

phase (i) 

Systematic literature reviews 
(SLR) 

SLR conducted on interactions between architects and 
user-clients during housing design processes (Mertens 
et al., 2022a) 
SLR conducted on matters of knowledge in codesign 
and their methodological implications (Yönder et al., [to 
be published]a) 

Interviews 15 interviews with architects 
14 interviews with user-clients 
17 interviews with designers 

Planning & designing the 
workshops 

4 researchers, three team sessions to design the 
codesign process itself 

C
odesign process (ii) 

Restitution & Sharing (1) A two-hour long online workshop;16 architects, 8 user-
clients. Goal: share insights gathered from interviews 

Ideation & Design (2) 5 face-to-face workshops in 4 different cities in Belgium  
(5x2h). Total of 12 architects (including representatives 
of the local association of architects) and 9 user-clients 

Tests of the prototypes & 
Iterations (3) 

(a) 4 tests with 4 tool prototypes during a public event; 
4x1h; a total of 21 architects (including students, 
academics, representatives of the local association of 
architect and professionals from the construction 
industry), 8 user-clients 
(b) 2 tests with 2 tool prototypes in architectural 
agencies; 2x1,5h; 4 architects and 2 user-clients 
(c) Test in a design conference; 1,5h; 8 
designers/researchers (Mertens et al., 2022b) 

(i) To construct a better understanding of the field, we conduct: systematic literature reviews; 
interviews with architects (n=15); with user-clients with an experience of interaction with 
architects for a private housing project (n=14); and designers practising human-centred 
design or codesign (n=17). Further detail on that phase of the research can be found in the 
specific papers written by the authors (for instance: Mertens et al., 2022a; Yönder et al., [to 
be published]a).  

 
1 In this paper, as we focus on private housing projects, the clients and end-users of the building coincide. Therefore, we use the term 
“user-client”. 
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(ii) The co-design process consists of a series of workshops of three types: (1) Restitution & 
Sharing; (2) Ideation & Design; (3) Tests of the prototypes & Iterations. The aspiration 
pursued is to develop some tools to help architects and user-clients facilitate interactions 
throughout private housing designs. Intrigued readers can find further details of these 
workshops in specific papers by the same authors (for instance: Mertens et al., to be 
published). 

The whole workshop series is designed by the team of researchers (n=4) prior to the 
launching. Some workshops build on the content of a previous workshop. In between 
sessions, meetings are held in order for the researchers to make sense of the data collected 
and inject the results of this analysis in the next phase, much as practising designers would. 

(1) The first workshop, hosting 16 architects and 8 user-clients, consists in a two-
hours online audiovisual exhibit (January 2022). The journey presented broadcasts insights 
extracted from the interviews, organized in ten chapters to sensitise the participants and 
build empathy between the two parties. At the end of this session, participants select what 
they consider to be the most pressing challenge regarding interactions between architects 
and user-clients (amongst 12 themes put together by the research team based on phase 1’s 
data). Top rated challenges are then refined by the researchers to be used in the next series 
of workshops (e.g. (2) Ideation & Design). 

 
Figure 1: Examples of the inspirational TTSM cards given to the participants during the Ideation & Design activities (2) 

(2) The second type of workshop (spring of 2022) consists of five workshops held for 
about two hours each. These workshops take place in various locations in Belgium (Brussels, 
Liège (n=2), Namur and Arlon). Altogether, 11 architects, 9 client-users and 1 representative 
of the Order of Architects participated in 8 mixed groups. Participants are invited to adapt, 
revisit and develop a tool based on inspirational tools, techniques, strategies and methods 
(TTSM) cards used as probes (also referred to as “provotypes” in Mertens et al., to be 
published) or to develop a brand-new concept. These cards (Figure 1) introduce and 
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describe tools extracted from a grey literature benchmark2, from the interviews conducted 
with the designers (cf. phase 1 (i)) and from an inhouse brainstorm session organised by the 
researchers. These provotypes “evoke a focused discussion in a team”, being “on the table” 
(Sanders and Stappers, 2014).   

The artefacts cocreated by architects and user-clients result in “pretotypes” of the tools, 
imagined to facilitate architect/user-client relationships. 

An in-between task completed by the researchers consists of merging the results into four 
tools (version α) as a synthesis of the eight groups’ “pretotypes”. These tools are presented 
to two architects for a unique feedback session to help shape a realistic prototype for the 
following steps (version β) (see Fig.2).  

(3) Tests of these prototypes are then conducted to obtain feedback and 
iterate/develop them further. Three types of testing sessions are organised: (a) during a 
public event (conference + testing sessions) at the University of Liege, Belgium, in small 
groups (4 sessions with 29 participants: architects, architecture students, user-clients or 
curious citizens, and representatives of the Order of Architects); (b) in architectural practices 
by practitioners architects and clients (2 tests, 4 architects, 2 client-users); (c) at a design 
conference (2 prototypes tested by 8 designers and/or design researchers, (Mertens et al., 
2022b). 

These tests are based on role-playing games through which participants – impersonating 
architects and user-clients - improvise a first meeting. This method is inspired by design 
fiction (Sanders and Stappers, 2014), to help participants envision a possible change in their 
routine practices and enable to test and obtain feedback rapidly on the prototypes.    

The two architectural agencies in the test (b) are presented with all four prototypes (versions 
β) and are asked to pick which tool they would like to test. The results of this session are 
implemented and lead to the prototypes of two tools (version δ).  

Focus and Approach 

This paper focuses on one of the tool prototypes (version δ) developed during the codesign 
process, i.e. a paper booklet imagined as a form to be filled in by a user-client, mainly in 
order to inform the architect about his/her desires and needs. An updated pdf version of this 
tool can be found on Inter’Act Lab’s website (Inter’act, n.d.). The other tool selected for the 
(version δ) prototyping is presented in another paper (Yönder et al., [to be published]b). 

Analysis conducted in between workshops are design-driven – quick and pragmatic – alike a 
design practitioner’s. The purpose of this paper is to take a step back and reflect on a 

 
2 Collection of data outsourced: 40h paid mission, carried out by a master student. Job description: identify 
existing tools and strategies in the field of "architect-client relations / structuring of the architectural mission", 
from "grey literature" (i.e. non-scientific publications, websites; YouTube channels; etc.). The main goal is to 
create a "database" of existing tools, as well as a small reading grid (excel type) with a mini summary of a 
few lines for each tool. This research is conducted in French and English, both locally and internationally and 
results in a list of 85 tools. This database is browsed by the first author of this paper, revising all the tools and 
strategies, who then retrieves a relevant selection - in regard to the challenges raised in the first workshop 
(1) - for the inspirational TTSM cards to be used in the workshops (2). 
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prototype and deconstruct it, a posteriori, in a research-driven approach. As we take a step 
back and reflect on the overall outputs of this research through design, we break down each 
aspect of the booklet to identify the origin and targeted outcome of the design choices. 

 
Figure 2: versions of the prototype in regard of the tests 

We question the elements of the process that nourishes the current prototype (version δ). In 
order to deconstruct and analyse it, the booklet’s content and characteristics are broken 
down step by step: its base concepts, materiality, chapters, and contents. For each of these 
elements, we look back on the process to find its origin and purpose.  

Findings 

This paper booklet prototype is based on an archetypal tool found in the grey literature, 
developed by Donnell and Day Architecture (2020).  

The tool is a pdf booklet, downloadable on the website of the architects. It is a guide, namely 
“How to write a brief for an architect” that can be used as a template for the user-client to fill 
in and to brief an architect for a project, as well as inform themselves on important aspects of 
the process. The New Zealand architectural firm presents their “Ebook” as a way to facilitate 
communication to the architects “the core goals of what [they] want to achieve in [their] new 
build or renovation, in the unique way that you love to live life”. They also promote it as a way 
to “learn how to summarise [their] vision and mission statement for the build, record (…) 
functional brief in the editable PDF form included, manage budgets, dreams and design 
expectations, and understand how to work collaboratively with your Architect to achieve your 
goals" (Donnell and Day Architecture, 2020). These are challenges that have been brought 
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up in phase (i) of our research, highlighting this tool as particularly relevant as a baseline to 
reflect on and adapt. Bogers et al.’s (2008) recommendations are beared in mind to develop 
the tool (versions α and β) in-between the workshops (2) and the tests (3): making priorities 
and essence of the project explicit, as for the requirements, and including qualitative 
information about the user-clients’ needs on top of quantitative requirements. According to 
the authors, “figures about square meters, temperature levels, etc, are important, but they tell 
a very limited story about the accommodation needs of the client”, recommending to 
encourage the user-clients to share “culture, attitudes, ambitions and desires, activities and 
business processes, scenarios and forecasts for the development of the business, and the 
“feel” for the project” (Bogers et al., 2008, p.115). The briefing process, among the most 
essential parts of the design stages (Bogers et al., 2008; Côté et al, 2009; Hershberger, 
2015), should identify “values, goals, facts, and needs” (Hershberger, 2015, p.336) and could 
help diminish cost overrun due to design mistakes (Côté et al., 2009). 

This literature, together with the data collected throughout both phases of the project (i) & (ii),  
is embedded in the latest version of the tool (version δ). The tool manifests as a synthesis of 
several design criteria raised over time during the whole process. The table below displays 
the characteristics and contents of the booklet, analysed point by point, chapter by chapter, 
and identifies their provenance and aim.  
Table 2: Analysis of the content and characteristics of the booklet prototype 

 Content Origin & purpose 

Concept Contact form / Brief 
template for specific 
private dwelling 
projects 

The systematic literature review (Mertens et al., 2022a), 
particularly Bogers et al.’s work (2008). Grey literature 
(Donnell and Day Architecture, 2020), inspirational 
TTSM card selected by 1 of the tables during the (2) 
Ideation & Design activities. Testimonies from architects 
throughout interviews and workshops converge, 
highlighting the fact that architects are already 
overworked and have no time to spend on yet another 
tool. This supports the choice of a user-client led tool to 
fill in.  

Materiality  Paper Five tables (out of eight) during the (2) Ideation & 
Design discussed a paper support option vs. the 
numeric version, through an app or an online form. 
Three of these tables reveal a need for an easily “carry-
on” type of tool, converging with insights gathered 
during the interviews (research phase i). 

Visual 
aspect 

Colours and typo Based on the lab’s graphic charter for consistency of the 
tools, considered as a toolkit. The δ version of the tool is 
visually linked to the research lab. Customization by the 
architectural offices has been raised and debated. We 
settle on a non-customised artefact, visually identified as 
a third party’s (Inter’Act’s, neither architects’ nor user-
clients’). 

Front 
page 

Title of the tool & 
contact information of 
the user-clients 

Thought as a way to make things very simple and clear 
for user-clients, as their testimonies (in both the 
interviews and the workshops) point out that they are 
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often overwhelmed with documents that are not user-
friendly. The contact information aims for the architects 
collecting the booklet to gain time in their note taking 
regarding the users, thus in their overall briefing 
process.  

Page 2 Chapter including an 
explanation of why 
the user-client needs 
an architect, his/her 
role and expertise. 
Link for more 
information on the 
web. 

Originates from the interviews with users and architects, 
showing a lack of understanding of the architect's role. 
This problem is validated by the co-design participants 
as a major problem.  

Page 3 Chapter: Guide for 
the first steps  

Based on user-client testimonies during the interviews, 
confirmed and developed by several user-clients during 
the workshops (2): user-clients feel left to their own 
devices, very lost at the beginning of the process, not 
knowing where to start, what they are expected to do or 
what can be expected from an architect.  

Pages 4-9 Chapter aiming for all 
the future occupants 
of the project to be 
presented; for 
desires, dreams, 
tastes of the 
participants to unfold. 
Six pages left almost 
empty, with just a few 
sentences to help 
ideas emerge 
(questions about their 
ways of living, habits, 
hobbies, dreams, 
future…)  

This section is based on two success stories 
encountered in the interviews during phase (i): the 
suggestion of a blank A3 page left by one of the 
architects on the clients’ kitchen counter, as a way for 
them to doodle, annotate and suggest ideas to the 
architect; and user-clients spontaneously creating a 
visual presentation of their family with enough detail for 
the architect to really capture all the requirements for the 
project. It is further developed during the feedback 
session with the two architects. It is particularly 
appreciated during the tests. Feedback during several 
tests points out the need for a lot of space for the client-
users to express themselves (drawings, collage, text…) 
and present several profiles of a single family, for 
instance. 

Page 10 Chapter: “Priorities” Raised by architects in the interviews and further 
discussed during the three phases of the workshops, as 
both parties often fail to align their preoccupations. 
User-clients tend to forget to mention what matters the 
most to them and the architects sometimes fail to meet 
crucial demands because they do not consider some 
things as priority. Architects keep in mind technical 
priorities to ensure the project to follow through, 
whereas user-clients are often unaware of these details. 
This also stirs up discussions about what the architect 
has to consider as essential for the good execution of 
the project, and what he/she might have to discard if the 
budget doesn’t allow to realistically meet all the 
expectations of the user-clients.  

Page 11  Chapter: “Fears & 
Budget” 

This is a major challenge brought up by the research 
phase (i), voted for during the first workshop (1) as 
essential and developed during the following workshops. 
This chapter aims to open the discussion about taboos 
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that often bring frustration between architects and user-
clients.   

Pages 12 
& 13 

Chapter: “Expected 
program” 

Aiming to gain time for overworked architects (cfr. 
interviews and codesign process) while insisting on the 
fact that this might still evolve and could also have to be 
downsized if not realistic in regard to the budget.  

Pages 14 
& 15 

FAQ and 
explanations 

Answering the issues due to misunderstandings at the 
beginning of a project, raised mainly during the 
interviews (similarly to the origin of the page-3 Chapter: 
Guide for the first steps)  

Pages 16 
& 17 

« Questions you want 
to ask your architect 
» notebook page, 
mainly blank 

Interviews and workshop testimonies raised the fact that 
user-clients often have a list of questions they want to 
raise and discuss with their architect.  

Tests highlight the need for space for the user-clients to 
write down their concerns. 

Pages 18 
& 19 

Another notebook 
page mainly blank 
(left page lined, right 
page blank page) 

 

Details of the funds 
that supported the 
research that led to 
the booklet, and 
disclaimer 
highlighting the fact 
that the booklet is not 
a legal document but 
a support document 

Tests (particularly the (b) test) highlighted the need for 
space for the architect to take additional notes (text and 
sketches) throughout the conversation with the user-
clients, adding up on the information contained in the 
booklet. 

The issue of the booklet as an informal document was 
raised during the workshops and tests: architects want it 
to be clear that the booklet is not a legal document and 
that they might not be able to answer every demand 
requested by clients in the booklet. The booklet is to be 
considered as an aide to facilitate conversation and 
keep track of the desires of the user-clients, help them 
navigate the overwhelming and complex launch of a 
project.  

Back 
page 

Logos and space left 
blank 

Tests (particularly the (b) test) highlighted the need for 
space for the architect to take additional notes (text and 
sketches) throughout the conversation, the back of the 
booklet being very convenient to do so.   

 

This tool retains the researchers’ attention as it echoes Bogers et al.’s conclusions, arguing 
that “to improve the everyday practice of briefing, it is important to realize that architects 
cannot produce a good design, when clients fail to be clear about what they want” (2008, 
p.115). This booklet concept is hardly innovative but it answers multiple challenges brought 
up through the research phase and testimonies shared by the participants during the 
codesign process as well. This low-tech tool enables easy implementation of multiple 
solutions to facilitate communication between architects and user-clients upon various 
identified friction points.  

The main limit of this paper lies in the fact that we do not track the elements that have been 
abandoned in previous versions of the prototype. We rather focus on content validated 
throughout the tests.  
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Discussion 

This paper considers the artefact as a way to look back on the process. Deconstructing the 
prototype retrospectively aims to understand its essential components, their purpose and 
their origin(s). This method, inspired by retro-engineering, enables us to evaluate the various 
phases of the Research-through-design project; how those phases impacted the artefact and 
to track down the researchers' choices. 

This work (i) helps better understand how choices are combined together to generate an 
artefact throughout such a codesign process; (ii) raises the question of how each profile 
contributes, in a complementary way, to the process (both designers and non-designers, as 
well as researchers); (iii) increases a critical and objectified glaze of such codesign 
processes, pinpointing actual key moments springing positive effects; (iv) and therefore 
demonstrates the concrete added values of codesign. This "deconstruction" is a method in 
itself that the researcher would like to replicate on other projects, which could perhaps 
ultimately lead to a model for the evaluation of processes such as codesign. 

Once the content is broken down, the origin and purpose of each section can be looked up 
and heightened. This highlights the importance of the research phase and the elaboration of 
the workshops, especially the interviews and development of the inspirational TTSM cards 
that set the ground to numerous elements constituting the booklet. However, it is mainly the 
workshop sessions that validate the concerns brought up in the research phase and confirm 
the most pressing content the tool should hold. The test brought up a few simplifications, 
space requirements for an ergonomic use of the tool, and re-phrasing of some of the content. 
However, the changes or additions were rather limited to subtle refinements.  

We want to insist on the primary purpose of RtD which is to produce knowledge and 
understanding (Godin & Zahedi, 2014). In this specific project, there are no deadlines nor 
final product expected by the funding agency. This allows the created artefact to evolve and 
not clot. The understanding of the interactional practices between actors will extensively be 
developed in other papers by the same authors. 

However, this paper highlights the added value of the artefact itself. Even if pursued as an 
additional bonus or “side-effect” in parallel to the research, we believe the prototype could be 
very useful to support architectural practice. This tool can help empower user-clients and 
bring them a step closer to being co‐creators in the design process, as they are already 
considered experts on use and on their own ways of living, learning, working, etc.  (Sanders 
and Stappers, 2008).  

Moreover, participants are reaching out to have access to this tool (Mertens et al., to be 
published). Therefore, they are now accessible online so participants and the general public 
can benefit from them.  

To further iterate on the tool, it is now essential to confront it with real-life conditions. The 
question arises as to the method. Several options are considered: (i) observe and monitor 
(without taking part in the action) the use of the prototype; (ii) identify agencies willing to use 
the tool but without interfering/observing, and conduct feedback interviews with end-users 
(architects and their user-clients) a posteriori; (iii) return (as first author) to professional 
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architectural practice in the years to come and test the tool first-hand. This may be an 
opportunity to continue the research through use in action, equipped with prototypes 
developed in the research as a toolkit. 

This last point raises the question of finality: a prototype developed in RtD is potentially never 
"done” and delivered. This last round of tests could be a means to iterate to reach an 
improved version of the prototype. But the research team could also let go of the ownership 
of the artefact, accepting and encouraging end-users to take hold of their own versions of the 
tool as they see fit. In this last scenario, ideally, researchers would perhaps observe and 
document its organic evolution.  

Conclusion 

This paper is an attempt at deconstructing the artefact resulting from a codesign process. 
Probes inspired by scientific and grey literature were adapted by participants (architects and 
user-clients) and researchers to the concerns and struggles specific to the design of 
architectural dwellings in Belgium.  

The latest version of the prototype consists of a booklet to support user-clients in the initial 
phases of their private housing project, specifically during the first contact with an architect 
and through the formulation of a brief. We advocate that a well-supported briefing process 
can prevent further struggles in the following stages of the design and construction 
processes.  

The results may also inform broader design criteria and enrich other tools or strategies 
aiming to facilitate the interactions between an architect and user-client. The evolving 
prototype isn’t considered as a finished product, but rather as a base to reflect on the needs 
in terms of facilitation, and as a still-evolving template for architects, designers and client-
users to build on and take ownership of. At last, this method of deconstructing an artefact 
helps objectify the codesign process’ added value and could be replicated and expanded to 
other cases.   
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Abstract  
 
Prototyping is a crucial element of the design activity. Prototypes serve as temporary and incomplete 
embodiments of design ideas with which designers explore the design problem as well as propose and 
refine possible solutions to the problem. Given its deep connection to solutions, prototyping has been 
typically associated with the later stages of design. A stage in which the problem has been sufficiently 
mapped that a solution can be proposed and refined based on the discovery of requirements. Yet the 
question of what it means to prototype for problem exploration remains. To provide an answer to this 
question, first we take a quick look at what the role of prototypes is in design and more specifically what 
their role might be in the early stages of design. And later we discuss from the perspective of the reflective 
conversation that the designer has with the artifact it has created and what we reflect on when dealing with 
problem exploration. Subsequently some illustrative examples are presented of unintentional problem 
exploration prototyping from student design projects. To conclude, a reflection of the importance of design 
education in preparing practitioners to better deal with different types of prototyping beyond solution 
refinement. 
 
Problem-space; early design; problem-oriented prototyping; design education; prototype 
 
The process of design problem-solving has been characterized and distinguished from other 
problem-solving processes, based on the type of problems it aims to solve and by the way design 
practitioners go about solving said problems. The kind of problems that designers deal with are 
often ill-defined (Archer, 1979; Buchanan, 1992; Cross, 1982). Ill-defined problems are problems 
that in their early stages lack definition, in which all the elements that make up the problem are 
not yet known and in which part of the problem-solving effort is to explore the problem itself, to 
attempt to provide it with enough definition that would enable the problem solver to propose 
solutions.  
The way in which designers tackle ill-defined problems involves the simultaneous exploration of 
both the problem and possible solutions by creating temporary solutions that allow to uncover 
and redefine elements of the problem while experimenting with possible solutions (Cross, 1982; 
Lawson, 2006; J. Ruiz, 2020). These temporary solutions are known as prototypes.  
The creation and utilization of prototypes as a means to explore the design space of problems 
and solutions is then at the heart of the design practice. Prototypes function as tools that allows 
designers to propose possible temporary, perhaps even “disposable”, solutions with the aim to 
test, explore and/or gain new knowledge that allows the production of a desirable final solution.  
Because of their intrinsic value to the design problem-solving process, prototypes have received 
attention from design researchers and many aspects of creation and classifications of prototypes 
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have been studied. Aspects such as the process of prototype creation and their relation to 
materials and techniques used, levels of refinement and definition, so-called fidelity (Rudd et al., 
1996; Virzi, 1989; Virzi et al., 1996), the roles of prototypes (Menold et al., 2017; Ulrich et al., 
2008), prototyping strategies (Camburn et al., 2017; Domingo et al., 2020; Houde & Hill, 1997; 
Menold et al., 2017), etc. Among them we can also find the aspect of timing (Camburn et al., 
2017) which refers to when in the process of design prototypes are created and used. 
Given the nature of prototypes as representation of possible solutions, even if only temporary, 
they are deeply connected with the later stages of the design and engineering process. This 
means that a lot of the attention given to prototyping is more closely related to prototypes as 
embodiments of explorations of solutions, and in a stage in which the design problem should be 
“less” ill-defined and more aspects of the problem should have been uncovered. However, 
studies have shown the importance of prototyping in the early stages of design (Camburn et al., 
2017; Rothenberg, 1991; Virzi, 1989) and several authors refer to prototypes as objects of active 
learning or exploration, yet not much has been shown in the literature of how this might happen. 
This then leads us to the question of what does it mean to prototype with the (sole) purpose of 
problem exploration in the early stages of design?  

What do Prototypes do & Role of prototyping 

The creation and use of prototypes is an activity that is not exclusive to design. Prototypes 
are used in many engineering disciplines as well as in informatic disciplines. It is not 
uncommon to see the term being used to describe artifacts or processes that spam from 
software development all the way to showcasing conceptual futuristic products, which 
highlights how field dependent our understanding of prototypes is. This wide range of usages 
of the term prototype means that the concept has many possible descriptions and definitions, 
based on where and for what the term is being used. For these reasons, we will not attempt 
to present a definition of what prototypes are, but rather discuss what prototypes do and 
what their role is in understanding design problems in the early stage of design.   

If we review prototype/prototyping literature and the many definitions provided, we can 
discern what prototypes do, and what is the role they play in the design process. One of the 
primary functions of a prototype is that of serving as an embodiment, regardless of shape or 
medium either physical or virtual, of a design idea with the intention of providing the designer 
a means to expand their understanding of the design space (BenMahmoud-Jouini & Midler, 
2020; Camburn et al., 2017; Houde & Hill, 1997; Lande & Leifer, 2009; Menold et al., 2017; 
Ulrich et al., 2008). From this we can already start to see certain key elements about the 
prototyping act and the artifacts created through it that can help us then examine the 
question of prototyping for problem exploration. 

Embodiments of ideas 

The first part, and perhaps the one that has been explored the most in the literature, is that of 
prototypes as embodiments of design ideas. The extensive exploration of idea embodiment 
can provide us some clarity on the different ways or methods of representing ideas 
(BenMahmoud-Jouini & Midler, 2020; Camburn et al., 2017; Pei et al., 2011) the 
technologies that could be utilized to create them, as well as their level of detail or fidelity 
among other important aspects of the artifacts we create as prototypes.  
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Yet the question posed by Houde and Hill (1997, p. 368) “is a brick a prototype?” and its 
subsequent answer “depend on how it is used” reminds us of two crucial aspects of 
prototyping. Firstly, that an over-emphasis on the prototype itself can create a fixation to think 
more about the artifact rather than on the objective for which we have created it. Which in 
turn could lead to over-design and over-trust on the prototype artifact (BenMahmoud-Jouini & 
Midler, 2020). And secondly, that however important the embodiment of design ideas is, 
what questions we ask of our prototypes and the answers or learnings we extract from them 
are of the outmost importance (ibid). 

Means of exploration 

The second part that we can then examine is that of prototypes providing the means of 
expanding the understanding of the design space, which is deeply related to the roles or 
objectives that prototypes have in design problem-solving process. An important part of 
design work is to be able to use design tools, such as prototypes, to better understand what 
are the different important elements that make a situation problematic. This could mean an 
exploration of what are pain points, challenges, needs, or desires that must be addressed 
and what possible solution, or combination of solutions, can be better suited to solve this 
problematic situation. This is often done in an environment of collaborative work, with other 
design practitioners, people from different professional backgrounds, potential users, and 
clients. 

Given how wide the range of explorative actions is that designers need to address, 
prototypes become fluid objects that could serve multiple purposes. If we look at multiple 
examples from prototyping in the literature, we can find multiple characterizations or divisions 
of prototype roles. 

Ulrich, Eppinger & Yang (2008) propose a two-sided approach. Firstly, by proposing a two-
by-two matrix of type of prototypes which in its first axis has a dimension of physical vs 
analytical prototypes and on the second axis a dimension of comprehensive vs focused. And 
secondly a division of prototypes by their purpose which is divided in four: learning, 
communication, integration, and milestones.  

In Camburn, et al.’s (2017) review of prototyping literature, they identify four distinctive 
objectives: Gradual Refinement of design solutions, Exploration of new design concepts, 
Tools of Communication between different stakeholders, and for the process of Active 
Learning and gaining new knowledge.  

Menold et al. (2017) propose a framework of prototypes that draws from human-centered 
design methodologies to subdivide prototyping into three different categories: Prototypes for 
desirability or the appeal of certain solution to the users, prototypes for feasibility or technical 
possibility of the solution to work, and prototypes for viability or the likelihood of a solution to 
be profitable and a sound business option.  

Benmahmoud-Jouini and Midler (2020) go even further to present three archetypes of 
prototypes, stimulators, demonstrators, and validators, with the intention of presenting an 
overarching set of characteristics that go beyond a simple individual role.  

Yet, from the previous examples, we can observe that very little separation is being made in 
terms of different objectives of prototypes based on which stage of the design process are 
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the prototypes being used. As shown in Camburn et al.’s (2017) review, a great majority of 
literature mainly focuses on solution refinement which is connected to final stages of design 
process that extends to the other studies here presented. Along with some of the other 
categories of prototype roles and objectives that are of vital importance to the entire design 
process and not to one specific stage. Leaving only very few that mainly focus on early 
stages of design and none with the specific objective of prototyping for problem exploration 
which is rather treated as a possible consequence of prototyping.   

One thing can be discerned from these different categorizations of prototyping and how they 
are used that lead into the reason for exploring problem-oriented prototypes of this paper. 
From the previous authors we can separate prototyping from different perspectives into two 
distinctive areas, prototyping for solving a problem and prototyping for testing of a solution. 
From this we can propose a third area, to be further explored in prototyping research, of 
prototyping for discovery and learning of the different possible variables of the problem to be 
solved (Figure 1).  

 

 
Figure 1. Prototyping for discovery 

 

Some prototyping techniques, like Lego prototypes of services, can be and are being used to 
also explore current situations. In such a case, the Lego representation could be seen as a 
discovery process, but it is likely to result in a hybrid activity both identifying potential 
problems and proposing solutions. Hence, the prototyping technique and activity are not 
exclusively focused on exploring the problem. In other fields of design, such as critical 
design, the whole purpose may be to expose a problem (as one example, Anna Odell’s 
project Undersökningen, in which she invited influential men to experience the denigrating 
experience of sitting in a gynecology chair undergoing an examination, comes to mind). But 
here the object that questions or exposes said problem is a final design, and not a prototype. 
Hence, we are not claiming that what we propose is entirely new. Yet what we aim to explore 
in this paper is what it would mean to develop prototypes in the early stages of a process, 
that in the end is aimed at yielding some kind of solution later on, but where the initial 
prototyping efforts have the sole purpose of exploring (some aspects of) the problem.  
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Prototyping in early stages of design 

Early-stages of design 

Design projects can have a wide range of starting points based on the level of advancement 
of the design brief and the designated starting point of the project. There are many degrees 
in variability in terms of known and unknown information that designers would deal with at 
the starting point (Ruiz, 2020).  

Several seminal authors within design offer a distinction in between two types of design 
activity. Firstly, design activity in which a lot of the variables and constraints of the design 
space are known to the designer and their job is to find the best combination of elements that 
address these variables to produce a solution. And secondly, design activity in which a lot of 
information is conflicting or unavailable to the designer at the starting point, and before a 
solution can be produced, the designer’s job is to provide the space with more clarity and 
understanding of what the problems, goals, limitations, and criteria to possible solutions are. 
Simon (1973) refers to this as well-define and ill-define problems, Gero (1990) refers to them 
as routine and non-routine design, while Buchanan (1992) refers to them as determinate and 
wicked problems.  

For the focus of this paper, we mainly refer to the second set of problems. The kind of design 
problems in which the designer spends a great deal of time in the early stages of the design 
process to provide structure to the problem (Simon, 1973; Voss, 2005). Through establishing 
a problem space area by determining what are possible users and stakeholders, what needs, 
and problems do these users face, what are acceptable criteria for a sensible solution and 
what are possible limitations and constrains that need to be considered (Goel & Pirolli, 1992; 
Simon, 1973; Smy et al., 2016). 

One of the main reasons for this paper is the behavior observed in classroom of our design 
projects course. The course is based on design thinking methodology and grounded in 
challenge-based learning, experiential learning, and iterative models of design for problem 
solving. In it, groups of students are selected and assigned to real industry projects provided 
by an industrial partner. Over the course of nine months, students follow a methodological 
process of simultaneous problem and solution exploration through the use of ethnographic 
studies and prototype development that follow design thinking iterative process (Domingo et 
al., 2020; J. Ruiz, 2020; J. F. Ruiz & Wever, 2022). One of the difficulties that students face 
during the first missions of the project is to produce prototypes that are not intended as fully 
fleshed solutions but rather as problem probing and exploration.  

Prototype-based reflection in action 

In 1983, Donald Schön proposed that, in the practice of design, this behavior of searching for 
creative solutions is one of reflection-in-action in which the designer engages in a ‘reflective 
conversation’ with the design problem. He explains that in design activity, designers follow a 
process of path creation in which new understandings about the situation are created by 
making “moves” and evaluation or reflecting on said move and their significance on the path 
taken (Schön & Bennett, 1996). This means that designers engage on a process of 
discovering the design space and desirable path by building prototypes, testing them, and 
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reflecting on what it means for the particular design problem (Cross, 2004; Schön, 1983; 
Schrage, 1996). 

The process of Reflection-in-action process is based on the use of a framing process. The 
process as explained by Schön is cycle of four steps (Figure 2). First the designer names or 
stablishes the elements of the problem that will be addressed. Then a context or frame in 
which they will be addressed is created. Next the designer proposes experimental/temporary 
prototypes or moves. Finally, the designer tests and reflects on the results of said moves to 
either accept them as desirable moves or to propose new ones (Cross, 2004; Schön, 1983; 
Valkenburg & Dorst, 1998). 

 

Figure 2. Reflection in action process cycle 

When can see a clear connection of this process for prototype creation in the later stages of 
design (Figure 3). Here the problem has already been explored and the elements of the 
problem that will be addressed can be named, which allow the designer to propose a frame 
in which a series of possible moves can be proposed, evaluated, and reflect on their 
significance for a solution within this frame. 

 
Figure 3. Solution focused reflection-in-action 

Problem focused reflection-in-action 

If we on the other hand look at the state of the different element on the earlier stages of 
design, we can observe that neither the problem has been sufficiently explored that will allow 
for the elements to be named nor a “permanent” frame can be created in which the designer 
can propose and evaluate moves. Yet, from our previous understanding of the design activity 
we can infer that instead of being in a state of paralysis over lack of problem definition, 
designer instead use prototypes to engage in active learning to provide definition to the 
problem (Figure 4). What changes is the element in which the designer reflects, and the 
question they ask of their prototypes, effectible using the temporary frame and temporary 
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moves to reflect on the elements named. This task then places a lot of importance on the 
question the designer asks of its prototypes and the ability to not fixate on the artifact created 
but rather to focus the reflecting on problem definition. 

 

 
Figure 4. Problem focused reflection-in-action 

Unintended Examples of Problem Exploration Prototypes  

In this section we will use three examples taken from project of our Design Thinking course, 
and we will discuss them from the perspective of the problem focused reflection-in-action 
model previously discussed. The course itself has a structure of missions/milestones 
designed to guide the students through a design process that start with divergence and 
exploration of the problem are and later into a converging face to develop solution.  

During the project the students are provided with a unique real-life project from a real 
industrial partner, design methodological content and a set of deliverables based on the state 
of the project. The missions in which the three examples where situated, belong to the early 
stages of the project.  

In this stage students are asked to develop a deep understanding of the problem area and 
users within it, while at the same time create prototypes that answer non-evident design 
questions. The missions are very much intended for students to develop the ability ask non-
evident design question based on their research and to create prototypes that prove those 
questions. While some students are able to use prototypes others struggle to use prototypes 
solely for problem exploration and become fixated on the artifact and the solution it offers to 
the problem. The three examples here presented, among others no in this paper, are of the 
groups of students who successfully used prototypes for problem exploration and allowed for 
a dissection and reflection of the actions performed that led to the model here presented.   

Improving great looking eyes 

Problem space: In this project the group of students was provided with a design brief from a 
multinational make-up company in which the company provided a very open challenge for 
exploration. The main prompt of the brief was how might we improved great looking eyes and 
what are problems that user experience when applying make-up. 

Element of the problem: after a period of space exploration research, user interviews 
conducted, and testing of current solutions, the design team had discovered that there is a 
steep learning curve, high expertise level and time investment to obtain good results. This 
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deterred many users from applying make-up on daily basis as they might have limited time in 
the morning before their daily routine began. Another finding that the team discovered was 
the perception of users that make-up application is a personal identity activity that is closely 
related to self-care and “me time”.  

Question: These findings led the team to find a paradox of fast speed for results vs slow 
speed for enjoyment. From this the question that the team had about the problem and the 
user was: Would user be willing to give up control of their daily make up routine to obtain 
better results?  

Artifact created: Based on this the team decided to construct an automated make-up 
machine (Figure 5a) with the premise of superfast application but no control over the results. 
You just put on the mask, pushed a button, and wait for the results. The machine was based 
on a wizard of oz prototype. The mask itself didn’t work at all and was just a modified mask 
(Figure 5b) to look like it could possibly be a real machine, and a real make-up artist 
equipped with an airbrush and hidden behind a door secretly performed the make-up 
application (Figure 6).  

    
Figure 5a & 5b Automated make-up machine 

 
Figure 6. Prototype testing 

Problem reflection-in-action: In this case the machine was not technical feasibility. However, 
the team was not interested on the possibility of actually building the machine but rather to 
see the willingness of users to submit themselves to an automated process that offered great 
results but in which they had no control. In this case the design artifact was the make-up 
mask, but the prototype was the experience of automated make-up application that they use 
to better understand their users.  
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Contribution to problem-solving: In the end the design team didn’t create a make-up 
application machine. The learning they extracted from that prototype gave them and insight 
in understanding that user would be willing to utilize simplified tools that limited their ability to 
customize results but that provided quick and effortless results with no learning curve and 
predictability in results.   

Rescue in hard-to-reach terrain 

Problem space: In this project the group of students was provided with a design brief that 
dealt with rescue operations from and industrial partner that collaborated with a research 
center for disasters. The main prompt of the brief was how might we extend the survival time 
of victims in emergency situation.  

Element of the problem: Among the scenarios of research that the teams used was the 
Trängslet Dammen plane crash in the north of Sweden. This scenario exemplified a situation 
in which victims had to wait for a very long period of time before any help was provided due 
to the difficulties of the terrain in which it occurred. For the victim this meant that they had to 
endure very cold temperatures and lack of supplies while they waited for help to slowly 
arrive.  

Question: The scenario presented, coupled with the teams’ research on similar situations, led 
the student group to consider multiple physical prototypes of systems that contained all 
possible tools and equipment that victims could use while waiting for rescue services. The 
team explored the creation of a survival system and how to and where to place it that would 
be easily accessible and not interfere with cabin design or weight distribution on planes. 
However, the team discover that many similar kits or systems either already existed or could 
be easily assemble. This reflection led the team to a second question of accessibility to the 
tools and more specifically to would passengers even think or remember to bring them in 
case the emergency was happening?  

Artifact created: Based on this question the team decided not to build the system of survival 
tools anymore but rather decide to test the issue of would it be useful in a case of 
emergency. For this the team decided to use a simulation of the tools represented by a pillow 
and constructed a simulation of a plane crash and to make it as stressful as possible (Figure 
7). in the simulation, the aircraft crew, performed an A/B test in which they either gave 
detailed instructions to remember to bring the kit or just loosely mentioned it.           

  

Figure 7. Simulation as prototype rather than the artifact 
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Problem reflection-in-action: In this case, once again the team was not after a technically 
feasible solution but rather, they wanted to better understand the behavior of people in 
stressful situations and how they would behave around feasible solutions. In this case the 
artifact was a representation of the kit in the form of a pillow, but the prototype was the 
testing platform of the simulation that allowed for testing of user behavior.  

 
Figure 8. User in stress situation forgot the instructions given  

Contribution to problem-solving: From the test conducted the team quickly discovered that in 
very stressful situation the users won’t easily remember instructions no matter how elaborate 
(Figure 8). In the end the team reflected on the path taken once a new piece of information 
was found in a subsequent prototype that pointed to a very low incidence of plane related 
crashes combined with a very low survival rate after impact. Based on this discovery decided 
the team decided to change path to post disaster rescue in hard-to-reach areas but the 
learning that solution needs to be easy to use with minimal instruction and accessibility to 
user in very stressful situation was carried to final solution. 

Medical imagery 

Problem space: In this project the group of students was provided with a design brief that 
dealt medical images and the patient-doctor relation surrounding the use of said images.  

Element of the problem: After the initial exploration period, where students conducted 
research and interviews, the group started to see a pattern of disconnection in between 
health professionals and the patients. They discover a twofold problem, first of prolonged 
waiting times in between the image been captured, and diagnosis been produced. second 
the problem of poor communication in the diagnosis segment of medical imaging as they are 
hard to read and require high expertise to do so. The problems are, of course, exacerbated 
on one hand by limited availability and time of medical professionals that can read, and 
interpret the images. And on the other hand, by impatience from patients that experience 
anxiety regarding their health issues.  

Question: Based on these finding, the group of students started questioning several 
assumptions from the current state of the problem, like could it be possible to create medical 
images that are self-explanatory and don’t immediately require a medical professional to 
evaluate them but can provide initial understanding to the patient. This path led the team to 
examine current medical images and how much can patients currently understand? 
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Artifact created: Based on this question the team decided to create several prototypes that 
aimed at helping patients to understand current images by either giving them a point of 
comparison or by providing an easier to read image. First, they presented a baseline to 
understand what healthy image looked like versus what the image of their condition looks like 
to stablish if they could understand their situation better (Figure 9a). And secondly the team 
provided patients with different sets of images in both 2D images (sliced view) and 3D 
images to stablish if seeing the bones or organs in their actual shape would facilitate 
understanding (Figure 9b).  

  

Figure 9a Comparison of healthy vs unhealthy image 

 

Figure 9b Comparison of 2D vs 3D representation 

Problem reflection-in-action: In this case, once again the team was not after a technically 
feasible solution or digital system that could actually display the information to the patients. 
Rather, they explored what is they current level of understanding of images and how can it 
be enhanced by providing certain visual aids. The artifacts use where simple modified 
images either printed or in a PowerPoint deck which they used to test with the users (Figure 
10). 

 
Figure 10.  Prototype testing 
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Contribution to problem-solving: In the case of this team, the reflection and learning from this 
early prototype was rather a big “failure” from the perspective of the artifact, but a great 
success in terms of defining their problem area. The students discovered that patients had a 
bigger tendency to overreact, misinterpret and misidentify basic elements from the images. 
From the medical community they also discovered that not providing a full load of information 
on the patient is part of the diagnosis as to not overwhelm and further produce anxiety. For 
the long-term project this prototype served to dissuade them from the path of self-diagnosis 
but pointed at and interesting revelation of visualization of same object in multiple modes in a 
common platform to simplify communication between image technicians who communicate 
2D and doctors who communicate in 3D. 

Summary/Conclusions  

In design education, a range of models and prototypes get generated by students. A degree 
show, with appearance models (Pei et al., 2011) on pedestals, is experienced by many 
students as the celebratory culmination of their many years of study. But as Pei (ibid) made 
clear so nicely in his taxonomy of design representations, different types of models and 
prototypes each have their function, to either explore, validate, or communicate aspects of 
our design.  

Academically trained designers may be expected –even though current practice might be 
different– to explicitly articulate and argue for the type of design representation they will use, 
as well as at which fidelity they will create it.  

Design education should train students both at the skills to create different types of design 
representations, as well as in strategically employing them. Current educational practice may 
well fall short on this.  

Here however, we raise yet another question: if we were to have programs properly training 
students on the use of different models and prototypes, how would such training further 
evolve once we challenge students to employ prototypes purely for the exploration of their 
problem? Basically, all the sketches, drawings, models, and prototypes included in Pei’s 
taxonomy are solution-oriented.  

The easy first step to take is to challenge students to start creating prototypes even earlier 
and use them in interactions with participants from their problem area. Asking at each 
coaching session, as we do in our weekly feedback sessions on the design thinking projects, 
what they have built and what they have learnt from their prototypes helps.  

It also requires a mindset from teachers to except that they have no clue where a project will 
end up. Experienced design teachers will be able to see potential (and will have to bite their 
tongue to not point it out to students).  

Proper briefing is of paramount importance, for projects where you want students to explore 
their problem space through prototyping. Briefs should be sufficiently open, or students need 
to be actively steered towards challenging the brief if it is more closed. 
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Process as prototype: exploring 
complex knowledge exchange in the 
production of low-cost buoyancy aids in 
Zanzibar through the participatory 
design of a ‘workflow system’  
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Abstract  
 
This paper reports on an investigation into the role of experiential knowledge in growing capacity for 
producing low-cost buoyancy aids with soft goods manufacturers – tailors – in Zanzibar, set within complex 
knowledge exchange collaborations under academic-industry partnerships. In this study, the makers' 
practice of tailoring and their local environment knowledge had a formative role in designing a prototype 
‘workflow system’ for local, small-batch production of low-cost rescue throwlines as part of a wider 
community-led water safety programme.  
The study builds on a previous phase of the research that identified limitations with a human-centred 
design (HCD) approach to the creation of opensource instruction manuals for low volume production of 
rescue throwlines. We propose that the previously incumbent HCD approach through its problem-solving 
procedures obscured the importance of the local makers’ participation in the problematisation of the 
manufacturing process. By foregrounding the local makers’ knowledge of the whole manufacturing process, 
from sourcing materials in the market to making and testing the products, this study aimed to investigate 
how the local makers would devise and develop their own methodological approach to making the rescue 
throwline, examine what the findings would suggest for the design of the throwline, and explore how this 
knowledge might be exchanged with other collaborators in the project. A further and longer-term aim is to 
support the development and impact of local capacity building in end-to-end drowning prevention 
management by demonstrating the importance of experiential knowledge in existing local communities of 
makers. 
A participatory making approach informed by design thinking underpinned the design of the study. An 
experimental participant-led approach to the generation of data draws attention to the different positions 
and types of knowledge negotiated. The study elucidates some of the barriers for exchanging this critical 
experiential knowledge with collaborators and exposes challenges for creating new social infrastructure 
within the community concerning drowning prevention. It concludes that managing complex knowledge 
exchange in prototyping in the Zanzibar context requires an iterative methodological approach to the co-
construction of knowledge centred around the experiential knowledge and skills of the users of the 
‘workflow system’. 
 
Experiential knowledge; participatory design and making; workflow system; drowning prevention; complex 
knowledge exchange. 
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The United Republic of Tanzania (URT), which includes Zanzibar, is one of the countries 
whose population is most vulnerable to death by drowning (WHO, 2014; Sarrassat et al, 
2019). As a result of wider advocacy work by the Royal National Lifeboat Institution (RNLI) 
and others, in April 2021 the United Nations (UN) passed a Resolution setting out urgent 
action for drowning prevention across all countries and UN agencies1 – the first in its 75-year 
history. One of the key factors leading to this intervention has been the inability of local 
communities and small organisations in low-resourced countries, like Tanzania, to sustain 
the production and upkeep costs of specialist manufactured ISO standard drowning 
prevention devices, such as the rescue throwline in Figure 1. In response, the RNLI has 
been working with global partner organisations to research and develop community-led water 
safety capacity2, which includes developing capability for producing life-saving buoyancy 
aids such as low-cost rescue throwlines. 

 
Figure 1: ISO standard rescue throwline designed and manufactured by Eval in 
Greece (2020). Object number: AIBDC: 009367. Photo: MoDip, Arts University 
Bournemouth. 

 

Since 2019, the Arts University Bournemouth has been consulting with the RNLI to deliver 
manufacturing guidance and tools that can be managed in-country by communities and local 
NGOs. One of the core activities has been to grow capacity for producing low-cost rescue 
throwlines that adhere to RNLI safety-critical standards, thereby omitting the need for costly 
intermediary supply chain actors and increasing the likelihood of community involvement. In 
doing so, this project works towards a theory of change such that as new markets in 
drowning prevention capacity open up, so too do possibilities for entrepreneurship and 
sustainable socioeconomic growth. Out of this, the Arts University Bournemouth established 

 
1 https://rnli.org/news-and-media/2021/april/29/un-adopts-historic-first-resolution-on-global-drowning-
prevention (Accessed 16th January 2023) 
2 https://rnli.org/what-we-do/international (Accessed 16th January 2023) 

https://rnli.org/news-and-media/2021/april/29/un-adopts-historic-first-resolution-on-global-drowning-prevention
https://rnli.org/news-and-media/2021/april/29/un-adopts-historic-first-resolution-on-global-drowning-prevention
https://rnli.org/what-we-do/international
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a partnership with Pamoja Zanzibar (Pamoja), specifically Pamoja’s tailoring school3 based 
in Kisauni, Zanzibar, and conducted several creative design workshops in-country (Conrad & 
Devall, 2020). 

This paper focuses on a period of activity conducted in 2021 between the Arts University 
Bournemouth and Pamoja. It discusses aspects of this process of growing capacity focussing 
on the complexity of knowledge exchange across disciplines, institutions and cultures. It 
concerns the role of participatory design and maker knowledge in grassroots innovation, and 
in particular the intangible knots of experiential knowledge that we discovered to be crucial in 
refining the prototype of an appropriate, context-specific workflow system for producing low-
cost rescue throwlines. The activities presented here took place in Zanzibar at Pamoja, and 
the research team worked remotely from the UK due to prohibitive international travel 
restrictions as a result of the Covid-19 pandemic.  

The background to the problem 

The complexity involved in undertaking collaborative and interdisciplinary projects, 
particularly where creative design and making practices are concerned, presents 
opportunities for design research (Bowen et al, 2016). In this instance, the RNLI and its water 
safety partners initially applied a human-centred design (HCD) approach to the development 
and testing of a new-to-the-market product, the rescue throwline, drawing together expertise 
in water safety, product design and user-centred design. The HCD approach primarily 
involves users and stakeholders in the problem-solving design process, rather than 
problematisation (Vines et al, 2013), which is an important distinction to point out, especially 
in this instance where the success of the drowning prevention programme depends on 
community uptake and ownership. Problematisation here is approached as a collaborative 
process of problem formulation, where the “nature of problems” is explored and refined 
through creative practice (ibid 2013, p.192). In such settings, the frame within which a design 
thinking approach is applied can create the constraints to enable (or disable) instrumental 
value in the process (Dorst, 2011). This value is intrinsically tied to the experiential 
knowledge of all stakeholders. Furthermore, it can lead to enhanced uptake when the 
knowledge about the product’s purpose and its features is expected to transfer across 
complex disciplinary, socio-economic, cultural and linguistic boundaries without resistance, 
misunderstanding and/or rejection.  

Whilst we acknowledge that the research team has expertise in design, making and 
innovation developed in a largely Euro-western context, and “brings to bear … a cultural 
orientation, a set of values, a different conceptualization of such things as time, space and 
subjectivity, different and competing theories of knowledge, highly specialized forms of 
language and structures of power” (Tuhiwai Smith 2021, p.49), we understand the 
importance of expanding design research methods towards a more inclusive approach, 
particularly in the framing of the problematisation process. In Zanzibar, where manufacturing 
capacity is very small scale and makers are likely to be closely involved in the whole 

 
3 Pamoja Zanzibar is an NGO, based in Kisauni outside Zanzibar City, that offers vocational training 
programmes and qualifications in car mechanics and tailoring as well as water treatment facilities: 
https://www.pamojazanzibar.org/index.php/en/ (accessed 27th January 2023). 

https://www.pamojazanzibar.org/index.php/en/
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process of product development and use, we determined that the HCD design thinking 
approach employed previously, obscured the importance of participation as a way of 
designing for and with people. The local community of makers, although they had not been 
directly involved in the problem-solving process of designing the rescue throwline, were 
important components within the complex knowledge exchange process. Reframing the 
problematisation process, with their participation, around the context of manufacturing 
capacity identified a new set of problems and brought a new perspective to the bigger 
picture of capacity building. By bringing in a creative participatory design approach to 
capacity building that includes the experiential knowledge of local communities of makers in 
developing prototypes of supply, manufacturing and testing processes, we propose that a 
broader group of stakeholders can be engaged in the ownership of the drowning prevention 
management process. 

The research presented here builds on the challenges of the product prototyping observed in 
previous iterations by Conrad and Devall (2020), which explored the ability of Pamoja’s 
tailoring community to adopt opensource instruction manuals produced as a result of the 
RNLI’s earlier HCD research on the design, development and testing of the new-to-the-
market throwline. Conrad and Devall (ibid) found that the opensource instruction manuals 
had been designed for makers familiar with industrial scale manufacturing systems and were 
not adapted appropriately to the Zanzibar context. Furthermore, these manuals failed to 
reflect the role of experiential knowledge in successfully making a throwline to the RNLI 
safety critical standards.  

Project aims and objectives  

Given the importance of involving local makers in problematising the manufacturing process 
in order to negotiate the complex collaboration necessary for low-cost throwline development 
and local community management of drowning prevention strategies in low-resource 
settings, our intentions were to:  

• investigate how the makers (Pamoja tailors) would devise and develop their own 
methodological approach to making the rescue throwline. 

• examine what the findings would suggest for the design of the throwline. 

• explore how this knowledge might be exchanged with other collaborators in the 
project such as the RNLI. 

 

Characteristics of ‘designerly thinking’ have been applied using the role of making as inquiry 
(Johansson-Skoldberg, Woodilla & Cetinkaya, 2013; Cross, 2007). In this research, the role 
of making as inquiry extends to include participatory making, which allows for a more 
inclusive approach to community participation, and importantly provokes questions 
concerning skills, ways of working and positions of knowledge. For instance, local 
environmental knowledge has been exchanged through engagement in activities with 
participants (Berg, 2008) that centres their expert knowledge developed in the Zanzibar 
context. 
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As mentioned above, the buoyancy aid in focus for this study is a low-cost 18m long rescue 
throwline designed and developed in 2019 by the RNLI International team. An instruction 
manual for making the rescue throwline, initially developed by the RNLI and revised by the 
Arts University Bournemouth research team (Conrad & Devall, 2020), is available as an 
opensource download via the RNLI website4 (Figure 2). The design and its safety-critical 
features as presented in this document are referred to as the template for how the product 
should look and function. 

 
Figure 2: An example page from the low-cost ‘Rescue Throwline Manual’ in Swahili, 
an opensource download tool available from the RNLI website. 

 

The rescue throwline is made from a bright orange nylon fabric bag with black webbing 
handles, stainless steel eyelets and a twisted polyethylene rope (see Figure 3). All materials 
need to be available to buy locally. Local makers with capabilities in small-scale soft goods 
making5 and a situated knowledge of supply chain capacity within the Zanzibar region were 
identified as participants for this study: the Pamoja tailors.   

 
4 https://rnli.org/what-we-do/international/international-resources - ‘Rescue Throwline Manual’ (Accessed 16th 
January 2023) 
5 Known as ‘tailors’ in Zanzibar, and hence referred to as tailors here. 

https://rnli.org/what-we-do/international/international-resources
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Figure 3: The rescue throwline product prototype, designed by the RNLI International team 
and produced by Pamoja tailors, Zanzibar (2019). Object number: AIBDC: 008485. MoDip, 
Arts University Bournemouth. 

 

Methods  

Returning to the project aims and taking into account the importance of involving local makers in 
problematising the manufacturing process in order to better understand how to move towards a 
participant designed ‘workflow system’, we set out to learn from the tailors how they set about 
making the throwlines from sourcing the necessary materials, through to making and testing the 
products. For this, the study used a combination of methods. Over a period of two months in 2021, 
meetings and discussions were held with the Pamoja tailors on Skype interspersed with workshop 
activities undertaken by the tailors on location at Pamoja’s tailoring school. We devised specific 
tasks for the workshop activities to interrogate the tailors’ process and question prompts to guide 
documentation. In asking the tailors to describe their processes more explicitly than they might 
otherwise, the objective was to elicit context relevant detail about their approach to making the 
rescue throwlines. This in turn informed the participatory approach to designing the ‘workflow 
system’. These activities were organised around six stages: 

1. Mapping the tailors’ capabilities and Pamoja’s capacity for manufacturing the rescue 
throwlines. 

2. Gathering materials needed, e.g. sourcing fabric, rope and notions from the 
market. 

3. Preparing materials for production, e.g. cutting out requisite amounts of fabric 
and rope. 

4. Making and testing the rescue throwlines, including further problematisation of 
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making techniques. 
(Two iterations of stages 3 and 4 enabled refinement and consolidation of the 
production process.) 

5. Trialling ways of communicating the process for exchanging the experiential 
knowledge of resourcing, manufacturing and testing the rescue throwlines. 

6. Devising the guidelines for the ‘workflow system’. 

 
A research assistant/translator was employed on location to facilitate discussion between the 
English-speaking research team and the Swahili-speaking tailors. The Skype meetings held at the 
Pamoja tailoring school were recorded and documentation of the tasks/workshop activities 
including photographs, short video clips and voice memos were sent back to the research team via 
WhatsApp by the translator. The advantages of using WhatsApp were a) it is an affordable instant 
messaging service that required no additional costs or equipment from participants and b) it 
facilitates the collection of ‘real-time’ data over both time and place (Manji et al, 2021). 
Methodologically speaking, this approach to participant-led data generation was new for the 
research team and we welcomed this as a way to build trust and adjust the balance of power 
between researchers and participants (Kara, 2018). Visual and text-based analysis of the data was 
shared with participants using an online whiteboard tool (Miro) throughout the length of the study. 

 

The project: understanding the makers’ process and creating the 
prototype workflow system 

Returning to the project aims and taking into account the importance of involving local makers in 
problematising the manufacturing process in order to better understand how to move towards a 
participant designed workflow system, we first set out to observe how the tailors make the 
throwlines from sourcing the necessary materials, through to making and testing the products. We 
devised specific tasks to interrogate their process and question prompts to guide documentation.  

Some of the tailors at Pamoja had already been involved in earlier stages of the research in 2019, 
including the head tailor, Josephina, and her deputy, Mwanahamis. In order to avoid overlooking 
any essential information that might have become absorbed intuitively into the embodied 
knowledge of making held by Josephina and Mwanahamis, we stipulated that they work with at 
least one tailor with no prior experience of making the throwline to be able to report back to us on 
their learning. We worked with five tailors for this study: the head tailor, her deputy, two trainee 
teachers, Almish and Zainab, who had been involved in making throwlines previously, and one 
tailor with no prior experience of making the throwline, Mwajuma. 

An initial mapping exercise established the tailors’ making capabilities, their role in the Pamoja 
organisation, their skills, access to equipment and other claims on their time. This enabled us to 
understand the scope of possibilities and the limitations. All participating tailors held a tailoring 
qualification and worked independently, either on individual commissions or producing soft goods 
for the tourist economy, as well as at the tailoring school. All had access to sewing machines. All 
held other jobs in addition to their tailoring such as farming and animal husbandry, cooking and 
domestic duties.  
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This was followed by a trip to the market in Stone Town, led by Josephina and Mwanahamis, to 
source and buy the materials needed to make two batches of ten throwlines, overseen by 
Josephina. The first batch was made to problematise the process, identify and document any 
challenges; the second batch was made to confirm the workflow system as a proof of concept.  

The next stages of the project involved exploring ways to formulate and communicate the 
knowledge gained. This was achieved through two ‘chemsha bongo’ (brainstorming) sessions, led 
by the research assistant on site, that explored the best ways to show and explain how to make 
the throwlines respecting the critical safety standards required (see Figure 4). This involved a 
combination of description, drawings, making samples of certain components and additional 
revisions to the original manuals. 

 
Figure 4: ‘Chemsha bongo’ brainstorming session at Pamoja: exploring ways to 
formulate and communicate the tailors’ knowledge. 

 

A final stage resulted in the drafting of guidelines embracing the whole workflow system that 
can serve to pass on the knowledge of how to make the throwlines to other tailors. These 
guidelines, in Swahili, with added illustrations and short video clips, make reference to 
explicit procedural knowledge (Niederrer, 2007), such as the correct measurements required 
and how to secure the holes for the rope to pass through, as well as an implied experiential 
knowledge (ibid) specific to the tailors’ context in Zanzibar, such as ‘window shopping’ for 
sourcing materials and pulling on the rope to test the security of the knot.  

The role of experiential knowledge in developing the ‘workflow 
system’ prototype  

Conrad and Devall (2020) had already shown that the opensource instruction manuals only 
partially succeeded in exchanging knowledge of the critical safety standards embodied in the 
RNLI designed throwline. The knowledge exchange ‘system’ of instruction manuals did not 
completely fulfil its role. Smith et al (2017), argue for “increasing creative input from workers” 
(p.39) in relation to the introduction of new technologies into production processes, stating 
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that “systems designed without thought for user skills resulted in serious failures, as well as 
resistance” (Smith et al. 2017, p.39). The Pamoja tailors, users of the system in question, 
found that the manuals did not reflect essential information specific to how they apply their 
skills in their particular context. As a result, the manuals were not used by the tailors as 
intended. They preferred to refer to the product prototype instead, bypassing sections of the 
instruction manuals, and drawing directly on their own experiential knowledge of making 
processes accumulated with the basic tools they are used to using (e.g. second-hand 
domestic sewing machines, scissors, dress-making tape measures, chalks for tracing the 
fabric pieces) and the spaces they are familiar with.  

Soft-goods manufacturing – tailoring – in the Zanzibar context is small-scale and largely part 
of the informal economy (Bonnet et al, 2018)6. As an indication of the manufacturing 
capacity, Pamoja, an established organisation, could manage the production of batches up to 
a maximum of 100 throwlines, but would cut out and make them one at a time. Individual 
tailors are more likely to work from their homes with considerably less capacity. Tailoring in 
Zanzibar is a grassroots livelihood without supply chain infrastructure and streamlined 
manufacturing. The tailor making the buoyancy aid is also sourcing and transporting the 
materials, preparing space for the production process, sewing and testing the product; they 
are involved in the whole manufacturing process.  

We realised the knowledge necessary to be able to reproduce these rescue throwlines and 
pass the knowledge on to others cannot be wholly and reliably contained in an opensource 
instruction manual; it is distributed across the whole process. Instructions for making the 
products needed to extend to guidelines for the whole process. The prototype we were 
therefore developing with the tailors was a context specific ‘workflow system’ - a design 
process that supersedes the design of the physical product. The tailors’ experiential 
knowledge – the knowledge accrued from their experience of sourcing supplies in the 
market, calculating quantities and preparing for production with little space, basic tools and 
using second-hand sewing machines – was essential for its development. A participatory 
design approach (Vines et al, 2013; Halskov & Hansen, 2015) was necessary to facilitate the 
exchange of this knowledge across the disciplinary, socioeconomic, cultural and institutional 
boundaries. As with a product prototype, there were iterations of this process in order to 
better understand how it worked for the tailors and identify points of difficulty or 
misunderstanding that required clarity in order to ‘write down’ the workflow system.   

What follows is a discussion of three key instances that demonstrate the crucial role played 
by experiential knowledge in the design of this prototype workflow system: 

• Procuring materials 
• Using appropriate technologies 
• Testing safety critical standards    

Procuring materials 

Developing the workflow system took into account the whole making process and highlighted the 
place occupied in this process by the procurement of materials. As mentioned above, the tailor 

 
6 Women are more likely than men to be occupied in sectors of the informal and semi-formal economy in 
Tanzania (such as tailoring) by 2.5 to 5 percentage points.  
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making the throwline is also sourcing and transporting the necessary materials. All materials for 
making the throwline are sourced at the central market in Stone Town from chandlery stalls, 
haberdashery stalls and other related suppliers such as shoe manufacturers. Knowledge of where 
to find the necessary materials is gained by ‘window shopping’, whereby the tailors, in a small 
group of three, visit the market together to seek out the best and cheapest suppliers of the 
materials needed. There are a limited number of suppliers in the market and stock needs to be 
assured. Familiarisation of the materials used, prices and where to find them is achieved by 
regular visits to the market. Josephina, the head tailor, recommends tailors go ‘window shopping’ 
before buying what is needed: 

Josephina normally does ‘window shopping’ first to scope out the materials and 
components for prices and location but the prices fluctuate so you still need to keep in 
mind what might be the case for different prices on the day.7   

‘Window shopping’ is then usually followed up with a second trip to buy the materials identified. 
However, for this study, she felt it was important the tailors have the whole experience of going to 
the market and walking around to find and buy what they need, emphasizing the need to gain 
experience of the searching, calculating and negotiating required, as well as knowing what to look 
for: 

Josephina decided to take the whole team to the market and do the scoping and 
purchasing together (rather than in two different trips) so the team can get a feel of how 
much you’d need to decide when selecting supplies.  

 

For the purposes of this study, Josephina wrote a shopping list to calculate how much/many of 
each component was needed for making ten throwlines. Normally, this information would be 
memorised. Exact quantities are bought for the number of throwlines to be made. Where quantities 
are packaged up approximately, prior knowledge of what is sufficient for the task is essential. For 
example, the polyethylene rope is sold in bundles of approximate lengths of 17-19m and it makes 
sense to use a whole bundle per throwline rather than waste small lengths to achieve precision to 
the nearest millimetre. 

 

 
7 Quotes are taken from voice memos translated from Swahili to English by the translator. 
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Figure 5: Sourcing supplies: tailors shopping in Stone Town central market for materials 
to make the throwlines. 

The experience of sourcing materials also includes journeying to and from the market. Tailors may 
take the ‘dala-dala’ (public transport) or be driven to the market in the car owned by Pamoja. In this 
instance it was more efficient to use the Pamoja car to transport bulky bundles of rope and fabric. 
In either case, the amount of fabric and rope bought is limited by what can be carried on foot.  

 

 
Figure 6: Transporting supplies: Mwanahamis and Zainab carry the bundles of rope 
from the market to their transport. 
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The knowledge required to successfully procure materials for making the throwlines in the Zanzibar 
context is not theorized and automated by a system operated by other interlocutors distanced from 
the makers (Smith et al, 2017; Tuhiwai Smith, 2021). Knowledge of how and where to source 
materials can only be fully understood by the tailors if they go to the market in person, literally 
pacing out their knowledge by walking round the market and talking to suppliers in person, 
familiarizing their whole bodies with the task. This knowledge is experienced physically and is not 
usually written down but held in memory. The experiential knowledge concerning the procurement 
of materials is also described by the limitations of the body; knowing how much can be bought in 
one trip is limited by how much material can be carried on foot. In turn, this influences how many 
throwlines can be made at any one time and therefore, has implications for building capacity and 
socioeconomic growth. Understanding this knowledge position, and its limitations (as seen through 
our Euro-western lens) has been crucial in the development of the workflow system but does 
present challenges for the exchange of knowledge with other stakeholders. 

Using appropriate technologies 

Use of the term ‘appropriate technologies’ here is informed by principles aligned to the Appropriate 
Technology (AT) movement: “a more situated, environmentally concerned and socially just set of 
design and operational principles for diverse technology choices by involving local communities” 
(Smith et al, 2017, citing Kaplinsky, 1990), and their experiential knowledge of their environment 
(Berg, 2008). 

 

Firstly, the use of millimetres in the measurements cited in the original opensource instruction 
manual should be highlighted. This is standard practice used in prototyping and knowledge 
exchange by designers and engineers in a high-volume manufacturing context. The assumption 
that it would be so in the Zanzibar soft goods manufacturing context exposes the different 
knowledge positions held by the different partners in the project, and indeed the imbalance of 
power. In practice, the tailors, without access to precision tools, default to their habitual use of 
centimetres measured using tape measures (see Figure 7) and this was reflected in the amended 
instructions developed during the ‘chemsha bongo’ sessions as seen in Figure 8. 
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Figure 7: Preparing for production: measuring out fabric in centimetres using a tape 
measure. 

 

Figure 8: Working in centimetres: instructions for making the throwline indicating 
measurements in centimetres. 

 

Second, as trust built between the research team and the Pamoja tailors, particularly through the 
latter stages of the project and the ‘chemsha bongo’ sessions, they initiated alterations to the 
original design of the throwline. Stainless steel eyelets, as specified in the instruction manuals, as 
used in Figure 9, were abandoned in favour of a self-faced hole in the fabric (see Figure 10). 
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Figure 9: Inserting stainless steel eyelets in the base of the throwline to reinforce the 
holes as stipulated by the original instruction manual and in the original prototype. 

 
Figure 10: The tailors’ modified design: self-faced reinforced holes. 

 

These alterations were prompted by their knowledge of their local environment. The sea water 
around Zanzibar has a high saline content, which results in the rapid rusting of metal components, 
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thereby shortening the product’s useful life and/or risking product failure. In addition, the Stone 
Town market stalls have an unreliable supply of correctly sized eyelets. A more reliable and 
dependable method was devised. The tailors’ experiential knowledge facilitates this initiative and 
we see them becoming active agents of innovation making their own appropriation (Smith et al, 
2017 p.11) of the throwline. Problematizing the process (Vine et al, 2013) in the initial stages of this 
study with the tailors and creating opportunity for them to reflect on their knowledge through the 
‘chemsha bongo’ sessions, resulted in them leading the problem-solving stage of the project.  

Testing safety critical standards 

It is important to note that the rescue throwline is part of a series of products and activities within 
the Zanzibar-based RNLI water safety programme. On its own, it cannot replace other devices 
relied upon to save lives, but it can be used as part of growing capacity for drowning prevention. To 
this end, it is crucial that the throwline meets the RNLI safety standards. 

The throwline is intended to be thrown from a place of safety on dry land to a person in difficulty in 
coastal waters. The end of the rope is held by the person on the shoreline and the bag containing 
the length of rope is thrown to the person in difficulty in the water. A handle at the base of the bag 
allows the person in the water to hold onto the bag and be pulled to safety. The handle is created 
by knotting a loop securely into the length of rope. It is imperative this knot holds fast; if it is not tied 
securely and slips undone, the person in difficulty could become detached from the bag and the 
throwline fails. 

Tying a knot is challenging to represent in instruction manuals, whether as an image or in words, or 
a combination of both. Knowing how to tie a knot relies on tying the knot in real time, sensing the 
journeys of the rope over and under and through the various loops created by fingers and hands. 
Knowing if the knot is secure depends on feeling the rope pulled under tension and simultaneously 
watching for any signs of movement that will indicate slippage. Figure 11 shows the tailors testing 
the security of the knot. 
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Figure 11: Two people pull on the rope, holding the handle to test the security of the knot. 

 

Perhaps even more than other stages of the throwline production, tying the knot requires an 
experienced makers’ "constant interplay between tacit knowledge and self-conscious awareness, 
the tacit knowledge serving as an anchor, the explicit awareness serving as critique and corrective” 
(Sennett, 2008 p.50). However, the experiential knowledge of tying the knot correctly and securely 
evades description in two-dimensional illustrations. Instead, the tailors made short video clips of 
the knot-tying process, which helped by allowing them to view the process objectively and identify 
critical gaps in the manual illustrations. Although to some extent still unresolved, this resulted in an 
improved and more detailed visual explanation. Figures 12 and 13 show the gaps in the original 
instructions completed by new drawings made by the tailors. 
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Figure 12: Studying the procedure for tying the knot as specified in the original instruction manual and identifying 
missing information between stages 7 and 10. 

 

Figure 13: Clarifying the missing stages 8 and 9 using colour to distinguish between the two ends of the rope needed 
for tying the knot. 

 

Conclusion 

This study has shown how the transition from a human-centred design (HCD) approach to a 
participatory design and making approach that embraces the whole process of manufacturing low-
cost rescue throwlines in Zanzibar, from sourcing materials in the market through to making and 
testing the product - the ‘workflow system’ - highlights the importance and value of context specific 
experiential knowledge. The study builds on suggestions by Conrad and Devall (2020) that 
opensource design tools for the community production of low-cost throwlines fell short of providing 
opportunities for experiential knowledge and feedback loops to benefit community uptake of the 
drowning prevention initiative. The making process had been translated into a set of codified 
instructions that assumed the knowledge could be transferred. Not including local makers’ 
experiential knowledge in the design of the manufacturing process risked not only safety critical 
processes being resisted or rejected, but limiting the adoption of the products within the community 
managed water safety programme. 

The ‘workflow system’ prototype draws from the expert knowledge of safety critical design 
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contributed by the RNLI International HCD team, the tailors’ local environmental knowledge, the 
experiential knowledge of design and making shared by the tailors and the research team, 
although from different positions of culture, race and privilege. By including the tailors in the 
creative practice of problematisation as well as the problem-solving process, a more 
environmentally and technologically appropriate guidelines and samples were produced to clarify 
difficult-to-make features which might occur within the process of small-batch production. An 
overall understanding was reached about how these additional components can be used alongside 
design tools such as the opensource low-cost production instruction manual as well as physical 
prototypes to form more holistic and comprehensive ‘workflow system’ that takes into account 
these experiential dimensions of intangible knowledge exchange.  

This study has also highlighted that in order to enact change towards the community adoption and 
management of low-cost buoyancy aids, the tailoring community can play a vital role with their 
creative practice as mediators of design languages across institutional and cultural boundaries, 
whilst also negotiating technological and material networks. Developing the prototype ‘workflow 
system’ with the tailors at Pamoja demonstrates the complexity of knowledge exchange at play. As 
such, this creative design and making practice has been seen to engage expertise and knowledge 
from multiple disciplines (Nimkulrat et al, 2020). Not only is the knowledge from different disciplines 
(design, engineering, water safety, making) but it is of different types (practical, theoretical, 
environmental, experiential) and differently positioned (Euro-western, Indigenous 
Tanzania/Zanzibar).  

One of the key questions we as researchers have asked ourselves over the course of this study 
has been to what extent, or how, might the results offer a generalised contextual replication of use 
to other communities. When considering this as a course of ‘next steps’ we need to return to one of 
the core aims of the study, which was to highlight the role of makers in the capacity building 
process for drowning prevention in Zanzibar. We argue that for this to be effective, an open and 
iterative ‘workflow’ system that continually responds to localised adaptation for capturing complex 
knowledge exchange is more appropriate for developing capacity-building than a new codified 
‘instruction tool’. It is crucial that contextual and local experiential knowledge can be easily adopted 
into the manufacturing process for it to be owned by the makers themselves. A codified (and 
therefore fixed) ‘instruction tool’ may lead to the replication of resistance or rejection in another 
setting. It is our intention to study how, or if, this ‘workflow system’ might be applied in a different 
setting, in Tanzania, as part of the next steps in this study, and to what degree the ‘workflow 
system’ developed needs to be adapted by a different community of makers to support this 
complex knowledge exchange process.  

We recommend adopting an iterative methodological approach to innovation for managing 
complex knowledge exchange projects such as this; one that favours collaboration across 
disciplines and knowledge positions. The study elucidates some of the barriers for exchanging this 
critical experiential knowledge with stakeholders, but also exposes challenges for creating new 
social infrastructure within the community concerning drowning prevention that points towards 
continuing research:  

• Understanding the context of different knowledge positions regarding design and 
manufacturing. 

• Communicating alterations in the design that respond better to the environment. 

• Developing confidence in experiential knowledge-based safety testing methods. 
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The prototype-evaluation choreography 

 

Eveline van Zeeland, University of Twente 

Abstract  
 
Prototyping and the acquisition of knowledge through evaluation are essential elements of the design 
process. However, both prototyping and evaluation are mostly studied separately. Moreover, prototyping 
and evaluation both suffer from conceptual confusion caused by the coexistence of many different 
perspectives brought forward by different disciplines. Multidisciplinarity is needed for innovative 
breakthroughs, but appears to be challenging. The goal of this paper is to offer a roadmap of possibilities to 
overcome these challenges and to build bridges between different perspectives in such a way that 
prototyping and evaluation can be structured, positioned, planned and executed coherently instead of 
separately. In this roadmap, the possible directions for the WHY, WHEN, WHAT, HOW and WHOM of both 
prototyping and evaluation are presented. The roadmap functions as a canvas, in which horizontal and 
vertical alignment of the different elements is crucial. Both a prototyping and an evaluation strategy must be 
carefully planned and aligned with each other. The presented roadmap assists in that process in such a 
way that multiple perspectives can strengthen each other. Only when choices about the WHY, WHEN, 
WHAT, HOW and WHOM of both prototyping and evaluation are made explicit, they can be discussed, 
communicated and learned from. In the end, prototyping and evaluation are like two dance partners that 
dance best if they harmoniously dance together. The choreographer designs and plans the dancing steps 
of the two dancing partners in such a way that a harmonious, elegant and inspiring dance is the result. The 
presented prototype-evaluation choreography in this paper helps the designer to be the choreographer of 
the prototyping and evaluation part of the design process. 
 
Prototyping, Evaluation, Conceptual confusion, Alignment 
 
“It takes two to tango”. Al Hoffman & Dick Manning (1952) 
 
Prototyping is a key element of the design process. It is even stated that prototyping is critical for 
successful innovation (Camburn, et al., 2017; Brown, 2019). Prototyping and the evaluation of 
prototypes go hand in hand, at least if you follow the reflective practitioner perspective (Schön, 
1983). What is the value of a prototype if it is not evaluated in some kind of way? How can one 
acquire knowledge from a prototype without evaluation? Although it is not more than obvious that 
prototyping and evaluation go hand in hand, this appears to be difficult sometimes. That has two 
main reasons. First, there exists conceptual confusion around the topics of both prototyping and 
evaluation, and, second, both prototyping and evaluation are executed by scientists and 
practitioners from different disciplines. These two reasons are related: the multidisciplinarity 
contributes to the conceptual confusion. Some scientists and practitioners have a design 
background and others don’t. Designers typically focus on the creation of what does not exist yet, 
whereas non-designers are focused on what already exists (Johansson-Sköldberg, Woodilla, & 
Çetinkaya, 2013; Martin, 2007). This difference in perspective creates complications. 
 
A factor that increases the complexity of bridging different perspectives on prototyping and 
evaluation in an effective way, is the evolution that has occurred the past decades regarding the 
concept of prototyping. Nowadays, prototyping is not only used in the design process of material 
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artefacts, like products or buildings, but also in the development process of large and complex 
systems or to explore and develop brand new concepts (Camburn, et al., 2017). Furthermore the 
landscape of prototyping is changing due to new technical possibilities like generative AI, 3D-
printing or Virtual, Augmented or Mixed Reality. Due to the increased popularity and acceptance of 
design thinking and design science research, the scope in which prototyping is practiced has 
enlarged and changed. Of course this has an effect on the evaluation of prototypes as well. 
 
Another complicating factor is that the translation from prototype to knowledge, for which the 
evaluation process is critical, often remains unclear. Camburn et al state: “A clearer understanding 
of quantified information gained from a prototype is needed” (Camburn, et al., 2017, p. 25). Pries-
Heje et al (2008) state with respect to evaluation: “its importance is widely recognized, yet it is 
often poorly performed and there is little guidance … concerning how to choose and design an 
appropriate evaluation strategy” (Pries-Heje, Baskerville, & Venable, 2008, p. 11). Winter claims 
that there is a “lack of commonly accepted, specific evaluation guidelines for the different artefact 
types” (Winter, 2008, p. 471). Because of this lack of guidelines and standards it is harder to trust 
the outcomes of the design process (Prochner & Godin, 2022). 
 
Perhaps due to these difficulties, the academic literature is concentrated either around prototyping 
or around evaluation, but hardly around a combination of the two. Prototyping and evaluation are 
like a dance with two dance partners. However, if you don’t understand each other’s dancing styles 
and accompanying dancing steps, you will step on each other’s toes. To design a beautiful dance, 
you must understand the differences in dancing styles, witness the evolution of the dance and see 
the possibilities of the different dancing steps. The purpose of this paper is to create this 
understanding. By presenting a roadmap of possibilities, this paper hopes to contribute to create 
bridges, not only between prototyping and evaluation, but also between different perspectives on 
the two concepts. In this paper the many faces of prototyping are discussed first, and are then 
followed by the many faces of evaluation. For both prototyping and evaluation there is elaborated 
on the WHY, WHEN, WHAT, HOW and WHOM. The resulting perspectives are combined in a 
roadmap of possibilities. 

The many faces of prototyping 

“The best prototype is one that, in the simplest and most efficient way, makes the possibilities and 
limitations of a design idea visible and measurable” (Lim, Stolterman, & Tenenberg, 2008, p. 3). 
This definition, showing the economic principle of prototyping, seems straightforward. However, the 
concept of prototyping is suffering from conceptual confusion: “definitions differ widely and a 
common understanding does not exist among or within the disciplines” (Exner, Lindow, Stark, 
Ängeslevä, & Bähr, 2015, p. 2). This conceptual confusion already starts with the question what a 
prototype entails. Some see sketches and drawings as prototypes, whereas others distinguish 
prototypes from sketches and drawings (Pei, Campbell, & Evans, 2011; Hannah, Joshi, & 
Summers, 2012). The same holds for models: they can be seen as different from prototypes or 
they can be seen as a type of prototype. Since prototypes can be perceived as a concept, an 
approach, a method and a technology (Exner, Lindow, Stark, Ängeslevä, & Bähr, 2015; Yu, 
Pasinelli, & Brem, 2018), they can have different shapes and forms: a drawing, a model, a sketch 
model, a prototype model, a 3D prototype, et cetera. Within this paper we take a broad perspective 
on prototyping, and include every technique, shape and form, as long as the prototype “makes the 
possibilities and limitations of a design idea visible and measurable” (Lim, Stolterman, & 
Tenenberg, 2008, p. 3). Figure 1 shows an overview of this broad perspective on prototyping with 
different examples, based on different forms, techniques and materials, within this broad range. 
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Figure 1: Prototype examples in a positioning map, where fidelity refers to the level of truthfulness to reality and 
interaction to the ease at which users can interact with the prototype (adjusted from Van Zeeland, 2023) 
 
Taxonomies of prototypes have been suggested with respect to the WHY, WHEN, WHAT, HOW 
and WHOM of prototyping. With respect to the WHY, there are two groups of prototypes: 1) 
prototypes that nourish the design process and 2) prototypes that serve as a medium to 
communicate and test the artefact, see figure 2. Buchenau and Suri (2000) summarize these two 
groups as ‘design process’ versus ‘design decision’. Regarding this design process there are three 
possible routes: an explorative route, an experimental route and an evolutionary route (Floyd, 
1984; Exner, Lindow, Stark, Ängeslevä, & Bähr, 2015). When prototypes nourish the design 
process, they don’t have to reflect the possible final design, but can also entail a feature of the 
design that one wants to explore. Prototyping is than done with the objective of refinement, 
exploration or active learning (Camburn, et al., 2017). When prototypes serve as a medium to 
communicate and test the artefact, the prototype mostly is “a pre-production representation of 
some aspect of a concept or final design” (Camburn, et al., 2017, p. 1). When the prototype is a 
medium to communicate the objective is to share information; when the prototype is a medium to 
test the objective is to acquire information. 
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Figure 2: Different purposes of prototyping 
 
Regarding the WHEN, the perspective on prototyping changes when in the design process one is 
prototyping. Exner et al (2015) define three phases: 1) clarification of the task, 2) conception of the 
idea, and 3) design of the concept, and this process is not really debated. In early stages of the 
design process, prototypes are predominantly explorative by nature, whereas further in the design 
process prototypes are more often used to evaluate the concept, principles or requirements 
(Exner, Lindow, Stark, Ängeslevä, & Bähr, 2015). The WHEN and WHY are thus closely related. 
 

 
 
Figure 3: The WHAT of prototyping and its different pillars 
 
With respect to the WHAT, it is first important to define the scope of what the prototype covers: the 
level of inclusiveness (Lim, Stolterman, & Tenenberg, 2008) and to make the type of prototype 
explicit. For the development and evaluation of the prototype it is important to make the difference 
between a material and immaterial artefact explicit. There are different taxonomies of prototypes of 
material artefacts and the dominant pillars are form, function and material (Camburn, et al., 2017; 
Exner, Lindow, Stark, Ängeslevä, & Bähr, 2015). When talking about prototypes of immaterial 
artefacts other considerations may be relevant. In this context the difference between artefacts 
with a personal view, where the artefact changes the nature of the task the person is facing, or 
artefacts with a system view, where the artefact enhances the performance of a system, is relevant 
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(Rabardel & Waern, 2003; Norman, 1991). The different pillars that can constitute the WHAT of 
prototyping are visible in figure 3. 
 
With respect to the HOW, one can see the most common ground based on which prototypes are 
categorized: the level of fidelity. However, the concept of fidelity suffers from conceptual confusion 
as well: does it refer to the level of functionality, the level of visual polish, or the level of interactivity 
(McCurdy, Connors, Pyrzak, Kanefsky, & Vera, 2006)? Since the level of functionality, visual polish 
and interactivity have an enormous effect on the evaluation of the prototype, it is important to make 
choices about this explicit. A positioning map with axes based on which the prototype is positioned 
(see figure 1 for an example) can be of help here. The HOW relates back to the WHY: low-fidelity 
prototypes are useful in the design process, when one tries to see possibilities and problems, and 
high-fidelity prototypes come into place when management has to make an investment decision 
(McCurdy, Connors, Pyrzak, Kanefsky, & Vera, 2006).  
 
With respect to the WHOM, this relates to ‘for whom’ one is prototyping; it relates to the audience 
for whom the prototype is created (Buchenau & Suri, 2000). Different groups can be identified here 
based on three levels: 1) the design level (the design team or designer), 2) the decision making 
level (the investor or the manager) and 3) the user level (the individual client or user population). 
 
Most of the choices regarding the WHY, WHEN, WHAT, HOW and WHOM are implicitly made. 
Because of that, confusion is lurking. It is important for the design process to make the choices 
about the WHY, WHEN, WHAT, HOW and WHOM explicit. Only when choices are made explicit, 
they can be discussed, communicated and learned from. 
 

The many faces of evaluation 

 
“Evaluation is what puts the ‘science’ in ‘design science’” (Venable, Pries-Heje, & Baskerville, 
2012, p. 425). Evaluation is a crucial element of every design process (Pries-Heje, Baskerville, & 
Venable, 2008; Hevner, March, Park, & Ram, 2004). Despite its relevance and importance, 
specifically for knowledge creation, evaluation is often poorly performed and there is relatively little 
guidance in how to evaluate (Pries-Heje, Baskerville, & Venable, 2008). Furthermore, different 
perspectives on evaluation suffer from conceptual confusion. For example, Lim, Stolterman and 
Tenenberg (2008) distinguish evaluation from design exploration, whereas others see design 
exploration as a possible manifestation of evaluation. One factor that complicates the process of 
evaluation is that, with a few exceptions, the evaluation cannot take place in the actual situation, 
because it is the purpose of the design to create a new situation. Because of this complication, the 
standards and requirements that are used for evaluation in the social and natural sciences, are not 
applicable here. A different type of knowledge, prescriptive instead of descriptive, requires a 
different evaluation strategy (Sonnenberg & vom Brocke, 2012). 
 
Also with respect to evaluation the WHY, WHEN, WHAT, HOW and WHOM can be disentangled. 
Venable et al (2012) distinguish five WHY’s with respect to the evaluation process: 1) evaluate an 
instantiation of a designed artifact to establish its utility and efficacy (or lack thereof) for achieving 
its stated purpose (in other words: how well the artifact performs), 2) evaluate the formalized 
knowledge about a designed artifact’s utility for achieving its purpose (for example design 
principles or technological rules), 3) evaluate a designed artifact or formalized knowledge about it 
in comparison to other designed artifacts’ ability to achieve a similar purpose (does the new artifact 
provide greater relative utility than existing artifacts?), 4) evaluate a designed artifact or formalized 
knowledge about it for side effects or undesirable consequences of its use, and 5) evaluate a 
designed artifact formatively to identify weaknesses and areas of improvement for an artifact under 
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development. The five WHY’s operate at the design process level, and thus are relating to the first 
WHY of prototyping: nourishing the design process. With respect to the second WHY of 
prototyping, serving as a medium to communicate and test the artefact (making a design decision), 
the WHY of evaluation is important for the decision between implementing, retesting, adapting or 
redesigning the artefact (Zeeland, 2023). Figure 4 presents an overview of the different purposes 
of evaluation. 
 

 
Figure 4: Different purposes of evaluation 
 
With respect to the WHEN, the dominant taxonomy in evaluation is ex ante versus ex post 
evaluation; in other words, before or after the implementation of the artefact. Another relevant 
aspect regarding the WHEN is the process of evaluation. Some see evaluation as a separate step 
in the process towards implementation, and might use a ‘stage-gate-model’ in which designers first 
build and then evaluate.  For example, within the interpretation of design thinking by Stanford 
Design School the Test-phase, or evaluation-phase, is the last step in the process. Others see 
evaluation as a cyclic process of continuous reflection, for example the BIE-cycles: Building – 
Intervention – Evaluation (Sein, Henfridsson, Purao, Rossi, & Lindgren, 2011).To return to the 
choreography metaphor: does first one dancer move and then the other or do you dance together? 
 
When discussing the WHAT of evaluation, one gets to the core question of what design actually is: 
‘creating artefacts’ or ‘creating meaning’? As Johansson-Sköldberg, Woodilla and Çetinkaya 
elegantly compare the economical perspective of Herbert Simon with the philosophical perspective 
of Klaus Krippendorff: “For Simon the artefact is at the core, and he would probably say that 
meaning is an attribute, while for Krippendorff meaning is the core of the design process and the 
artefact becomes a medium for communicating these meanings” (Johansson-Sköldberg, Woodilla, 
& Çetinkaya, 2013, p. 126). Almost every paper on evaluation does not discuss this type of WHAT. 
In most papers the WHAT is covered by the evaluation criteria. However, what it is that has to be 
evaluated is a relevant question to be answered before one can set evaluation criteria. To answer 
that question, the difference between object and attribute is relevant. Most objects, both physical 
as non-physical, are consisting of different attributes. According to Rossiter (2002), objects should 
be judged based on these attributes. For example, if a new hotel concept is designed, people will 
describe this new concept using different attributes. Some will perhaps focus on traits as ‘calming 
and relaxing’, others might focus on possibilities for interaction or on the ’look and feel’. These are 
all different attributes, and all different levels on which the evaluation takes place. Each attribute is 
covered by one or more evaluation criteria. The papers that discuss evaluation criteria, mostly 
relate these criteria to the complete object. For example, Checkland and Scholes (1990) identify 
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the five E’s: efficiency, effectiveness, efficacy, ethicality and elegance. However, elegance, for 
example, will possibly relate to one or some attributes of the object, but probably not to all. These 
kind of lists of evaluation criteria implicitly assume that every object has the same set of attributes 
that can be evaluated with the same set of criteria. However, evaluation criteria actually should 
form an explicit choice of the design team (Sonnenberg & vom Brocke, 2012). Each attribute of the 
artefact can be evaluated with one or more evaluation criteria that are set specifically for that 
attribute or all the attributes can be evaluated based on the same set of criteria. These possibilities 
are described in figure 5. 
 

 
Figure 5: Evaluation strategies and evaluation criteria 
 
The WHEN and WHAT are closely related. With ex ante evaluation mostly other evaluation criteria 
are used than with ex post evaluation (Pries-Heje, Baskerville, & Venable, 2008). But the WHAT is 
also strongly related to the WHY of prototyping. If prototyping is used to nourish the design 
process, other evaluation criteria are used than when prototyping is used to make a decision about 
the design outcome (Pries-Heje, Baskerville, & Venable, 2008). For example an explorative 
objective of prototyping will lead to an evaluation of requirements, an experimental objective will 
lead to an evaluation of particular solutions and an evolutionary approach will evaluate both 
requirements and solutions (Floyd, 1984; Schneider, 1996). The WHAT also relates to the WHOM 
of prototyping. When prototypes are made for users, the WHAT of evaluation gets more complex 
because there is a double character to be evaluated: “they contain components from artefacts 
themselves, and components from users’ utilization schemes” (Rabardel & Waern, 2003, p. 643). 
The evaluation of the prototype than entails two dimensions: how it is designed and how it is or can 
be used. 
 
The HOW of evaluation entails a lot, see figure 6. Most literature concerning evaluation deals with 
the HOW, specifically the possible methodologies. For example Hevner et al (2004) distinguish 
observational, analytical, experimental, testing and descriptive design evaluation methods. Besides 
the methodology, the evaluation approach is relevant as well. In their strategic Design Science 
Research Evaluation Framework, Venable, Pries-Heje and Baskervill (2012) distinguish between 
naturalistic evaluation and artificial evaluation. Also the depth of the evaluation is an element to 
think about. Peffers et al observe two levels: 1) the level of demonstration, which is like a ‘light-
weight’ evaluation, and 2) the level of evaluation, which is a more formal level of evaluation (please 
note the created conceptual confusion around the term ‘evaluation’ here) (Venable, Pries-Heje, & 
Baskerville, 2012; Peffers, et al., 2006). Another relevant element of the HOW is the question how 
you deal with the information acquired by the evaluation. Bannister and Remenyi (2000) 
distinguish between a positivist/reductionist approach and a hermeneutic approach. For the 
positivist/reductionist approach you allow the methodology to make the decision; you let the data 
speak for itself. For the hermeneutic approach there is room for interpretation, intuition and ‘gut 
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feeling’; the professional acts upon his understanding of the data. With respect to the HOW, of 
course also the procedure is relevant. Pries-Heje et al (2008) propose a four-step procedure: 1) 
analyze the context of the evaluation and define the evaluation requirements, 2) match the needed 
contextual factors of the evaluation (step one) to evaluation criteria, 3) select an appropriate 
evaluation method, and 4) design the evaluation in detail. However, if you look at the process of 
evaluation in a bigger context, as in how the evaluation should lead to knowledge, a lot of different 
procedures are proposed in academia (Winter, 2008). 
 

 
Figure 6: The HOW of evaluation 
 
When evaluating, the WHOM means ‘by whom’ or ‘as perceived by’, which is also called the ‘rater 
identification’ (Rossiter, 2002). The evaluation per definition is dependent on the rater, and should 
therefore always be made explicit. There are four types of raters: 1) the designers themselves, 2) 
the decision makers, 3) the users, and 4) experts or peers. The type of evaluation is depending on 
who is rating. For prototypes that are built to nourish the design process, the designer or 
researcher is mostly the dominant actor in the evaluation process; for prototypes that serve as a 
medium to communicate and test the artefact, the user or decision maker are mostly the dominant 
actors.  

Prototype-evaluation roadmap 

In this section the different perspectives regarding the WHY, WHEN, WHAT, HOW and WHOM of 
both prototyping and evaluation are combined in a roadmap of possibilities. A roadmap is different 
than a framework: a framework defines how one should do things, a roadmap shows how one 
could do things. Within this roadmap every prototype is considered to be unique: “each prototyping 
effort requires a certain unique strategy to resolve a design problem or opportunity” (Camburn, et 
al., 2017, p. 2). Camburn et al (2017) claim that a prototyping strategy should be carefully planned, 
which is also the case for the evaluation strategy. The roadmap in figure 7 is designed to assist in 
the planning of these strategies and to make all the choices along the way explicit and coherent.  
 
The roadmap functions as a canvas, in which each empty cell is unique. Each empty cell reflects 
the choice made in that specific step along the way. However, the ten different cells are not 
independent, but strongly relate to each other. Therefore the prototype and evaluation strategy 
should be aligned on two levels. First of all there should be a horizontal fit of the different cells in 
each row: the WHY, WHEN, WHAT, HOW and WHOM should together make a logical and 
coherent strategy. For this horizontal fit, prototyping and evaluation are judged separately. Second, 
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there should be a vertical fit, bridging the world of prototyping with the world of evaluation. Using 
the choreography metaphor, the horizontal fit deals with the question how well each dancing 
partner can dance, and the vertical fit with the question how well they dance together. Design 
teams should change the completion of each cell as long as that change improves the vertical 
and/or horizontal fit of the different elements of the roadmap. 
 

 

Figure 7: The prototype-evaluation roadmap 

Discussion and conclusion 

“Just as a picture can be worth a thousand words (if you know what it depicts), a prototype can 
substitute for volumes of paper documents – if, and only if, you know what it is supposed to tell 
you” (Schneider, 1996). The bridge from prototyping to knowledge is paved by evaluation. 
Prototyping and evaluation go hand in hand. One can only derive insights and knowledge from a 
prototype if one evaluates the prototype. Both prototyping and evaluation can be done from 
different perspectives. Most papers are concentrating on these perspectives either with respect to 
prototyping or with respect to evaluation. This paper tries to bridge those two worlds. 
 
To bridge the two worlds of prototyping and evaluation one has to be conscious about what 
constitutes those two worlds. The presented roadmap might help in creating this consciousness. If 
the evaluation and the acquired knowledge remains in the head of the designer, which is often the 
case, than the knowledge is lost if the designer is not attached to the project anymore. 
Documentation of the evaluation and the acquired knowledge is therefore important. Not every 
artefact leads to knowledge in a broader context; that is only the case if the artefact is generic to 
some extent (Winter, 2008). A structured way of planning and assessing prototypes and their 
evaluations, will also help the communication process around the design and the acquired 
knowledge during the design process. There is often a lack of formality in the process of synthesis, 
that causes vagueness around the design process and its results (Kolko, 2010; Rutkowska, 
Sleeswijk Visser, & Lamas, 2019). Making the steps taken towards synthesis more explicit, will 
help others to understand. 
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The presented roadmap functions as a canvas in which each empty cell reflects one or more 
elements to think about and to plan. It is remarkable that one of the most important elements of the 
roadmap for the creation of knowledge, the WHAT of evaluation, is in practice mostly not made 
explicit or even considered. Probably that is because this is one of the most difficult steps to take 
(Rossiter, 2002). Within the canvas every empty cell must be made explicit. So when using the 
canvas, one will not oversee one of the most important elements in the evaluation of prototypes. 
 
The roadmap serves to help the design team to align the different dance moves with each other. It 
helps to assess whether there is both a horizontal and a vertical fit between the different cells in 
the canvas. To judge whether or not this fit is there, both logic and intuition are important. To 
discover blind spots it helps to ask others for peer consultation. Peer consultation should be a 
standard step in the design of the prototyping and evaluation strategy. Another aspect where peer 
consultation is important, is to sharpen the eye on the ethical perspective. Every design has 
impact, and designers can be considered as change agents. Creating change comes with a 
responsibility. With respect to the prototyping-evaluation dance, this responsibility underlines the 
importance of evaluating possible side effects or undesirable consequences of the use of the 
artefact (Venable, Pries-Heje, & Baskerville, 2012). As Tim Brown, brings forward: “Design thinking 
is not ‘the invisible hand’. It is intentional. … If we design social media applications to be enticing 
and addictive, then we are doing so because we wish for that outcome. If we don’t wish what we 
get, then we are being very poor designers. Design thinkers have a responsibility to understand 
the outcomes they are designing for and to be conscious about the choices they are making” 
(Brown, 2019, p. 4). Including independent peers helps to increase the consciousness throughout 
the decision process. 
 
Choices in the roadmap affect the dynamics of the process. For example, a higher level of fidelity 
has an impact on the reactions given by the actors reflecting on the design (Hannah, Joshi, & 
Summers, 2012). Buchenau and Suri state that “the tools we use to design, such as prototypes, 
influence the way we think” (Buchenau & Suri, 2000, p. 425). About this dynamic relationship 
between prototyping, evaluating and creating knowledge we don’t know that much, and should be 
the topic for future research.  
 
What also remains for future research is the impact of context variables on the choices in the 
roadmap. For example social, organizational and cultural dimensions might impact the choices to 
be made (Rabardel & Waern, 2003; Sonnenberg & vom Brocke, 2012). Another context variable 
that has an impact is the set-up of the design team and whether or not one can speak of 
participatory design. But also technological aspects and developments within the design discipline 
will affect the choices to be made. The world of prototyping is changing due to new technological 
possibilities (for example 3D-printing, AI generated prototypes or VR simulations) and new 
situations in which prototyping is used. This evolution of prototyping is not affecting the roadmap 
itself, but will affect the choices to be made. Also on the evaluation side evolution takes place. For 
example, the availability of new evaluation methods, such as fMRI or EEG, might change the 
choices to be made in the roadmap (Hay, Duffy, Gilbert, & Grealy, 2022). 
 
Some uses of evaluation are under addressed in this paper because they lie beyond its scope. 
One example is the evaluation of design oriented projects by others, for example teachers who 
evaluate the design process of their students. For these type of evaluations, the CCP-model by 
Symons (1991) is suggested. With the CCP-model you base your evaluation on three elements: 
Context, Content and Process. Since this type of external evaluation lies beyond the scope of this 
paper, these type of evaluation criteria are not discussed here, although it is worthwhile to 
elaborate on this perspective for future research, because it is relevant when judging each other’s 
work, which might occur in the context of publication and collaboration. 
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Prototyping only supports interconnections and collaboration among researchers and practitioners 
if professionals from different disciplines truly understand each other and are not burdened by 
conceptual confusion. If you learn about each other’s dancing styles and dancing steps, than one 
is able to design new dancing combinations together. This paper hopes to contribute to a more 
inclusive evaluation in which multiple perspectives strengthen each other.  
 
If you see a dance as a total concept, you can tell whether you think the dance is beautiful or not; if 
you are aware of the different dancing steps that make the total dance, you can say something 
about the quality of the dance. So to be able to evaluate the many faces of prototyping, you need 
to understand these different steps. If you can appoint them separately, you can also point them 
out to others. The here presented roadmap is meant as a prompting board to ease this process of 
pointing out. The more articulated the dancing steps are (i.e. the more the prototyping and 
evaluation choices are made explicit) and the more beautiful the interplay of the two dance 
partners is (i.e. the more coherent prototyping and evaluation is planned and executed), the better 
the dance. 
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self-guided team of students 

 
Azul Amadeo, Politecnico di Milano 
Francesca Mattioli, Politecnico di Milano, Department of Design 

 

Abstract  
 
Objects have shaped human societies and the interaction between subjects; they permitted to increase in 
relationship complexity. Objects' role became so significant that it impacts subject-to-subject 
communication creating a common ground to enhance understanding. To achieve it, objects stretch their 
meaning outside their usefulness, evolving alongside the surrounding context and subjects; they acquire 
stratified meanings depending on how subjects engage with them. Precisely, this research analyses the 
social role of objects in a design process to leverage communication between students from different 
cultural backgrounds and fields of knowledge. Such objects establish abstract communication channels via 
a material infrastructure to improve brainstorming in designing and developing two racing motorcycle 
prototypes. The study highlights how students implement their competencies to enhance project goals 
promoting collaboration awareness between workgroups and designing related components. The goal is to 
understand how objects' roles influence communication and subject-to-subject relationships to develop 
more integrated project solutions. 
  
Self-guided project-based learning; students collaboration; social role of objects; boundary objects; 
prototypes 

 

Learning design often entails learning by doing; hence, design education consistently relies 
on constructive learning methods, such as group projects guided by students with the 
supervision of the teaching staff (Mattioli, 2022). Design competencies are developed 
through solving problems by setting goals shared by the whole workgroup and the teacher. 
Such an approach implies that the learners actively participate in the learning process, 
collaborating to achieve shared goals. The teachers' roles might vary, but generally, they 
represent a guiding figure regarding the project and the learning process. However, students' 
self-guided projects also exist; in this case, groups of students are entirely autonomous in 
guiding their projects. The present research focuses on one case of these self-guided 
projects, specifically a two-year-long extracurricular project in the situated context of 
Politecnico di Milano, where students from different study programmes gather to design and 
manufacture two racing motorcycles. Students acquire technical knowledge and personal 
competencies by designing a high-complexity project in such a context. On one side, the 
project complexity enhances the need to transmit the knowledge and know-how developed 
by the team in the previous project(s) from edition to edition. 

On the other hand, the product's complexity impacts the whole team's work organisation (i.e., 
workflow, management, communication), a group of around a hundred students. The 
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contextual observation that led to the initial conception of this research has to do with the 
central role of the designed object in knowledge transfer and team organisation. Students' 
interaction inside the interdisciplinary and culturally plural workgroup is supported by the 
material objects representing the motorcycle (e.g., 3d model, mock-up). The observation of 
this phenomenon led to the development of the research, which focuses on the relationship 
between the components of the complex object (i.e., the motorcycle) and how they reflect 
subject-to-subject relationships (i.e., student-to-student relationship). Indeed, such a complex 
object necessitates the team splitting into workgroups to develop different motorcycle 
subassemblies. However, the lack of a solid structure for inter-workgroup decision-making 
creates a barrier to developing a shared understanding of the motorcycle as a whole. 
Specifically, this organisational shortcoming impacts the design of some components 
considered not primary and, therefore, not extensively included in the initial phases where 
requirements and constraints are negotiated between workgroups. The researchers 
envisioned the possibility of improving such collaborative issues by fostering communication 
among workgroups using the motorcycle as a channel for communication. To reach this goal, 
a contextual mapping was developed to make explicit the dependencies between 
components to construct the net of relationships between workgroups in the team of 
students. Making components' interconnections explicit means using the same material 
infrastructure the team uses, hence using an already established communicative channel, 
i.e., the object, to foster alignment between team members. From the mapping, a meeting 
protocol was developed and applied to leverage shared and contrasting goals among teams 
developing related components to achieve a better integrated overall result. 

Furthermore, such a protocol has been applied to a specific case study, designing and 
developing the fairing set for the motorcycle prototype to retrieve data exploiting the material 
infrastructure regarding designing outcomes. Such a set is considered not primary and 
shows criticalities regarding dependencies, as it interacts with many different elements at 
different development stages. One of the researchers participated as a participant observer 
and designer; this was possible because of a five-year experience as a team member and as 
head of the Fairings&Aerodynamics department. This hands-on experience allowed the 
researcher to spot the phenomenon under investigation in the first place but also allowed the 
opportunity to act to change the team's collaborative practices around the construction of the 
motorcycle adopting an action research approach. Due to the nature of the team (i.e., self-
guided students project), these collaborative practices are primarily based on tacit 
knowledge. Hence, the research also contributes to formalising the understanding and 
making explicit how things work in the situated context of the team, where the action 
research has been later implemented. 

Background Knowledge 

Theoretical Concepts 

We here briefly retrace the theoretical background that helped frame the research; the 
paragraph deals with the two crucial intertwined phenomena observed in constructing an 
object and communicating between subjects. It is widely acknowledged that humans have 
introduced objects in their society till its early stages as tools to interact with the world and 
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other subjects. Subjects may be considered bricoleurs when they exploit their material 
surroundings to build and evaluate a project (Latour, 1966, p. 9-22). Objects help transmit 
the project's concept to subjects different from the creator, such as someone working on 
different aspects of the project or potential users (Carlile, 2002; Carlile 2004). Using a 
parallel between monkeys and humans, in the symposium On Interobjectivity (1996), Latour 
explains how communication in a human society strongly relies on objects. In monkey 
society, communication simplicity and straightforwardness are because it occurs exclusively 
in the present between two subjects, hardly extending through time or pausing and resuming 
later (ibid). Communication becomes complicated and complex in human societies because 
humans use objects as a medium to communicate with one actor in the present and 
simultaneously with actors in different timeframes, from the past to the future. Decisions 
taken now on the design of an object will have implications on the usability of that object in 
the future, and human society relies upon infrastructures to work correctly and keep the link 
between its subjects (ibid). Objects constitute the material infrastructure subjects build to 
enhance interactions with other subjects: this behaviour is part of the culture created around 
everyday objects (Attfield, 1999). In her book Wild Things, Attfield (2000) analyses the 
relationship between users and what she defines as "wild things". Wild things can be defined 
as objects that suffer an evolution through their lifecycle regarding how their users perceive 
them. Once someone buys the product and it becomes part of the user's life, the object goes 
from product to what Attfield defines as a wild thing. This transformation implies that the 
object gets uncategorised as a mass-produced and widely recognisable product, and it 
acquires a unique significance for the user that goes beyond its mere practical usefulness 
(Attfield, 2000). In the present research, three theoretical concepts have been adopted to 
understand how the subject-to-subject (i.e., students-to-students) communication and 
relationships might be influenced by the subject-to-object (i.e., students-to-motorcycle) in the 
situated context: i) boundary object, ii) prototype and iii) fetish object. These concepts also 
help analyse the object's role in shaping the culture built by the team and interaction in 
different stages of development. 

Star and Griesemer initially introduced the concept of boundary object (i), which is a sort of 
arrangement that allows different groups to work together without consensus (Star, 2010). 
Objects working as boundary objects strongly link with the subject-to-subject relationship, 
aiming to improve communication between subjects of an interdisciplinary design group. 
Indeed, boundary objects can support communication between subjects because they are 
flexible enough to be adaptable and sturdy enough to keep a similar identity across sites 
(Bender, 2017). So, boundary objects represent intermediary objects between social worlds 
or disciplines, helping to translate means across the intersected worlds during the design 
phase. Boundary objects are particularly relevant when considering the innovation process 
rather than the new product development (NPD) process, as the former is less structured 
and more creative, while the latter aims to put a product on the market as fast as possible 
(Rampino, 2022). Hence, in semi-professional realities, boundary objects help to materialise 
ideas and concepts (Broberg, Andersen, & Sein, 2011), as the design approach could be 
considered halfway between the innovation and NPD processes. Boundary objects serve 
groups where participants have only partial knowledge and partial control over interpreting an 
object or a project (Fominykh, Prasolova-Førland, Divitini, & Petersen, 2015; Anisetty & 
Young, 2011). 
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The second crucial role that the object has is the prototype (ii). Previous studies in the field of 
design showed that new conceptions of prototypes emphasise the theoretical and creative 
contribution that prototypes make to the research and design processes in addition to the 
conventional view of what a prototype is (i.e., the first unit of a product to be mass-produced) 
(Ferraris & Barzilai, 2021). Indeed, prototypes are regarded as means of knowledge 
production (ibid). Based on Buchenau and Fulton Suri (2000) and Kurvinen, Koskinen and 
Battarbee (2008), prototype (ii) is intended in the present research as a mock-up of a project, 
a physical representation of a yet-to-be product; they are used to corroborate the design 
decisions of an object or system. Prototypes are used to communicate aspects of a project 
independently if this happens in a subject-to-object interaction or if it is intended to be shared 
with other subjects. Prototypes represent a physical aspect of a project; they are less 
abstract than boundary objects and less flexible. Their central role is not to function as a 
common ground for discussion; they represent the outcome of the decision-making 
developed throughout the brainstorming activity (ibid). 

Lastly, fetish object (iii) is the third relevant theoretical concept that helps understand objects' 
possible role in the situated context. According to Latour (1996), fetish objects become a 
physical representation of god or idol, more than everyday objects. Therefore, fetish objects 
are humanised and are granted power by their creator. While grating this power, the creators 
forget their role as craftsmen or craftswomen. Latour (1996) and Spyers (1998) explain that 
being acted upon provokes, in the subjects (i.e., the creator), alienation towards the object 
and themselves, losing control over the relationship. Fetish objects depend strongly on their 
relationship with the creator and between the creator and other subjects around the item. 
Such objects are not inanimate tools bought to serve a purpose; they hold control of the 
subject-to-object relationship. This reversal of roles causes the alienation mentioned above. 
Objects work as an interaction framework beyond the design context. Latour (1996) 
describes the role of things as the interaction infrastructure of society, making stratification of 
subject interaction along different timeframes possible. For example, the same object works 
as a boundary object when it acts as a communication medium and as a fetish object as a 
gathering force for team members. 

Contextual Background and Research Proposition 

This research focuses on the subject-to-object relationship in the context of a motorsport 
student team of Politecnico di Milano called Polimi Motorcycle Factory (PMF). In the context 
analysed, the object helps visualise the issues and promotes brainstorming by building the 
group's culture around the designed motorcycle (Fig. 1). 
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Figure 1: The team is divided into five departments subdivided into workgroups. All of them use the motorcycle as a 
boundary object to promote brainstorming. 

 
Figure 1: Through participation in the MotoStudent competition, the team has fully developed four prototypes, three for 
the Petrol category and one for the Electric category. Now is ongoing the development of two new prototypes 

The team was founded in 2015, aiming to enrich the university experience with a project to 
put into practice the knowledge acquired through higher education programmes by designing 
and manufacturing racing motorcycles. The PMF was born to participate in the MotoStudent 
International Competition (MEF, 2023), the first student competition dedicated to racing 
motorcycles. Students teams from different European and international higher education 
institutions meet every two years in the international track race of Motorland with prototypes 
designed and built by them. The competition has two categories of racing motorcycles, Petrol 
and Electric; the PMF has participated in both classes since 2019. Therefore the team raced 
in three editions, developing four prototypes so far (see Fig.2). In 2016 and 2018, the 
students developed two motorcycles for the Petrol category, achieving first place in 2018. 
During the two-and-a-half years till July 2021, the team developed the third petrol prototype 
and the first electric one. Currently, the team is designing and manufacturing two more 
prototypes, one petrol and one electric. The PMF is a cross-disciplinary team that includes 
students from different engineering, design, and architecture study programmes, counting 
over one hundred students collaborating on a high-complexity project. The project challenges 
students' learning through the direct experience of a self-guided development of the 
prototypes in a semi-professional reality. Such a process is coherent with a constructive 
learning approach, one of the most relevant in contemporary education (Mattioli, 2022). 
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Figure 2: The team's organisation is pyramidal, with team leader and departments heads on top and team members 
distributed in the departments and divided into workgroups 

The team is organised in a pyramidal hierarchy based on a responsibility chain, as shown in 
(Fig. 3), resembling a professional company structure. The fluid-structure aims to divide and 
manage the project into tasks and milestones. From top to bottom, the pyramid comprises 
the team leader, heads of departments and team members divided into collaborative 
workgroups. Moreover, the whole team has a faculty advisor that facilitates the interaction 
with the Mechanical Engineering Department, which hosts the team providing a space to 
work; it is worth mentioning that the faculty advisor has no active role in guiding or 
supervising the development of the motorcycles. One of the researchers has participated in 
the project since 2018, having first the role of surface designer and later as the 
Fairings&Aerodynamics department head. During her participation, the researcher designed 
and developed four fairing sets. Such experience allowed her to analyse and understand the 
project approach applied during the evolution of the prototypes. Because of this reason, this 
research has been applied to the fairing development approach. 

Moreover, this experience allowed the researcher to observe the prototype evolution as the 
material infrastructure guiding subject-to-subject relationships. What has been observed in 
the context is that the bikes evolve from boundary objects to being perceived as prototypes 
and finally becoming fetish objects during the design, manufacturing and testing phases (Fig. 
4). The bike project starts as an abstract concept in the beginning. Over time the project 
acquires more materiality, whereas the prototype shape gets set. Communication plays an 
essential role in achieving materiality. During the design phase, the bike is abstract; it hardly 
has a well-defined shape. Each workgroup visualises a different representation of the project. 
During this phase, the object works as a boundary object, representing a communication link 
between workgroups. Once most components exit the design phase and start the 
manufacturing and assembly phase, team members perceive the object as a prototype. 
During this phase, most workgroups share the same project's physical representation. 

 
Figure 3 – The motorcycles evolve along the project; in the beginning, while the project is highly abstract, the bikes work 
as boundary objects, consecutively the project becomes more concrete during the production phase, and the objects 
transform into prototypes; finally, there is an acknowledgement of aliveness that brings the transformation of the 
motorcycles in fetish objects. 
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The more the bike reaches full design maturity, it is recognisable as a product belonging to 
the widely acknowledged racing motorcycle category. It is worth mentioning that though 
MotoStudent bikes never really become products because they never reach the market, they 
stay in the testing category object. Finally, the object becomes a fetish object when the 
testing phase starts. Team members see the rider as part of the motorcycle and associate 
the motion with the humanisation of the object. Students acknowledge the object's aliveness 
through such association, granting it power over themselves. 

This observation and framing of the contextual object-to-subject relationship were possible 
through one of the author's first-hand experiences, as she had the opportunity to participate 
in the project development, thus following and observing the evolution of three prototypes 
and the subject-to-object relationship transformation. Concurrently, also the subject goes 
through an evolution. While the project works as a boundary object, the subjects become 
designers of such an object; they are not yet considered creators because, during the initial 
phases, the project is still flexible and under the designer's control. There is a parallelism 
between the designer figure and the bricoleur described by Latour (1966) because both 
figures exploit raw material around them as a possible tool to use in a project; objects are 
under the designer's control. During the manufacturing and assembly phase, the subject is 
halfway between being a designer and a user because some components get tested. The 
next shift happens during the testing phase when the object becomes a fetish object, and the 
subject becomes its creator. The acknowledgement of aliveness (Spyer, 1998) happens the 
first time the rider drives the motorcycle on a track. 

At the end of their lifetime, prototypes are displayed in the hall of the Mechanical Engineering 
Department, where new members can use them as inspiration: being displayed, they 
ultimately become fetish objects. Hence, senior members rely on the fetish object power to 
pass on knowledge. As a result, part of the acquired (tacit) knowledge gets lost during the 
turnover. Because of this reason, each time a new project starts, the team restarts to rebuild 
knowledge and project culture almost from scratch. However, most of the overall view gets 
lost in the turnover, and new members often struggle to develop a broad project 
understanding. In addition, members' interactions start as an interdepartmental activity and 
only indirectly with members of different departments through the department heads,  
provoking members' isolation. This negatively impacts the project because students design 
each component without considering all other related parts, lowering the overall quality. The 
guiding research question emerged starting from these contextual observations is: how might 
we use the object (i.e., the motorcycle in different stages) to leverage collaboration between 
workgroups? This research addresses the conference theme "From Abstract to 
Concreteness" by analysing the social role of the evolving object inside an interdisciplinary 
student project to understand the subject-to-subject relationships through the subject-to-
object relationships. The goal was to map object-to-object relationships to build a meeting 
protocol to enlarge brainstorming activities to build a more robust overall perception of the 
motorcycle as a whole during the early design stages. 
Methods and Results 

The research follows an action research approach supported by one of the author's first-hand 
experiences as a participant observer and the in-depth analysis of the petrol prototype 
designed and developed for the seventh competition edition (i.e., 2023). The action research 
focused on the work developed by the Fairing&Aerodynamics department and related 
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components developed by other departments. The first step was to set the mapping of the 
components to analyse object-to-object relationships and then the workflow mapping to 
understand how the development of each component (with specific regards to those 
developed by the Fairings&Aerodynamics department) was interrelated with other 
components. 

Components and Workflow Mapping 

The fairing set is the aerodynamics part of the project, is not structural, and members 
perceive it as a covering skin. Because of its size, it depends on many other components, 
most of which must be developed before the fairing. As a result, the fairing design has little 
impact on the design phase of the rest of the motorcycle. The researchers first mapped the 
relationships between components that mirror the subject-to-subject relationships to promote 
a more cyclic design phase. The following maps helped clarify the link between components 
developed by different departments. 

 
Figure 4: Cartesian mapping comparing dependency and production strategy 

Figure 5 shows a map that compares the x-axis and the dependency and, on the y-axis, the 
production strategy. The first quadrant includes components considered necessary to test 
the motorcycle. The second quadrant includes components highly dependent on primary 
components, and, as in the first quadrant, these components are manufactured in-house. In 
the third quadrant, there are those components easy to acquire that are not designed. 
Finally, the fourth quadrant includes essential components that must be set during the design 
phase. This map aims to highlight the fairing status as a dependent component, whilst the 
second map shows dependencies between components and helps understand the 
penalisation in the function of time.  
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Figure 6: Components' production relationships 

Figure 6 shows a Gantt chart that shows the production dependency of components. Such a 
map help to identify the dependency chain plotted against time, identifying issues related to 
chains of delay that affect significantly more dependent parts. Some primary components 
identified in the first map are also considered structural components because, if 
compromised, the motorcycle is no longer reliable. Such components define the bone 
structure and the dynamics encumbrances; because of this reason, they are developed first 
on the timeline. Primary components' criticality and complexity cause delays in the design 
phase, impacting the available time for the rest of the components. The fairing set depends 
on the end of the primary components' design phase, which is required for its optimisation 
approach. Consequently, the fairing is developed when most of the other components have 
already entered the manufacturing phase, precluding the fairing project from impacting the 
design of significant components designed outside the Fairings&Aerodynamics department.  

The maps helped identify the issues of having an unbalance design process, where the 
conceptual phase is not developed on the whole motorcycle but on each isolated component. 
As a result, components considered less critical are treated as extra pieces and are not well 
integrated. Thanks to one of the researcher's experience, it was possible to trace such 
unbalance to the communication aspect between workgroups developing different but related 
components. Researchers have observed that, during the design phase, students developing 
related components did not share the project perception and work isolated from one another. 
Due to the stretched social role of the object (i.e., the motorcycle), students rely on its fetish 
power instead of using material representations as communication and development tools. In 
other words, each component developed by one department was initially developed without a 
proper alignment with another department developing related components. 
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Protocol for collaboration using the object as a boundary object 

Since the team lacked structure and a balanced task subdivision, it seemed fair to implement 
a method that did not require additional time and resources or had to be understood and 
applied. Consequently, the approach is a protocol for the meetings' organisation with groups 
of related components. The protocol does not require changing the design method; it should 
help workgroups receive and transmit information more efficiently, possibly recalling it 
anytime they need it. 
Tab. 1. Description of the protocol criteria for the inter-department meetings. 

 Description 

Initial alignment The facilitator clarifies at the beginning of the meeting goals and topics. 
Keep it concise The participants decide a maximum duration for the meeting. 

Learn from the past During the session, the participants analyse both the 2023 design and 
2021 prototypes, inviting senior members. 

Final alignment The facilitator recaps all topics. 

Follow-up After the meeting, the facilitator sends a summary of all issues and 
solutions by email or Telegram channel. 

The aim was to increase brainstorming efficiency and trade-off, avoid independent design 
development of components, and promote a more integrated approach. Furthermore, such 
change in the project approach should promote competencies growth in a collaborative 
learning environment, as it reinforces the inter-department negotiation of design constraints 
and objectives. The concept behind this protocol was to structure brief alignment meetings 
between interdepartmental groups about specified technical and design topics. These 
meetings aimed to make explicit information about components design, discuss shared 
design topics, and achieve shared solutions. The protocol required that the reunions were in 
person whenever possible and that the criteria presented in Table 1. 
Tab. 2. Summary of the five sets of morphological requirements considered while designing the fairing geometry. 

Requirements and 
constraints 

Description Example 

Manufacturing 
requirements 

Geometrical details necessary to 
permit the production 

Draft angles to remove the 
component from the mould 

Material constraints Morphological characteristics 
depending on the selected material 

Rounds dimensions, surfaces' 
continuity 

MotoStudent race 
constraints 

Maximum and minimum dimensions 
and encumbrances imposed by the 
competition regulation 

The fairing must not be wider 
than 600mm and must stay 
100mm above the ground with all 
liquids and without the rider 

Extra-departmental 
requirements 

Impositions regarding dynamics and 
encumbrances of other components 
developed by different departments 

Steering angle, suspensions 
encumbrances, easy access to 
perform fastening checks 

Inter-departmental 
requirements 

Goals regarding ergonomics and 
aerodynamics 

Rider's visibility, quality of 
streamlines, surface quality, 
components' fastening 
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The protocol was applied to meetings between the workgroups designing the fairing set for 
both motorcycles and workgroups of other departments developing related components, 
such as the chassis and the radiator. The main topics were assembly and dynamics 
constraints, overall vehicle performances, encumbrances requirements and aerodynamics 
goals. The aim was to set a series of requirements and constraints shared across different 
workgroups, promoting collaborative brainstorming and knowledge sharing. Then those 
requirements were divided into five main project goals translated into morphological 
requirements used to shape the fairing geometry in terms of manufacturing requirements, 
material constraints, MotoStudent race constraints, extra-departmental requirements, and 
inter-departmental requirements (see Tab 2). 

After the translation, the morphological requirements were applied in the iterative process 
between design and the computational fluid dynamics (CFD) simulation used to optimise the 
fairings to improve the vehicle's aerodynamics (see Fig. 7). Thanks to the protocol 
implementation, enhancing the fairing complexity and integrating with related components 
was possible. The meetings permitted brainstorming across departments to find common 
goals regarding components' interface and performance enhancements of one component 
with the other. Moreover, it allowed members of different departments to learn about the 
fairing project, enhancing their overview. 

 
Figure 7: On the left is an image of the CAD model of the motorcycle; on the right is an image from the computational 
fluid dynamics (CFD) analysis showing streamlines. 

Discussion 

This research focused on the subject-to-subject and subject-to-object relationships inside the 
context of the PMF student team. The aim was to understand the prototypes' social impact 
on the design process. It emerged that such objects are used as infrastructure to establish 
communication links between team members on different planes and timelines, negatively 
impacting the current development process and the historical link with previously designed 
prototypes. To counter it, students use the prototypes and their representations as boundary 
objects to establish interdisciplinary communication channels as material infrastructure to 
enhance understanding during brainstorming. The peculiarity of this context is the high-
complexity project held by a team of students with no professional guidance. Hence, the 
questions aimed to clarify the team's collaboration method to leverage the communication 
quality during brainstorming.  
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Figure 8: Research process 

The authors observed students using bikes as communication channels to promote cross-
departmental understanding, maintaining it as a tacit behaviour. The components and 
workflow mappings were created to display object-to-object relationships as a reflection of 
the workflow structure. The authors started analysing the method applied to design the 
motorcycles since the team lacks an official workflow structure. Later they translated the 
object-to-object relationships into subject-to-subject relationships by tracing the workgroups' 
project touchpoints. Afterwards, the authors developed and applied a meeting protocol to 
promote a broad project view and reduce individual component development, aiming to set 
more shared goals. Later, such a protocol was applied to develop a component that depends 
on several others. Usually, such a part is penalised during the design phase because of 
delays from dependent components, impacting its overall quality. The protocol helped 
leverage workgroup collaboration by creating a contextual path guiding each meeting. It has 
been noticed that the meeting efficiency depends on the participants' background 
experience. As a result, if no contextual path and initial goals are set, the meeting outcome 
does not provide helpful information to the project (see Fig. 8). In conclusion, a few topics 
have emerged through this research development. Constructive learning contexts inside the 
university sometimes miss the guiding figure, generating a self-taught process where 
students develop competencies and project awareness. However, team members miss the 
process awareness necessary to apply that knowledge strategically to reduce the trial-and-
error factor. Moreover, interdisciplinary collaboration is given for granted, which means there 
is no active process of building personal competencies, so the design process does not 
exploit such relationships at best. 

Subject-to-subject relationships are often built tacitly in this self-directed project through 
project goals set between related components. Communication channels are strongly 
dependent on the object's development. The project evolution works as the team 
infrastructure and not as a tool exploited by a subjects-based project infrastructure. Due to 
the fetish object's gathering power, different workgroups are put into communication when 
the object's evolution requires it. Consequently, subjects' connections are dictated by the 
object-to-object relationships through the evolution of the motorcycles from boundary objects 
to fetish objects while the students endow in the object the gathering power. Hence, students 
do not use the object as a tool; instead, they are acted upon by the object. 

As a first attempt, the protocol application was limited to developing one component and the 
workgroups developing related components. To extend its implementation would be 
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necessary to train the management board to open the path to autonomous use, which would 
be the ultimate goal of the new method. Another limitation regards the project's deadlines. 
Due to a lack of compatibility, the fairing development did not reach production maturity yet, 
which would have permitted the retrieval of data about the manufacturing phase and the 
component testing. Moreover, the research was developed as part of a Master's thesis in 
Design & Engineering, leading to the implementation of only one action research cycle 
applied to a small group of subjects related to the development of the fairing set. 

This research aimed to improve the explicit knowledge transmitted to the team members to 
improve their competencies through participation in a high-complexity project. The researchers 
were able to map the component dependencies to understand the relationships between the 
subjects and promote awareness about a more integrated design approach. This was possible 
through analysing and developing a highly penalised component (i.e., the fairing set), 
promoting interdepartmental collaboration. Future research in the situated context may extend 
this practice to the design of the whole motorcycle by anticipating collaborative activities aiming 
to establish a more shared material culture that helps bind the subjects together and reduce 
project isolation. 
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Abstract  
 
The practice of First Person View (FPV) drone flying is not entirely understood. The physics bending agility 
of the technology and tight coupling of this with a pilot’s senses is an emerging field of research into 
embodied relations and Human Drone Interaction (HDI). The assemblage, integration and tuning of a 
boutique system of FPV hardware and software that is bound together with open-source firmware in a self-
directed mode allows an enormous amount of freedom and application, but also involves tacit knowledge 
and continuous experimentation that is inextricably bound to processes of prototyping.  
The role of a do it yourself (DIY) remote control aviation hobbyist who flies FPV drones is complex and 
multifunctional. The act of flying these high performance tele-operated robots for recreation is built upon a 
foundation of specialist craft and technical knowledge across multiple fields that range from materials 
science to computational systems management. This paper will unpack a creative technologist approach of 
how a DIY FPV pilot integrates hardware, software and firmware with their drone and generates new 
experiential knowledge through iterative processes of prototyping across multiple fields. This practice is 
driven by a desire to perfect a phenomenon known as ‘flight feel’ that sits outside the normal aims of a 
staged prototyping scenario and involves a variety of prototyping methods that when combined with modes 
of sensing and flying in the wild, becomes what could be considered proto-flighting. 
 
Human Drone Interaction; First Person View; Embodiment; Prototyping; Proto-flighting 
 

The development of drone technology has radically impacted warfare, media, research, 
recreation and industry. It can be understood as a "socio-technical assemblage of the sky 
and vertical space" (Crampton, 2016, p. 137). Emergent methodological tools combined with 
new approaches to sensor, power, and control systems of drones offer opportunities to 
understand the relationship between technology and human.  High performance FPV drone 
technology has quickly evolved into a highly adaptable tool that encompasses elements of 
making, open-sourced software and technical mastery in which the "human operator is 
surrounded by the machine, is intimate with the machine, becomes the machine” (Mindell, 
2002, p. 63; cited in Garrett & Anderson, 2018, p. 348).   

This paper explores a discrete aspect of FPV drone making and tuning processes, and 
reveals how the relationships between technology, environment and human evolve. It 
focuses on the embodied experience of fabricating parts and integrating components onto an 
FPV drone and then the testing of the system by flying at an outdoor location. It interprets 
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how a prototyping ‘in the wild’ method - an agile development process that enables 
evaluation and rapid evolution in real life situations (Hutchins, 1996) - plays a key role in 
achieving FPV flight dynamics. This approach contrasts with prototyping in a Lab or synthetic 
environment as it foregrounds the spaces between technology, human and environment and 
offers insights into how the innovation of hardware, software and firmware happens 
simultaneously, developing new experiential knowledge through processes of doing.  

The research presented in this paper sits inside a broader PhD research project that seeks to 
understand the embodied experience of FPV drones. 
 

Situating FPV drone practice 

The process of piloting an FPV drone involves a pilot (human), a drone (technology) and 
airspace (environment). The role of the pilot in flying an FPV drone is complex. In its simplest 
technical understanding, the pilot controls or operates the technology or machine while 
responding to a given environment.  Mollica (2020) extends this notion and suggests that the 
role of an FPV pilot is intricate, immersive, and more than tele-operational in nature. He 
describes the field of FPV drones as one that encompasses many technical literacies, 
including specialized systems management, data interpretation, environmental navigation, 
radio theory, electronics, making, coding, tinkering, flying techniques and practices (2020). 
He presents a sequential treatment of interrelated topics that build understanding and 
proficiency in the techne of FPV with the aim of mastering a web of complex technical 
barriers to “become the machine” (Mollica, 2020, p. 11). This concept extends past a simple 
technical understanding of a hobby practice and recognizes that the role of an FPV pilot is 
complex and requires the acquisition of knowledge by doing.  Garrett & McCosker suggest 
that in this modality the drone is not “a simple cyclops eye that flies but rather part of a more-
than-human sensorial assemblage” (2017, p.16). This type of close physical association 
between a human and technology is described by Don Ihde as embodiment (1990). In the 
context of FPV piloting this suggests that when the pilot masters technical literacy and 
becomes the machine (Mollica, 2020), the drone and the pilot are one. Eriksson et al., 
identify this relationship or embodiment as a dialogue that requires a kinaesthetic awareness 
to achieve inter-corporality between human and drone (2019). This intimacy is also described 
by Jablonowski as a “carefully and constantly established, attuned, and adjusted relation of 
mediation between the technological infrastructures of remote control and remote sensing 
and the embodied sensory perceptions and actions of the human user” (2020, p. 345).  This 
builds a position where the FPV pilot is a do-it-yourself (DIY) prosumer who has a deep 
relationship with their materials. This extended practice of amateur aviation is supported by a 
host of social media, web, club and print media resources. This understanding and 
connectedness allow construction of boutique drone assemblages that best suit the pilot and 
the environment that they operate in.   

In one of Jablonowski’s ethnographic interviews the pilot “describes a sensory perception 
which by far exceeds the objectively transmitted sensor data; he experiences an immediate 
feeling of synesthetic and kinaesthetic pleasure. The drone becomes a sensory organ of his; 
due to its mediated coupling with [the] body” (2020, p. 348). In this way, it becomes, what 
Merleau-Ponty describes as part of his “body schema” (1958).  What is not elucidated in 
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these interviews is how the processes of making and integrating the FPV drone operate. 
These processes are critical to how an FPV drone pilot gauges and evaluates the flight 
dynamics and ‘flight feel’ of their system. This complex arrangement of understandings and 
actions could be understood as what Barad defines as ‘intra-action' (1998) where the 
conditioning between humans and non-humans is one of possibilities. This suggests that a 
reasonable amount of psychic mobility and out of the box thinking is required to translate 
bodily and sensory experience into a set of coherent commands and decisions to make pre, 
real time and post flight adjustments to the FPV drone system that have desired impact.  This 
research paper focuses on understanding the experiential union between pilot and drone by 
elucidating where the processes of different types of prototyping happens, what some of the 
key concerns of this activity are and how the experience gained through prototyping affects 
‘flight feel’ to gain a better understanding and articulation of these relationships.    

Other research has analysed the learning experience of becoming an FPV drone pilot and 
how that affects connectedness. Tezza et al., surveyed FPV pilots and describe the 
mechanical relationship of the hand to the remote controller, flying modes and skills gained 
(Tezza et al., 2021).  However, they did not articulate bodily experiences or mental 
processes.  These research findings specifically address how different FPV flight modes 
change the relationship the pilot has with the craft, they suggest that “future studies could 
objectively evaluate how each grip mode impacts human-drone interaction” (Tezza et al., 
2021, p. 4).  This study shows how currently, the subconscious and bodily interface between 
FPV drone and pilot are not well catalogued or understood. In addition, they note that there is 
limited research conducted from the first-person pilot perspective or how the making, doing 
and culture of the hobby operates. The position of the human in the loop as an emerging 
area of drone research is also highlighted by Herdel et al., (2022) in their scoping review of 
domains and applications of drone research in Human Computer Interaction (HCI).  This 
paper will directly address this gap in knowledge by revealing how the development of the 
practice of FPV drone flying is an amalgam of experiential knowledge and prototyping. 

 

The role of prototyping  

Design is an integral component of many disciplines including engineering, education, art, 
architecture, urban planning, business, computer science, and others.  Simon suggests that 
“everyone designs who devises courses of action aimed at changing existing situations into 
preferred ones” (Simon, 1988, p. 67). This can be understood as meaning that “design” is to 
improve the world around us. He goes on to frame how examining human created artefacts, 
involves a departure from the objective observer that has an independent scientific findings 
model and introduces the science of the artificial, which has human values and actions 
embedded in it (Simon, 1988).   Design researchers have been active in understanding 
human drone relationships. One recent project explored the proximity that humans will afford 
drones. Wojciechowska et al., noted that when the drone was within participants personal 
space, most felt “that the drone wanted to communicate with them” (2019, p. 179). This 
approach focused on co-location, proximity, and trajectory with a wide range of surveyed 
participants. This highlights the role of the drone as a functional object that has agency. In 
this setting it is an item of technology created for shaping and learning about possible 
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futures. Schön suggests that the use of a prototype intrinsically, helps designers learn about 
design challenges and the world the prototype operates in (Schön, 1983).  

An approach to HDI is presented by La Delfa et al., who created a research project called 
Drone Chi (2020). They present a quasi-chronological pictorial development of the project 
that had multiple perspectives embedded in its design process (La Delfa et al., 2020).   
Drones were investigated as a material for designing soma-aesthetic experiences and 
produced iterative low fidelity prototypes to drive the research development. They found that 
participants felt the “intimate correspondence” between themselves and the drone, “feel as 
one with the system” (La Delfa et al., 2020). This sense of union was created by the careful 
application of soma design principles and prototype development. 

Drone presence and interaction is directly addressed by Eriksson et al., in a different setting 
(2019). They discuss problems and solutions to performance-based drone interaction. They 
created a choir composed of drones with loudspeakers as a performative choreography for a 
commissioned opera.  In their research they present a methodology where the interactions of 
the drone and the choreographer are critical to the design phase an aspect of this process is 
revealed as an evolutionary software prototyping and that it offered "new forms of 
engagements, such as first-person felt perspectives" (Eriksson et al., 2019, p.1) as key 
findings that are folded into the final performance of the Opera.  

All of these drone human interaction projects used drones as communication objects and 
had different prototype development as a critical stage in the research. Notably, they were all 
located in controlled enclosed environments.  Hildebrand departs from this model by doing 
auto-ethnographic research in the wild. She addresses the notion of drone piloting 
experience by considering flight operations as ‘auratic’, framing it as a playful act that 
enables “aerial exploration, creative expression, geographical literacy, and imaginative 
mobilities in ways that suggest expanding conceptualizations of the aerial gaze” (Hildebrand, 
2021, p. 20).  This points to a heightened relationship between the pilot and the drone where 
the participant not only feels what the drone sees, but how the drone is performing in the 
environment. This binding of sensors and human sensing affords new ways of thinking about 
tele-operation and tele-presence. Jablonowski argues that “drones’ media-technological 
apparatus allows for a virtual-somatic feeling of presence in spaces where human bodies 
cannot (or almost cannot) be and move” (2020, p. 347). 

A key commonality that links these design research prototyping approaches and theoretical 
frameworks that situate drone research is the inherent requirement for humans to unionize 
with the drone system and that it is in more-than a simple tele-operational modality. The 
possibilities offered by the transdisciplinary, DIY nature of FPV drone practices and the 
continuous development cycle that the open-source environment, which is inherent in the 
design and functionality of the technology, positions the FPV drone system and its human 
pilot as an innovative unified form of prototype that rapidly changes over time and has its 
own type of agency when located in the wild.  

This paper will show how a creative technologist approach to prototyping and evaluation in 
the field can extend the exploration of new research fields, such as HDI. 

 



 

769 
 

A creative technologist approach 

This research used a creative technologist approach to engage with drone technology to 
generate new understandings of the FPV pilots experience and practices. Creative 
technology is a relatively new field of study (Connor, 2020). The most commonly understood 
position recognizes the domain as inherently interdisciplinary and draws from multiple fields 
such as engineering, computer science, design studies and the arts in terms of creative 
outputs (Mader & Dertien, 2014).  Mader and Eggink suggest a creative technologist 
approach empowers a researcher “to make use of existing technology in novel combinations 
- in contrast to developing new technology” (2014, p. 1).  

The creative technologist approach to this research is grounded in methods such as 
tinkering, making, hacking and assembling technology to discover possible integrations 
(Connor and Sosa, 2018). This is accompanied by the forming of an adaptive reflective 
narrative that allows for the evolution of artifacts and processes to occur. This research 
investigated the more than human union afforded by FPV drones where "the interaction 
becomes a dialogue, a negotiation, between the technologies and humans" (Eriksson et al., 
2019, p. 3). In this way “the objects, systems and knowledge are constructs that can be 
challenged and changed as new thoughts, technologies and approaches arise. The process 
of continuous creation is characterized by ongoing transformations and reconfigurations” 
(Connor and Sosa, 2018, p. 3). This interdisciplinary approach significantly deviates from 
traditional design methods around prototyping towards a refined product or service 
application. It reflects the continuous dialog and interaction that a non-dualistic design 
process entails to elucidate the relationship that Jablonowski describes as “synesthetic” or 
“non-human, multi- and extrasensory” (2020, p. 347). This research has used auto-
ethnographic methods to record ‘materially discursive’ (Barad, 1998) intra-actions in the wild 
by recording and mapping flight logs, reflections in and on action, black box data, 
photography, video and audio. Cycles of action research were interwoven into the practice to 
drive the tinkering, making, hacking and assemblage components of the research. This 
hybridized approach as auto-technography, exposed an agile iterative prototyping method as 
a core component of FPV drone behaviours. It aims to generate new knowledge about the 
position of the human in the loop in the field of HDI that has been highlighted as being absent 
by other researchers (Herdel et al., 2022). 

 

Experiencing FPV Fundamentals 

This section will describe different types of prototyping that emerged during the research 
practice of flying FPV drones which enabled the creation of practical knowledge and 
supported empirical research. The examples involve hardware, software and firmware and 
were simultaneously developed through iterative cycles of prototyping using the same FPV 
drone. These activities ranged from materials experimentation and prototyping to open-
source software development strategies, such as evolutionary and incremental prototyping 
development processes.  
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Location of practice 

This research paper focuses on the fabrication and then flying of an FPV drone within a 
forest environment with the aim of exploring and experiencing it from a new perspective. It 
also investigates how ‘flight feel’ is developed. This environment is very complex, with a high 
occurrence of and extreme proximity to obstacles. For the purposes of this research, the 
selected flying location was considered a configurement space that was 300 meters x 300 
meters x 20 meters in volume. These dimensions were dictated by the radio and video link 
between the pilot and the drone (refer to figure 1). 

 
 

 
Figure 1: (Cleveland, 2022) Flying practice in the forest [photograph]
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The practice was carried out daily over a three-month period.  A real-world flying location 
was selected as it would be a challenging extension of practice for the lead author, who has 
been researching making and flying drones since 2016. It is also in line with New Zealand 
Civil Aviation Authority regulations (CAA 101 pt.1) that govern the use of drones in the 
national airspace. The following flight operations were conducted in a privately owned mature 
conifer forest, in the mode of a ‘shielded operation’. Locating the research in a pseudo-
laboratory allowed for a real physical environment where the ‘doing’ component of the 
practice would not have manmade limits such as volume of space, timetabling and logistics. 
This approach foregrounded the dynamic nature of the forest environment and atmospheric 
conditions. This combined with the technology and the human into an amalgam that afforded 
unified decision making and supported learning about unknowns. This was experienced in 
multiple ways. Notably, the building of mental flight maps whilst operating in the space 
became a navigational practice that entailed connecting discovered and possible flight paths 
together to prototype changes in the technical system and as the practice expanded, 
increase human generated variables such as risk.   Another key benefit to this location was 
that it allowed the lead researcher aloneness, a scenario that is not always viable in a lab 
setting and is in line with conducting auto-ethnographic research that had components of 
audio and video as recorded data. 

Hardware 

The hardware selection for this project consisted of hobbyist grade componentry. The initial 
making and configuration of the drone was carried out in an engineering makerspace at 
Auckland University of Technology. Hacking, tinkering, maintenance and prototyping in the 
wild was also carried out on location in the forest. The air frame (drone body) selected for 
this purpose was a kit set consisting of machined carbon fibre plates connected by 
aluminium stand-offs and fastened together by M3 bolts. It has the key feature of ducts that 
surround its four propellors. In this instance, the ducts and ancillary parts were 3D printed by 
the lead author.  The novel use case for this drone demanded iterative materials 
experimentation and rapid prototyping to fabricate ducts that maintained the tolerances 
required to produce efficient thrust and be robust enough to withstand an amount of contact 
with flora in the forest environment. The duct iterations started with using a polylactic acid 
thermoplastic (PLA) material common in rapid prototyping with 3D printers. Multiple 
adjustments and refinements were made to the stereolithography file (STL) as the 
prototyping process unfolded to increase the structural integrity of the ducts at the contact 
points with the frame. After multiple iterations and flight testing of these ducts, a functional 
accurate prototype was fabricated out of nylon using selective laser sintering (SLS), an 
industrial 3D printing process (refer to figure 2). 
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Figure 2: (Cleveland, 2022) SLS 3-D printed componentry [photograph] 

 

In tandem with this iterative prototyping was the selection of the type and sizing of the 
propellors, which had to be cut down to very specific tolerances, to suit the critical 
dimensions of the ducts. The propellor selection moved from high pitch tri blades to low 
pitched octo blades. The shape and mechanical properties of the blades had a big impact on 
the flight dynamics of the drone. A jig was fabricated and fitted to a rotary tool that allowed 
replication and precision when cutting the blades to length and many iterations and trials of 
blades with different properties such as aerofoil, chord and pitch distribution were prototyped. 
It was not possible to simply generate data from a static thrust calculator to simulate and 
predict the duct, blade and motor combination to forecast performance. The amputation of 
the end of the blades and duct configuration disrupted any attempt at using a software-based 
calculator and produced highly variable, unusable results. Evaluation and decisions about 
the effectiveness of each blade type was driven by what soma designers describe as “first-
person felt perspectives” (Eriksson et al., 2019).  Achieving   maximum performance from the 
ducts, propellors and motor combination enabled the drone to be more efficient with each 
iteration.  However, the results achieved were such that during the practice a new soft 
material, Thermoplastic Polyurethane (TPU), that was more tolerant to contact with flora at 
velocity was 3D printed and introduced. This became necessary as the kinaesthetic 
awareness of the pilot and risk taking with the drone in the environment increased. This 
physical prototyping and holistic negotiations with the drone and the environment produced a 
‘flight feel’ that was bright, nimble and robust. The role of iterative prototyping and iterative 
material experimentation in tandem during this process was crucial in developing the drone 
(refer to figure 3).  
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Figure 3: (Cleveland, 2022) TPU 3-D printed componentry fitted on the drone with cut down propellors [photograph] 

Software 

Software is a continuous site of development for FPV pilots. The open-source network of 
developers and supporting social media resources are constantly bringing to production 
software hacks and applications that can be integrated into the FPV drone system. Releases 
of this boutique software are often deposited on the open source Github platform and 
supported by a temporary community that evolves around the project. Real-time feedback 
from the developers and community is then available for problem-solving and testing in an 
agile development mode.  An example of this was the hacking of the digital DJI air unit and 
FPV goggles, used by the lead researcher on this project, to provide an external stream of 
the digital video feed coming from the drone onto a secondary platform.  The code was first 
made available to the FPV drone community as a linux image hosted on a Raspberry Pi and 
involved iterative cycles of trial and error to install and configure before becoming stable 
enough to use. This evolutionary software prototyping process in its initial stages was 
functional but proved cumbersome to use in the field due to the amount of apparatus 
required to support it. A refinement of this application became available from the open-
source developers in the form of a software developers’ kit (SDK app) that could be run on 
an android device. This evolutionary prototyping approach from the open-source developers 
resolved the issue of portability and allowed this research to stream and record video off 
board from the DJI googles and air unit platform, in real time. An unexpected advantage of 
this was that playback from flights was available in the wild which allowed for reflection in 
and on action and highlighted the performance of the drone whilst prototyping the various 
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duct and propellor configurations. This was displayed on a flat screen that could be analysed 
and played back at different speeds. What emerged from this new ability was a sense of how 
the different ducts affected the flight dynamics of the drone with regard to slowing it down. 
The form factor and materials of the ducts had a very big impact on the performance of the 
drone as the ducts acted as an air brake which was in many respects more useful for 
controlling the drone in the forest environment than optimising thrust and power which was 
the initial aim of the process. The amalgamation of materials prototyping, and open-source 
software prototyping - which can be described as an incremental prototyping process - 
allowed the researcher new opportunities to explore space in a more than tele-operation 
mode guided by “first-person felt perspectives “(La Delfa et al., 2020).  

Firmware 

Interlaced with all parts of the drone system is the firmware that runs the flight controller. 
Firmware can generally be considered embedded code that provides basic instructions that 
sets the behaviours of the hardware and allows communication with other software running 
on a device.  

This research used the open-source Betaflight firmware hosted on a specialised hobbyist 
flight controller board. This firmware comes with a host of companion applications and a very 
powerful configurator that allows adjustment of every variable in the system. A fundamental 
feature of the Betaflight soft and firmware architecture is a focus on flight dynamics and 
performance which is managed through a Graphical User Interface (GUI) called Betaflight 
Configurator. This interface, which is achieved via a USB connection to the flight controller 
board, allows complete control and tuning of the low order flight controller settings as well as 
management of the peripheral devices connected to it. This tool is available on multiple 
platforms (such as a laptop) and can be used on location in the wild.  

In essence, the GUI is how an FPV pilot talks with their drone and is a capacity that Mollica 
suggests is a vital form of technical mastery (2020). This software tool, we suggest, allows 
what Barad identifies as “material discursiveness” (1998) by giving the FPV pilot an ability to 
drill down into the exact behaviours of both the human and technology sculpted for a 
particular environment. This is achieved by the GUI affording a granular level of detail and 
control of any part of the FPV drone system without concern for any other part of it. 
Reflection on the performance of the drone is also available through a process of black box 
recording and review and produces a flow of data that can be analysed using a companion 
open-source application, Betaflight Black box log viewer. This is an interactive viewer which 
allows the pilot to closely analyse actions and responses of the system to any given input, 
post flight. This can then be acted upon by changing firmware settings or addressing any 
highlighted hardware issues. This capability is a major departure from closed source 
consumer drone systems that limit access to individual settings by providing a curated user 
experience. This data stream is also an important component in building maps of experience 
(refer to figure 4), as it can be used to visualise data from a flight when rendered with video 
footage captured from the drone. This can then be combined with other data streams such 
as global positioning system (GPS) and auto-ethnographic footage of the pilot to present a 
new perspective of the experience of flying an FPV drone in the forest where the technology, 
the human and the environment have agency. 
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Figure 4: (Cleveland, 2022) Map of experience [screenshot] 

 

From Prototyping to Proto-flighting 

The attunement modality between the technology, human and environment is in practice a 
step change model that begins with technical process and techne, as craft or technique, 
being paramount.     

This standard FPV pilot behaviour/practice began with flashing the latest version of the 
Betaflight firmware onto the flight controller board and completing a digital and physical 
integration of the parts of the drone system. This was validated by doing short test flights. 
The next steps involved computational considerations, such as the rate that the flight 
controller achieves a desired input from the handheld remote controller (RC) highlighted by 
(Tezza et al., 2021). Then attention to the tuning of more complex relationships such as radio 
link data packet management and filtering. Each of these integral intra-actions built an 
objective understanding of the FPV drone assemblage and was a starting point for a 
continuum of conversation between the technology, the human and the environment centred 
around the firmware. As the system stabilised and became suitably predictable, the 
kinaesthetic experience changed from one of newness and uncertainty to one of sympathy 
and resonance.  The embodied perceptions of flight transformed into a simultaneous 
experience of rhythmic velocity and confidence in taking risk, uninhibited by the minutiae of 
command-and-control and was sensed as a flow of colour and space.  

These glimpses of the possibilities of flying in the environment were due to tactical 
deconfliction of the drone system and its pilot and an emerging comfort with the environment. 
This type of sensing was initially for short bursts of time and indicated that a new phase of 
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inter-corporal engagement was emerging. This was a product of human and technology 
seamlessly coming into union in an environment that, over time, became more 
accommodating. An example of this was the experience of being lost whilst flying in the 
forest and having to continue flying whilst nervously considering battery consumption.  A 
sudden shift into listening intently for the drone and recognition of a specific pool of light 
around a fallen tree re-established positionality and relationship between the drone and the 
pilot. This afforded a successful physical reunion between the two but also created 
synesthetic experiences such as uncontrollable knee shaking and butterflies in the stomach. 
During the initial stages of this research these types of experiences in the environment would 
often end in crashing and the pilot having to walk around the forest environment to recover 
the drone. This also fostered a new intimacy with the environment as the maps of experience 
extended to include different layers such as canopy, sub canopy, scrub, herbaceous and 
aquatic layers of the forest environment.  

At the end of each test flight consideration of moments in time during the flight that inhibited 
or accelerated the experience were translated into an adjustment or reconfiguration of the 
system via the GUI until a harmonised arrangement was reached. The researcher also 
recorded the feel of the flight as notes in the form of flight logs and reflections. These 
reflections on action also took in how other inhabitants of the forest negotiated the complex 
environment and commented on how successful emulating them with the FPV drone was. An 
example of this is how the New Zealand Fantail, a small insectivorous native bird that is a 
constant companion in the forest, darts about in the sub canopy, with rapid direction and 
elevation changes. This was a very different flight path strategy that resulted in many 
contacts with the flora and a focus on fighting crashes when they were happening so as to fly 
through the incident rather than give up and disarm the drone when entanglements or 
contact happened.  By continuous adjustment of the system and adaptive practice as a pilot, 
flight pathways which were an exciting procession of near misses emerged. This opened the 
range of possible flight operations up to include small waterways and near to ground shrub 
terrain and allowed a type of diving and swooping from the canopy into ground level biota. 
This development produced a high energy feeling of free-flowing flight in the forest and gave 
new insights into how the experience of FPV fundamentals can be evolved into new maps of 
experience to suit what would normally be considered a hostile aviation environment.  

The experience of prototyping in the wild highlighted an inflection point that emerged during 
test flying the FPV drone. This was when technical concerns diminished and an all-
encompassing involvement in the moment of flight was amplified. The new modality could be 
considered proto-flighting where optimising a prototype transforms into an optimal 
experience. This objective unpacking of what Jablonowski terms as ‘more than tele-
operational' (2020) is anchored in the perceived feltness of the changes made in the flight 
dynamics of the FPV drone, new spatial awareness and making things happen.  This 
highlights how a creative technologist approach using different prototyping strategies and 
auto-ethnographic practices can combine to create new experiential knowledge in the FPV 
drone space. 
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Conclusion 

This paper unpacks how a creative technologist approach, weaving multiple prototyping 
strategies together, enables the creation of new understandings and supports auto-
ethnographic research in the area of HDI. The foregrounding of the lived experiences of how 
an FPV pilot develops with the technology in the wild is one that involves multiple forms of 
prototyping including rapid, iterative, incremental and evolutionary prototyping strategies. The 
uncovering of air braking as an important flight dynamic in a forest environment was made 
possible by amalgamating experiential knowledge and different types of prototyping. This 
was carried out across multiple domains simultaneously, that then transformed into the felt 
experience and method of proto-flighting.  The building of auto-ethnographically recorded 
and reflected upon data layers combined with embedded technological data tracking 
introduces opportunities for new understandings and experiential knowledge in the form of 
maps of experience. This approach of layering captured video and audio data, black box 
logs, flight logs and reflections can give insights into the dynamics and embodied experience 
of flying FPV drones. This research begins to address a gap in knowledge about the ‘human 
in loop’ highlighted by Herdel et al., (2022) by exploring and articulating practices and 
behaviours of an FPV pilot in a real-world scenario that can be understood as proto-flighting 
in the wild.   
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Abstract  
Inequity in access to public transport is created when infrastructure and services are created for the default 
'generic user'. Policy formulation for large populations is driven by statistical analysis and data-driven 
models that often do not account for marginalized user groups, like women. A participatory approach to 
policy formulation can give a voice to the tacit, unrepresented needs of these groups. This research aims to 
evolve a comprehensive, context-sensitive participatory design research toolkit for public transport that 
helps in requirement capture of user aspirations and tacit knowledge. Building prototypes together helps in 
bringing out experiential knowledge of the participants. The prototype building toolkit serves as a boundary 
object that helps in tangible expression and facilitates conversations. The participatory workshops helped 
generate new insights into the women participants' lived experiences, and served to give a tangible form to 
the abstract concepts in their minds. The group discussions brought many tacit needs to fore, giving voice 
to their unarticulated thoughts. The built prototypes embodied the participants' aspirations for better, safer 
public buses. 
 
Public Transport, Boundary Objects, Participatory Toolkit 
 
Mobility is an important factor in women's empowerment in the modern world. Increased 
employment among women in India, in addition to their domestic tasks, has greatly amplified their 
need for mobility. However, the few options available have negatively affected their ability to work 
and choice of work (Pas, 1984). The World Bank Report on Gender and Transport (Bamberger et 
al., 1999) first ventured to say that transport can boost women's productivity and promote social 
equity, acknowledging the lack of access and safety. In developing countries, more women have 
no mode of transport available at all and generally walk, more women depend on public transport, 
fewer women have access to motorized transport, and even fewer of them are likely to use 
bridging transport like bicycles (Peters, 2015). These disparities have resulted in a sort of 
gendered IM-mobility for females, resulting in what has been termed as 'transit captivity' in critical 
literature where geographies and reach of a significant section of society have been limited by their 
lack of ability to move in a safe, accessible and economical way.  

Generative design techniques can help unearth the underlying reasons behind this transit poverty. 
We posit that participatory research can be used with groups of diverse participants from varying 
backgrounds, bridged by boundary objects. The main challenge is converting tacit knowledge 
(described as valuable and highly subjective insights and intuitions that are difficult to capture and 
share) to explicit expression (defined as objective and transferable). Boundary objects are tangible 
artefacts that serve to facilitate communication and coordination across diverse individuals or 
teams. They help create a common ground to exchange or generate knowledge between different 
domains, cultures, stakeholders etc. With this aim in mind, we created a customized toolkit of a 
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DIY bus model, where participants build their ideal bus together, while voicing their concerns and 
reasons. This paper presents exploratory findings from three workshops we conducted with the 
toolkit. We begin the paper by presenting the background literature that justifies our selection of 
prototyping with boundary objects as a research methodology. Further, we detail our workshop 
protocol and present findings from the workshops. We then discuss the patterns observed across 
the three groups of participants and the prominent themes observed.  

Background 

Women & Public Transport 

Transport planners, geographers, economists and policymakers have studied the vastly 
different travel needs and travel patterns of men and women globally. It has been found that 
mobilities can enable, disable and modify gendered practices in society (Hamilton & Jenkins, 
2000; Turner & Grieco, 2000). It is seen that women generally make poorly resourced, highly 
complex, multiple-purpose trips (trip chaining), while men tend to make single-purpose trips 
at a higher cost and generally use the personal mode of transport over shared or public 
transport, attributed to the gender-differentiated roles in families, leading to distinct 
differences in purpose, distance, mode, time of travel, time travelled, destinations etc. 
(Peters, 2015). These differences in mobility and travel patterns can be accounted for by 
differential access by gender to economic, social, and time resources.  

Public transport in India is currently designed for the fit and able, leaving out large groups of 
physically, socially or economically disadvantaged people. Existing policy is based on large-
scale quantitative data. However, there is a scarcity of qualitative studies that look at the 
tacit, unvoiced reasons for issues faced by women using public transport. This has led to 
generic solutions, often a simple copy of established Western paradigms. A deeper, richer, 
and more participative study is needed to correctly identify problems and possible design 
interventions in local trains. Understanding the unsaid, tacit needs can help convert more 
women commuters to public transport, and help retain them in the long term. To explore 
latent needs of women in public transport, generative tools of participatory design can be 
used to explore what women know, feel and dream. 

Participatory Design for User Insights 

Participatory design methodology includes methods to co-create, co-operate, and co-design 
solutions with real users or participants. It brings the design researcher and the end user 
together as co-creators and collaborators. The design researcher brings to the fore their 
expertise in forging designs as prompts, and the participants bring their expertise from lived 
experience to the table. Users may not necessarily have the expertise to create detailed 
concepts or a technical understanding of manufacturing requirements, but they are the 
greatest experts of knowing their own experiences. Users have 'memories' formed by their 
use of the product or service in the past, and 'dreams' based on their hopes and aspirations 
from the product or service. A well-designed participatory toolkit should be able to elicit those 
experiences and help capture the participants' memories and dreams in the present moment 
(Sanders et al., 2014). 
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Participant knowledge varies from surface level to deep level. One of the challenges of user 
research is to make people say what they really want rather than what they expect the 
researcher to hear. What people 'say' or 'think' is often superficial in nature. This can be 
found out by simpler and more direct techniques like interviews and is termed 'explicit' 
knowledge. Participants' actions, or what they 'do', or how they 'use' a product or service 
goes a step deeper below the surface. They can be revealed through detailed and systematic 
observation studies. This is termed 'observable' or 'tacit' knowledge. The deepest level of 
user insights involve what they 'know', how they 'feel' and what their 'dreams' are. This kind 
of 'latent' knowledge can be learned only through generative methods (Stappers et al., 2014). 

Prototypes in Generative Research 

Artefact based approaches in participatory design leverage prototyping as a way to iteratively 
create design solutions. The use of analog tools is popular in understanding user 
requirements in participatory research (Borum, Petersson, & Frimodt-Møller, 2014). Recently, 
there have been many studies with customized tools, designed specifically for research in 
specialized areas, like Dan Lockton's Design with Intent Toolkit (Lockton, 2017) and the 
LEGO® SERIOUS PLAY® kits (LEGO Group, 2010). The LEGO® SERIOUS PLAY® (2010) 
method was developed as a 'facilitated thinking, communication and problem-solving 
technique' to spur active participation and gain deeper insights from enhanced creative 
thinking, expression and communication. Many recent studies have used customized toolkits 
for research with successful outcomes (Liu et al., 2022; Baldassare et al., 2020; Peters et al., 
2021). 

Prototyping in artefact-based interventions can be applied in workshops with diverse 
participants, across gender, age, national and linguistic background, professional experience 
and seniority. They have been seen to overcome some hierarchies and hegemonies, which 
possibly exist in such social contexts, thus facilitating parity in the voice of all participants. 
Integrating Artefact-based interventions into discursive research practices amongst 
stakeholders has been found to create high engagement, generation of a broad spectrum of 
ideas, and a shared vision of research (McCusker, 2019). 

Prototypes as Boundary Objects 

Artefacts like prototypes can serve as boundary objects in research. Boundary objects are 
socio-technical constructs that may be semantic, syntactic, pragmatic or metaphoric, 
depending on role and context. They were first conceptualized by Star & Griesemer (1989) 
while working on creating common ground in diverse research teams. They have a distinct 
identity, yet are flexible and accommodate varying viewpoints. The boundary in 'boundary 
objects' refers to the shared space between entities which is flexible and open to different 
interpretations (Star, 2010). Star & Griesemer (1989) identified four categories of boundary 
objects, repositories, ideal types, coincident boundaries and standardized forms. Cross-
disciplinary research requires cooperation across teams with diverse backgrounds and 
domains. Cross-disciplinary collaborations that combine design approaches and scientific 
knowledge have been found to lack common definitions for interactions, methods, processes 
etc. (Välk et al., 2019; Tsekleves et al., 2019; Schindler, 2015; Dunne and Raby, 2013). 
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Boundary objects provide a common ground that helps maintain research integrity while 
acting as a research probe to elicit responses and reactions from a varied group. Bowker and 
Star (1999) further expanded on it with reference to disparate "communities of practice" 
where each has a different classification system or social world that has naturalized objects 
over time. Boundary objects lie in the peripheral, shared worlds of these communities, not 
fully naturalized by any community but still, are understood by them. 

In organizations, boundary objects serve to create bridges between individual functions and 
repositories to propagate knowledge sharing and transfer across different verticals (Kanwal 
et. al., 2019). Boundary objects have also been adopted extensively in computer supported 
cooperative work and information science. A boundary object can take the form of a diagram, 
a metaphor, an instruction booklet, a repository, a coding system, a prototype, a story, a 
digital prompt, or even a conceptual artefact, to name just a few possibilities. Boundary 
objects have been found to promote communication in groups working with software systems 
and decision-making (Fong et al., 2007; Huang & Huang, 2009; 2013). They have also been 
found useful in enhancing communication in community research and practice (Impedovo & 
Manuti, 2016; Huvila et al., 2017). 

Studies across different participatory studies with marginalized populations have found that 
boundary objects made to provoke an impulse for change can help trigger people to social 
change (Groot & Abma, 2021; Melo & Bishop, 2020; Hsiao et al., 2012; Akkerman & Bakker, 
2011). They elicit an emotional response through recall or association maybe and bring to the 
fore tacit, unarticulated thoughts. In fact, provocative objects may create dialog and spur 
action for change (Groot & Abma, 2021). Boundary objects are not universally useful or 
applicable of course. Oswick (2009) found that misappropriation of boundary objects lead to 
barricades in the research process, reinforcing existing structural flaws and problematic 
hierarchies. 

Methodology 

The goal of this research is to explore the use of prototyping in participatory research to 
generate qualitative insights into how women use buses, in order to identify tacit needs of 
women in India using public transport. Our hypothesis is that an artefact based participatory 
toolkit can help us capture tacit requirements of women.  

Sampling 

The first workshop was treated as a pilot, where women participants were chosen based on 
convenience sampling in the host institution of the researchers. Participants were limited to 
design students. The next two workshops were conducted as part of an international 
participatory design conference held in India, in a different institution located in a different 
city. Participants could sign up for the workshop voluntarily. Participants were women who 
were design and architecture students and faculty, city planning professionals, social 
scientists etc. We secured institutional ethics approval for research with human subjects, and 
consent was obtained before the workshop from all participants for video and audio 
recordings of the session. 
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Pre- Workshop Sensitization 

The sensitization questionnaire was planned to 'warm up' participants and act as a gentle 
trigger for their previous experiences in traveling by public buses. The participants are asked 
to spend 10-15 minutes answering questions at leisure. Questions like 'Why do you take the 
bus?', 'When do you take the bus?' are meant to make them reflect on their travel decisions. 
There are further prompts to take the participants back to their bus ride, like time spent on 
various activities 'While you wait/While boarding/While riding/While deboarding'. There were 
also some probes to help the participants reflect on issues that have been flagged in 
previous workshops (Dhaundiyal & Sharma, 2022b). The participants were also given some 
scenarios like 'What do you do when: You bought 5 kg of potatoes; Someone keeps pushing 
into you; You see someone suspicious?; It's getting late at night. You are alone on the bus, 
etc. 

Workshop Protocol 

After the sensitization session, participants were invited to use the toolkit to create a bus 
service they see as ideal. The artefacts of the toolkit were kept neatly in the centre of the 
workspace with no attempt at any kind of segregation into categories. The researchers 
observed the interactions between the participants and the toolkits, and also the interactions 
of the participants with the other participants. The participants were given 60-90 minutes for 
the participatory session. No verbal prompts or probes were given. All prompts were in the 
form of the artefacts in the toolkit only. The entire session was recorded on video for later 
analysis. Researchers noted down their observations during the workshop. The cameras 
were set up at optimal vantage points, to capture maximum details of the proceedings  
without intruding on the proceedings of the participatory session.The researchers played the 
role of facilitator in leading the session but instructions were given in the form of guidance 
rather than dictats. Facilitators made the participants feel that every opinion, experience is 
useful and would be respected. 

For analysis, the researchers took extensive notes and made observations during the three 
workshops. Post the workshops, we analyzed the recordings and created annotated 
timelines, noting down some quotes that highlighted themes. We first created timelines for 
each workshop, and then studied them in tandem to study different courses the sessions 
took. We then identified recurring themes and patterns. 

Development of the Toolkit 

Based on our requirements and results from earlier workshops (Dhaundiyal & Sharma, 
2022a), we selected a hybrid form for our toolkit, a DIY bus-building kit. Some bus elements 
were in abstract form, and some specific object and human triggers were built in concrete, 
recognizable forms. We selected a scaled-down, abstracted form of the bus so that people 
could relate to and recall the space inside a bus. Visualization of the actual space inside the 
bus is important, so a close-to-reality toolkit will help participants to acutely recall the space 
and their experience in it. We kept the toolkit modular to ensure maximum flexibility and 
reconfigurability in terms of design options. The toolkit components were designed to 
facilitate multiple and unique combinations, with room for spontaneous design decisions. Our 
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intended participants were novice users so the toolkit was built with familiar materials and 
techniques involved. Participants also react and respond to materials. So, the material of the 
toolkit had to be such that it encourages handling and easy manipulation. Artefacts should 
not be too delicate or too bulky to handle. We selected medium density fiberboard and acrylic 
sheets for the various components. Both materials are easy to manipulate and can be laser 
cut. For 3D printed prototypes, we used SDM printers.  

The assembly of components was designed to be a simple process that does not put extra 
cognitive load on participants, or shift them out of their comfort zone. The toolkit is intended 
for a small group to work on it together so a scale of 1:25 was chosen. Next, all components 
of the toolkit were listed along with their many permutations and combinations. Some were 
made in abstract form while others in a more concrete shape. Eg. Concretely defined seats 
were made with options to be discrete, conjoined, with armrest and bench-type. A participant 
may not be able to name them or list the category but on seeing them, they would be able to 
easily select the one they feel most comfortable using. For bus walls, doors and windows, 
abstract panels of various sizes, both opaque and transparent, were provided, along with 
channels to slide them into as we did not wish to constrain the number of iterations for 
entry/exit and outside visibility. Next, dimensions for each component were frozen as per the 
recommendations in the Indian Bus Code (MoUD, 2013). The Indian Bus Code lists 
structural, material, ergonomic and dimensional specifications for all public buses that run in 
India.  

The toolkit had both cognitive as well as emotional prompts to facilitate people to access 
memories and experiences, express their feelings and communicate their aspirations for the 
future. E.g. Manekin of mother with child, manekin of elderly commuter, wheelchair, stroller, 
luggage of different kinds, emergency buttons etc. We also included many standing and 
seated manekins to populate the bus as it was being designed. The male mannequins were 
included to help bring out the perceptions, attitudes and fears related to male co-passengers. 
The toolkit included service staff like the driver and the conductor, so as to prompt reflections 
on their facilitation of women's travel, or the lack of it. In Figure 1 below we see the various 
parts of the toolkit before assembly. 

 

 
Figure 1: Toolkit laid out during the sensitization session 



 

786 
 

Results & discussion 

The rich and complex output of generative sessions generated diverse qualitative data, but 
the challenge lay in its lack of structure and its spontaneous nature. The designs generated 
with the toolkit needed to be assessed for motivation, intent and output. The stories and 
anecdotes recorded while 'making' artefacts also needed to be analyzed. The artefacts and 
the anecdotes have a complex inter-relationship. So the data generated is complex, 
fragmented and multilayered. We made exploratory probes into the data, trying to identify 
main themes. In this section we briefly talk about each workshop, before discussing them in 
tandem. 

Workshop 1 (W1) 

4 volunteers joined the pilot workshop. 1 participant was from a metropolitan city while the 
other 3 were from smaller cities. Participants knew each other beforehand and were 
comfortable in each other's company. The workshop was held in an informal setting with no 
distractions or outside noise. An overhead camera was used to record the proceedings. 
Several stages of the model were captured through photographs separately. The 
sensitization and the workshop were both conducted in the same space. This was to ensure 
that participants could look over all the components at leisure. We wanted to build a comfort 
level with the toolkit beforehand so that the large number of pieces was not overwhelming. 
We arranged all the components in trays for easy handling. 

The sensitization questionnaire warmed up the participants, with some of the participants 
sharing anecdotes from their hometowns. The researcher's role was to introduce the session 
and then merely be an observer. On the basis of learnings from the previous pre-pilot 
workshop, we gave the participants a few basic guidelines to start. The participants 
concentrated on special needs. They made a decision to reduce the number of seats to 20 
so that space could be made for wheelchairs and strollers. The participants tried out some 
innovative seating layouts but realized their aisle space may be too constrained. They then 
started using the standing and sitting manekins as 'spacers' between the seats. Figures 2 & 
3 below show the workshop setup from WS1. 

              
Figures 2 & 3: Seating Arrangement in Workshop 1 
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The discussion during the participatory session was rich and spirited. Many past experiences 
came up during the discussions and participants suggested design features in the bus based 
on these. The choice of bus platform was very quick and they understood the part played by 
wheel humps well. The mannequins really helped with building a sense of size which they 
frequently lost with the space inside the bus. People picked up the spare blank tiles and 
pipes for various uses without being prompted. 

The results from the sensitization as well as the toolkit session were very encouraging. 
Discussions in both sessions had produced some deep insights. The conversation was 
consistent throughout the sessions and there were no pauses when participants did not know 
what to do or how to proceed. We observed no cognitive difficulties in the participants as they 
interacted with the toolkit. They were able to clearly recognize the abstract forms as well. 
They made use of the freeform panels to make steps and luggage shelves without being 
prompted.  

 

 
Figure 4: Completed bus design in Pilot 1 

Workshop 2 (W2) 

This session was attended by four design students and two design faculty members. They 
were quick to select the low entry bus and place two entry, exit points. After this, some of 
them picked up the free form panels and started carving out new design solutions. During the 
sensitization session, many of them had shared traumatic experiences in public buses. 
Perhaps this spurred them to create a 'happy bus'. The participants wanted to build travel as 
a playful experience. They said bus travel is an unpleasant experience which isolates one, so 
they came up with swivelling seats that can turn to face other passengers, and also the 
window, if one just needs to look into the void for a bit. At a point, however, they rooted out 
the entire 'scenic' seating and decided to make a more conventional seating layout that 
accommodated more passengers. They felt the back seats were the worst, furthest away 
from the driver. They then immediately added a camera and emergency buttons there. They 
used almost all the different components of the toolkit in their design. Figures 5 & 6 below 
show the workshop set-up. 
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Figures 5 & 6: Participant Seating Arrangement in Workshop 2 

Standing passengers were given a separate zone as it seems they are the worst offenders 
when it comes to surreptitious touching and harassment. A participant performed a tiny jig 
where she made the manekin jump from one pace to the other, peeping down and generally 
being shifty. They soon realized they had only 14 seats, so they were quick to add a second 
storey, because 'being happy is more important'. Figure 7 below shows the second seating 
layout iteration by the group. 

 

 
 

Figure 7: Inclusive design considerations featured prominently in this session 

Workshop 3 (W3) 

This session had four participants from four different cities, four different age groups and four 
different professional backgrounds. All had been bus users in the past but were not using 
buses any more, due to various reasons that ranged from traumatic incidents to car 
ownership. The sensitization session went on for very long as each participant wanted to tell 



 

789 
 

the story of buses in their city. The group took the longest to make the initial selection of 
whether to use a high floor, low floor or low entry bus, concentrating on maximum capacity as 
well as easy access. They selected the low entry bus. Next they worked out the 
ingress/egress, giving importance to the position of the driver and the conductor. Selection of 
seats brought up issues of how men and women sit differently in public places. In Figures 8 & 
9 below we see the workshop setup. 

                            

 Figures 8 & 9: Seating arrangement in the third participatory session 

The design approach of the participants was significantly different from the first two 
workshops. They started building the bus from outside inwards. They started by asking how 
many people the bus is for, probably a reflection of the fact that one participant was faculty in 
a design college, one from an architecture college, one architecture student and one faculty 
from an engineering college. They took the 30-person seating capacity as their mandate and 
kept trying to fit in more and more seats, even while debating the safety and personal space 
issues. 

The discussion during the session was friendly but intense, with the participants going to the 
crux of the logic behind design considerations very often. Having experienced buses of 
different kinds in different socio-cultural settings, their reflections were very different. Overall, 
the concern for systemic design issues was significantly higher than concern for gender 
specific issues. As a group, their priority was systemic issues of infrastructure, giving 
maximum design importance to seating layout and accessibility issues.  

 
 

Figure 10: Final prototype generated in the third session 
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Discussion 

We found that the 3D toolkit aided small groups of participants to actively prototype and 
discuss underlying issues and reasons for their choices. The small group encouraged them 
to express and speak without reservations. The act of making itself helps keep them focused 
and involved, utilizing many different faculties at once. The outcome is a manifestation of 
design considerations through artefacts, arrangements, stories, utterances, anecdotes etc. 
The sessions produced a rich, but complex set of data which has many layers and is hard to 
structure.  

The discussions highlighted the disparity in concerns of women using buses across the 
country. While women seemed to be most concerned about getting a seat in long commutes 
in one city, in another, they seemed happy just to get to their destination without any incident 
of harassment. Where class seemed to matter in one city (bus travel is seen as low class), in 
another city, it was seen as the quickest way to get from point A to B in morning commutes 
and used by people across classes. In one city crowds are seen as a safe haven while in 
another, crowds are seen as a cover for petty crimes and physical harassment. 

We also observed that travel confidence varied across the participants. They  spoke of 
acquiring travel confidence with age. They were able to voice their complaints to fellow 
travellers now as compared to when they were younger, but they all also agreed to generally 
being non-confrontational as they did not want to attract further attention in a public space. 
They also spoke about feeling more confident when they knew the local language or were 
travelling in their hometowns. Many of them live in cities away from their hometowns now. 

Building prototypes was reminiscent of childhood experiences with building blocks for some 
of them. Some participants also felt a pressure to be creative. Participants from W2 and W3 
mentioned they were not being creative enough. They felt the need to think out of the box 
and evolve unprecedented designs. W3 participants felt they had sacrificed creativity for 
pragmatism. They felt their concern of fitting in 30 seats had forced them to be practical and 
not be able to think unconventionally. The toolkit excited them since most had not built 
something with blocks since their childhood. It brought back memories of creativity, but 
discussing the constraints also helped them empathize with the decision makers they said. 

The discussions around fellow commuters were also very enlightening. Even though they 
were very conscious of fellow commuters at all times, avoiding eye contact was a common 
approach to travel by all the workshop participants. One participant wondered at the irony of 
not having faith in people but having faith in the red emergency button. The button prompted 
further reflection where another participant speculated that pushing the button was a 
'commitment'; like an official complaint. Almost all participants agreed that they avoid drawing 
attention to themselves in public transport, even if it meant letting transgressions go. 

We analyzed the prototypes created, in conjunction with the stories and discussions shared 
among the participants. The context of use of buses by women is also manifest in the 
discussions and the outcomes of the sessions. In the following table, we have explored the 
timeline of the workshops, the sequence of design activities undertaken, and the main 
decisions made. 



 

791 
 

 



 

792 
 

We found that each workshop progressed in a unique manner. While the first group was very 
target oriented and concentrated on meeting the special needs, the second group decided to 
concentrate on mental well being and a happier travel experience. The third group took the 
pragmatic approach and tried to consider infrastructural requirements along with safety 
measures. Each group built their prototype differently. While the first two groups took an 
inside-outwards approach, freezing the layout before managing entry points, windows etc, 
the third group built outside-inwards, freezing all structural points before the seat layout. The 
first group made quick decisions with one prominent participant at the helm, but this changed 
in the latter half when the others started speaking up as well. The second group set 
themselves the mandate of being happy and tried to make the antipodes of current buses. 
The third group moved only after much deliberation and discussion, so took the longest time, 
but also came up with the most pragmatic, immediately implementable solutions. The 
conversation highlighted issues of ventilation and temperature, as per the seasonality of use. 
Accessibility was indicated as a challenge by almost all, quoting issues of overcrowding, 
one's own large frame, balance issues etc. Access to those with special needs was seen as 
a privilege. In all three workshops, there was constant discussion and telling of anecdotes. 

In the toolkit itself, the participants pointed out that they would like even more flexibility in the 
floor grid for more varied layouts.They also asked for a more flexible wall panelling sytem to 
create a more innovative outer shell for the bus. 

Conclusion 

We undertook this research to create a participatory toolkit that would help women bus users 
share their issues and aspirations in using public transport in India. The DIY bus model was 
meant to create a sort of sandbox where participants from different backgrounds came 
together to find common ground to exchange or generate knowledge as they worked on a 
common goal, building their dream bus. 

Although generative design techniques have been shown to bring out novel and 
unconventional design solutions, the three groups did not come up with any strikingly new 
designs, but what was enlightening was their conversations and anecdotes as they put 
together their DIY buses. Each group followed a distinct design strategy and had different 
priorities. The participatory toolkit served as a boundary object that helped generate new 
insights into the participants' lived experiences, giving a tangible form to the abstract 
concepts in their minds. The group discussions brought many tacit needs to fore, giving voice 
to the unarticulated thoughts of the participants. The workshops gave us insights into their 
current preoccupations and also future aspirations. In future work, we intend to transcribe the 
recordings from all the workshops and analyze them using grounded theory to discover 
structures and themes without the burden of pre-set expectations. The aim is to eventually 
develop a framework that helps address lacunae in public transport based on findings from 
participatory workshops that engage citizens. 
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Abstract  
 
In this paper, we explore the role of machine learning (ML) as a design material in prototyping new aircraft 
designs. This will be increasingly significant in the future, as new industry looks to meet the emerging 
demands of Advanced Air Mobility (AAM). With increasing budget constraints, regulations and lengthy 
certification processes, traditional aerospace companies invest the majority of their efforts in prototyping 
incremental improvements of their existing aircraft designs. Many such prototyping efforts focus on 
producing (e.g. rapid prototyping and additive manufacturing) and evaluating (e.g. modelling and 
simulation) to optimize designs. The investment to explore different aircraft designs pales in comparison. 
The public release of ML software presents an opportunity for aircraft designers to prototype novel designs 
with little financial investment and at a faster rate. Our design-led research uses Stable Diffusion, a text-to-
image ML software, to prototype such designs. Our findings show how the software can behave in two 
different ways; generate a variety of prototypes and refine prototypes towards a makeable object. Based on 
our findings, we recommend designers looking to introduce ML into their design and prototyping process to 
maintain opportunities for the software to influence the prototyping direction, as opposed to using it as a 
means of producing many prototypes. 
 
Machine learning; generating prototypes; refining prototypes; aircraft design 
 

With the recent public releases of multiple ML software that converts text prompts into 
images, designers can now use AI to synthesize large visual data sets without having to 
understand or design the technical aspects of the software. Projects using ML are starting to 
appear in many of the design fields, such as in urban design (e.g. Sidewalk Labs, 2022), 
architecture (e.g. SPAN, 2020), product design (e.g. STARCK, 2020), engineering design 
(e.g. Hyperganic Group, 2021), and performance design (e.g. Choy, 2021), to name a few. 
Such ML-driven design projects have led to a media surge regarding the impact of ML in the 
future of design, as evidenced on popular blogs like Dezeen (e.g. Dreith, 2022), Archdaily 
(e.g. Florian, 2022), and designboom (e.g. Khan, 2022).  
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Such discussions have emerged in design research too. There is a growing interest in the 
human-computer interface community to use AI as tools (Holmquist, 2017) in the processes 
of UX, UI, interaction, and service design. Generally in the design literature, research interest 
ranges from creating conceptual models that describes how to collaborate with AI systems in 
design (e.g. Koch, 2017; Wu et al., 2021), to integrating ML into design methodologies (e.g. 
Luhrs & Tan, 2022; Yang, 2018). However, Mateescu and Elish (2019) argue for increased 
focus on how AI is integrated into design research and practice, for despite the increasing 
research on ML techniques themself, there is still a literature gap on how designers use AI, 
specifically in generating design ideas (Chen et al., 2019) and integrating in prototypes and 
products (Malsattar et al., 2019).  

Our study responds to this gap by discussing our process using Stable Diffusion, a text-to-
image ML software, as a design material to generate and refine prototypes for early-stage 
aircraft designs. Specifically, this research contributes to the exploration of how ML software 
can be used in the prototyping process. Our study is guided by two research questions. 
Firstly, how can ML generate prototypes based on the designer’s text prompts? Secondly, 
how can ML refine prototypes towards a makeable design. This question seeks to identify 
how the ML outputs prompt the designer to evaluate and refine the AI-generated ideas. Our 
study contributes evidence-based guidance to help future designers adopt ML software in 
their design and prototyping processes. 

Background 

To understand how designers and design researchers use ML in their projects, the section 
below describes the current literature on 1) how designers can use ML software as a material 
in the design process, 2) what designers are using ML for in design and prototyping, and 3) 
the challenges of using ML software to prototype designs. Finally, we explain why using ML 
as a design material should be framed design as reflective practice.  

ML software as a design material  

In design research and practice, the materials that designers work with have the potential to 
influence and change the design processes (Karana et al., 2019). While designers choose 
materials to execute their design concepts, they can also interrogate the properties of the 
material at hand to produce a design concept (Nimkulrat, 2009). For example, designers can 
leverage properties, particularly those of emerging and digitally augmented materials, to 
deliver a new experience for the user of the design product.  

While such materials are often in reference to tangible materials, intangible materials are 
also another class of design material to consider. Specifically, the intelligence behind the 
software is the material (Holmquist, 2017) for designers to experiment and use. While 
designers working to produce physical outcomes may find this difficult to work with, digital 
designers already treat some software as an ‘immaterial’ design material (Ozenc et al., 
2010). As Yang (2018, p. 468) argued, ML is not just a tool but a design material, for: 

“When taking a technology as a design material, designers first develop a tacit 
understanding of how the technology opens up and constraint design possibilities. 
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They then innovate by engaging in reflective conversations with design materials, 
envisioning things that have never before existed.”  

Using ML software to prototype designs 

There are many design research and practice projects that already use ML in the design 
process. These projects generally fall into two categories, refining designs and generating 
ideas. This is unsurprising as the key advantage of ML is its ability to interpret ambiguous 
prompts from the software user to detect patterns in large data sets (Murphy, 2012). Thus, 
ML can evaluate complex designs quickly to identify patterns and anomalies, which then 
enables designers to refine their design prototypes. Examples of these projects include 
optimizing structural loading of architectural prototypes (Tamke et al., 2017, 2018) and 
refining the performance of a design installation in different environmental conditions prior to 
construction (Wilkinson et al., 2014). ML-powered image generating software makes it 
quicker to visualize ideas, as they can synthesize large visual data sets to produce an image 
based on ambiguous prompts from the designer. These almost instant visualizations then 
become cues for the designer to either interrogate further or scope out different ideas during 
the ideation phase. Some of these projects include using ML to evaluate a range of design 
projects to generate novel conceptual designs (As et al., 2018), using ML to synthesize 
images of two distinct architectural types to create new architectural forms (del Campo et al., 
2019), and using ML to generate a chair design fit for fabrication (STARCK, 2020). In fact, 
Luhrs and Tan (2022) even used ML to refine and generate designs in prototyping their 
design proposals. They used MidJourney, a ML text-to-image generating software, to 1) 
refine a user persona through the triangulation of different generated user experiences, and 
2) generate a range of different spatial designs based on rearranging and using different 
design feature keywords. 

Challenges using ML software to prototype designs 

But integrating ML in the design process is not as straightforward as these projects make it 
out to be. A survey of 51 user experience designers indicated that the majority of participants 
found it challenging to work with ML as a design material (Dove et al., 2017). This was 
because more often than not, the AI outcomes are unpredictable (Holmquist, 2017), which 
made it challenging for the designers to wield ML software as design tools as they often 
require coherence in their practice. Perhaps this can explain the gradual emergence of tools 
to facilitate designers in using ML in their projects. These tools include, but are not limited to 
a card deck that simplifies the technical language behind ML for designers to generate ideas 
and prototype designs that leverages ML (d.School, 2018), a toolkit based on a shared 
language between technical experts and designers for non-tech experts to integrate ML 
concepts into the projects (Futurice, 2020), and a card deck for designers to generate ideas 
that leverage ML technology (Try Tiggers, 2020). Nonetheless, another survey of 46 
professional designers indicated a positive and pragmatic attitude towards collaborating with 
AI software (Main & Grierson, 2020). This survey also revealed that designers perceive that 
AI was more apt at researching the brief than at generating concepts, for the former required 
lesser creativity than the latter.  
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Reflective practice with ML software 

Based on the concept of ML software as a design material, we adopt the design theory of 
reflective practice (Schön, 1983, 1992; Tan et al., 2023), and that designers converse 
reflectively with their design materials (Schön & Bennett, 1996). Design as reflective practice 
implies that designers iteratively 1) reflect on the design material they are working on, 2) 
make a move to change the material, and 3) reflect again this time on the second iteration of 
the material, to design. On a detailed level, designers reflect-in-action to make subconscious 
decisions when designing and reflect-on-action after completing a design to evaluate their 
own work (Schön, 1983). Since ML software produces outputs that respond to the designer 
prompts, each output delivered is a new piece of information for the designer to converse 
reflectively with the design process. Hence, the ML software is a material, which can act as 
instruments of inquiry to support designers in ideating and exploring in the design space 
(Dalsgaard, 2017). Thus, when designing with ML software, the designer sees what the 
software produces, adjusts and re-prompts the software and then evaluates the outcome 
(Aranda-Muñoz et al., 2022) iteratively to develop a design. 

Research Design 

We conducted design-led research to explore, document, and analyse how ML is used as a 
design material. We used Stable Diffusion (SD), a mainstream text-to-image AI generator 
(Stability.ai, 2022) to generate and refine aircraft design prototypes. Our data included 1) the 
text prompts used, 2) prototypes generated, and 3) the reflective conversations between us, 
the designers, and the ML generated prototypes.  

Reflective practice execution  

Author 1 is reflective practice researcher (see Tan, 2021) and uses machine learning 
software to augment design processes. Author 2 has a background in industrial design and 
aerospace design. Author 2 used the material, Stable Diffusion, to generate the prototypes 
(data source 2). After generating several prototypes, both authors reflected-on-action to 
examine how the material responded to the different textual prompts. Both authors also, to 
an extent, reflected-in-action by comparing the prototypes and querying what in the prompts 
enabled the prototypes to be different (data source 3). Based on the reflective conversation 
between the authors and the material, we developed the next iteration of prompts (data 
source 1) and repeated this process systematically. Author 3 is an aerospace industry design 
innovator and Author 4 is a design innovation researcher. They reviewed the research from 
their individual disciplines to ensure aerospace design and research process relevance 
respectively.  

Research context – Aerospace design 

Before delving into the findings, we explain the current aerospace design context. With 
increasing budget constraints, regulations and lengthy certifications processes, many 
traditional aerospace companies invest majority of their efforts in prototyping incremental 
improvements of their existing aerospace designs (Church, 2019). Many of such prototyping 
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efforts focused on producing (e.g. rapid prototyping and additive manufacturing) and 
evaluating (e.g. modelling and simulation) to optimize designs. A prototyping production 
example is the Evolved Structures prototyping process, by NASA. This process uses AI to 
design parts that look “alien and weird”, but can save up to two-thirds of the typical weight 
without sacrificing functional performance (Hille, 2023). Such components are then 3D 
printed and tested to improve the overall aerospace design performance. A prototyping 
evaluation example is Advanced Teaming Integration Lab, by Boeing Company. They 
integrated AI technology into their flight simulators to learn and adapt to the user’s operation 
behavior, which in turn “fills the development gap between pure simulation and flight test” 
and speeds up their design-build-test prototyping process (Aurora Flight Sciences, 2022; 
Zimmer, 2023).  

The investment to explore new forms of aircraft designs in the early stage of the design 
process pales in comparison. Despite already investing AI in the simulations, Boeing 
Company’s CEO announced in 2014 that their focus is on regular and incremental innovation 
rather than technological “moon shots” (Ostrower, 2015). This is mostly due to the need to 
reduce production cost and time so as to maintain financial feasibility with operations. With 
the public release of ML software, aerospace designers can explore, generate, and refine 
radical designs with little financial investment and at a faster rate. Rather than use ML 
software to prototype incremental design improvements, one of our design brief requirements 
was to incorporate biomimicry prompts as an attempt to find novel ideas of aircraft design 
inspired by nature. 

Results 

We conducted 70 material experiments and produced a total of 485 image prototypes of 
aircraft designs. These experiments were to 1) understand the material characteristics of SD, 
2) identify the strengths and weaknesses of the material properties, and 3) develop a 
prototyping workflow that integrates SD as a design material. Below describes 16 of our 
experiments to show how we used SD to prototype aircraft designs. Examples 1 – 3 describe 
how SD: 1) creates prototype variety, 2) creates feasible prototypes, and 3) maximizes the 
number of prototype designs with minimal inputs. Examples 4 and 5 describe how SD: 1) 
refines prototypes using image references, and 2) reference prior outputs to refine future 
prototypes. Example 6 describes our final SD workflow for generating and refining aircraft 
design prototypes through to making a physical model.  

Example 1: Creating prototype variety  

In our early phase experiments, we prompted SD with “Plan view of a bird inspired airplane, 
biomimicry, engineering drawing, detail, 8k, bird, feather, materials, innovation” to generate 
prototypes. We used multiple keywords as many ML prompt examples online used this 
method to achieve high fidelity outputs. Our prototypes varied largely and lacked complexity 
(see Figure 1). The prototypes also missed the key intentions of our prompt and produced 
ambiguous prototype representations.  
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Figure 1: Variety of potential prototypes 

While these prototypes were unpredictable to an extent, the results enabled us to scope 
multiple directions in order to develop different prototypes in subsequent experiments. In 
Figure 1, the prototypes indicated different prototyping techniques, such as a paper model 
(Prototype #1) and a laser cut model (Prototype #4). While we did not capture these 
prototyping qualities in the prompts, the outcomes showed us how to stimulate SD in future 
experiments. At this stage, the prototypes created based on our ambiguous key words were 
abstract enough to suggest ways of developing better prototypes, but not concrete enough to 
be made as a physical prototype. 

Example 2: Creating feasible prototypes 

In another experiment, we used the prompt “Top side and front view an airplane inspired by a 
pelican, engineering drawing, 3 views, detail”. We selected these keywords to make SD 
produce prototypes that would show basic engineering drawings of an airplane. We also 
prioritized “Top side and front view” and expected SD to provide CAD-like details that would 
enable us to conveniently translate it into CAD drawings for making a physical prototype. 
Despite prioritizing “Top side and front view”, the SD iterations were still too abstract for us to 
develop them into higher fidelity prototypes (see Figure 2). 

 
Figure 2: Abstract prototypes generated by SD 

However, we noticed that many of the prototypes resembled “laser cut-able” models or 
showed components that appeared to be laser cut. While our original objective did not intend 
for the prototypes to be made by laser cutting, the prototype representations guided us to 
explicitly use “laser cut” in subsequent experiments. Thus, we replaced “top side and front 
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view” with “laser cut” and used “Kit of laser cut parts of airplane inspired by a bird, 
engineering drawing, 3 views, detail”. This change in prompt led to a developmental leap in 
the prototypes (see Figure 3). These prototypes now more accurately reflected our prompts 
of an aircraft design inspired by a bird, specifically in the structure. While these prototypes 
were not presented as 3 view drawings, they now exhibited manufacturing feasibility detail 
for physical prototype execution.  

 
Figure 3: Adding making technique into the prompt 

Example 3: Maximizing variety with minimal input  

When we compared Examples 1 and 2, we found that SD only responded to certain 
keywords to produce the prototypes. Therefore, we minimized the keywords used in our 
prompts and instead played with the pairing of keywords to maximize the number of prompts. 
With three animal references (pelican, hummingbird, and bat) and three prototyping 
techniques (origami, laser cut, 3d printing), we ended up with nine experiments which 
produced 81 prototypes (see Figure 4).  
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Figure 4: Cross pairing of keywords to produce different prototypes 

By using fewer keywords, the prototypes showed greater detail, feasibility, and reflected 
more accurately the intent of the prompt. However, this raised a challenge with using SD to 
create prototypes – adding more keywords to the prompt may not refine the prototypes but 
instead, make the outcomes more abstract. Thus, we experimented with SD to find ways of 
refining the prototypes. 

Example 4: Refining prototypes using image references  

Example 1 – 3 experiments used only text prompts to generate prototypes. However, another 
SD material feature is adding images to supplement the text prompts. Hence, we included 
images in subsequent experiments to assess how it refined the prototypes produced. To test 
how images refined the prototypes, we used the same prompt from a previous experiment 
and added a schematic drawing of the half-A-Delta airframe (see Figure 5). We chose this 
image as we expected SD to innovate these drawings with biomimetic qualities. We also 
chose this image because the drawings alluded to laser cut pieces and we expected SD to 
produce CAD-like drawings for us to make laser cut prototypes.  



 

804 
 

 
Figure 5: Using images to refine our prototypes 

As expected, the SD prototypes retained a visual likeness to the original image input; the 
black and white scheme, matching line weights, and crosshatching. Additionally, SD made 
significant changes, as prompted by our keywords, to the prototypes (see Figure 6). It 
appeared that SD relied heavily on the image input to produce the output aesthetics, then 
integrated elements of the text prompts “bird, biomimicry, feather” into the prototypes. 

 
Figure 6: Prototype refinement by SD  

For example, in Figure 6, “feather” appeared explicitly in the three prototypes, “bird” was 
mentioned explicitly in Prototype #3 and #7 and an image of a bird was visualized in 
Prototype #12. The prompt “biomimicry” remained less clear in the prototypes, which may 
have been due to the word’s abstract nature. However, we observed 1) the overall plane 
structure of the prototypes shared similarities with bird skeletal structure, 2) beak-like 
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features appeared in Prototype #3, and 3) wing-to-body bird mechanisms appeared in 
Prototype #12. This method saw a significant leap in definition and quality from our earlier 
prototypes that had not leveraged an input image in the generation process.  

Example 5: Referencing prior outputs to refine future prototypes  

The previous example showed us that using an image to supplement our text prompts 
produced images of high-fidelity prototypes. Thus, we referred to our prior experiments that 
used SD to create prototypes (refer to Example 1 – 3) and searched for suitable SD 
produced images that would be suitable as references for our subsequent experiments (see 
Figure 7). These earlier prototypes that had been generated using text prompts only, were 
then substituted in replacement of the image we had sourced of the “Half-a” delta design that 
we had used in our earlier experiments.  

 
Figure 7: Refining our own prototypes 

Example 6: Developing the SD workflow for generating and refining 
prototypes  

In the final stages of our experiments, we combined our learnings described in Example 1 to 
5 to develop a start-to-end prototyping workflow (see Figure 8). This prototyping workflow 
took less than 10 minutes.   
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Figure 8: Outcome of SD prototyping workflow 

First, we generated 28 prototypes using the following text prompts: “Kit of laser cut parts of 
airplane inspired by a bird, engineering drawing, 3 views detail”. These prototypes were 
plenty and varied, which gave us a large data set to select appropriate images that not only 
reflected our text prompts but also were suitable to develop as physical prototypes (refer to 
Material experiment #53 outcomes in Figure 8). This process took approximately three 
minutes.  

Of the 28 prototypes, we chose Iteration #16 as we prioritized images that appeared feasible 
for physical prototyping using a laser cutter. We prioritized this because we expected SD to 
refine visual prototypes according to our text prompts in subsequent experiments. As 
expected, the subsequent SD outputs using this specific prototype reflected incremental 
changes to better reflect the "bird" prompt (refer to Material experiment #54 outcomes in 
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Figure 8). These prototypes exhibited elaborate structural detail while consistently recasting 
the shape and layout of the primary elements of the airframe. This prototype refinement 
process took approximately 2 minutes and produced another 20 prototypes. Of the 20 
prototypes produced, we developed Iteration #3, #11, #14 and #17 as they had sufficient 
detail for us to use our design tools to make physical prototypes whilst exploring a variety of 
outcomes. First, we used Adobe Illustrator to convert the image into a CAD drawing, then 
used a laser cutter to create the parts in balsa wood and assembled it (see Figure 9).  

 
Figure 9: Making the prototype, drawing, laser cutting and assembling 
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Discussion 

This study used software as a design material (Ozenc et al., 2010; Yang, 2018) and by 
framing design as a reflective conversation with the material (Schön, 1983, 1992; Schön & 
Bennett, 1996), we explored the role of ML in prototyping aircraft design. Below, we 
contextualize our work with prior research, discuss the implications of our study on 
prototyping processes, and propose research opportunities to build on this study of using ML 
software, such as SD, in prototyping. 

Our experiments found three ways where ML can generate aircraft design prototypes. 
Example 1 showed us that by using keywords to prompt the software, ML will search, 
analyze, and synthesize publicly available images of the keywords (Murphy, 2012) to 
produce a variety of outputs. While we expected the outcomes to show certain qualities (i.e. 
the prompts), the outcomes are unpredictable to a certain degree (Holmquist, 2017). In 
Example 2, it is this unpredictability that the prototypes “talk back” (i.e., through our reflective 
conversation with the material) to advance the design. Using a ML software changed how we 
would typically design and prototype an aircraft design. Our material, which is the intelligence 
of the ML software (Holmquist, 2017), was able to produce vast amounts of prototypes 
almost instantly. It is this material property that enabled us to visually assess the feasibility of 
converting the prototypes into physical models, instead of assessing the feasibility of ideas 
through prototyping. These experiments demonstrated how working with materials changed 
the design process (Karana et al., 2019). When we started our experiments, we pursued a 
range of features and input lengthy prompts into the software. However, once we learnt how 
the material reacted to our prompts, we changed our ideation to pursue few but specific 
features. This specificity with the material enabled us to diverge and prototype ideas that 
were not part of the initial concept. In Example 3, we replaced “bird” with “pelican” and by 
being specific, had the opportunity to diverge and prototype “hummingbird” and “bat” ideas 
with the software. As Nimkulrat (2009) demonstrated, material properties can be the source 
of design concepts. In our case, we used the software to source out a range of concepts, so 
that we can visually assess and triangulate the prototypes to pick one for further 
development. Example 3 only showed three forms of animal in combination with three 
making processes, though we could have easily explored other flying organisms (e.g. owl, 
dragonfly, beetle etc.) combined with other forms of making processes (e.g. pottery, glass 
blowing, woodwork).  

Our experiments found two ways where ML can refine prototypes. As Dalsgaard (2017) 
pointed out, materials are instruments of inquiry for designers to explore their design space. 
Our examples showed how using ML not only can lead to explore new ideas for prototyping, 
it also can quickly sharpen the inquiry process for designers to investigate certain ideas. 
While del Campo et al. (2019) referenced images to make their ML software prototype novel 
designs, we referenced images, as documented in example 4 and 5, to instead refine our 
prototypes. While Tamke et al. (2017, 2018) used ML to analyze their prototypes so that they 
can then refine their design, we used ML to learn from its earlier prototypes to refine its 
subsequent prototypes (i.e. self-referential refinement). Finally, in Luhrs and Tan’s  (2022) 
study, they used ML to generate and refine their designs in two different phases. We instead 
integrated both generating and refining processes and showed in example 6 how they work 
in a single-phase prototyping workflow. Our experiments and examples shown here supports 
Yang’s (2018) claim that ML is a material and not a tool, for it is based on our tacit 
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knowledge of how the material behaves that we created a prototyping workflow the leverages 
the ML capabilities. 

Our key study limitation was that we were unable to set the pool of visual data that the 
material (i.e., Stable Diffusion) references from. Hence, though some of the prototypes were 
ambiguous enough to spark different and more thorough prototyping directions (refer to 
Example 1 and 2 respectively), there were countless prototypes that failed to ‘talk back’ and 
offer us prototyping insights. The second limitation was due to our novice level of prototyping 
with Stable Diffusion. We only described 16 of the 70 material experiments conducted. The 
other 54 experiments, though increased our experience with the software, did not provide 
any significant insights that would improve our prototyping process. Our experiments were 
also not conducted sequentially. For example, we conducted the experiments of Example 3 
after those of Example 5. However, it is important to note that we designed and conducted 
our workflow for generating and refining prototypes (Example 6) exactly as shown.  

Despite these limitations, the study and findings are nonetheless beneficial to further the 
discussion of how designers can use ML as design materials to inform and accelerate their 
prototyping process. Building on the findings from this study, we recommend future 
researchers to consider restricting the pool of visual data that the software references to 
prototype. Similar to how the image prompt significantly dictated the prototypes, restricting 
the pool of visual data may provide another approach to refining the prototypes. The broader 
implication of ML software on the reflective practice theory is that ML may offer researchers 
opportunities to examine reflection-in-action in greater detail. According to Schön (1983), 
designers reflect-in-action subconsciously when they are creating a design. Since ML 
software can almost visualize a design instantly based on their textual inputs, it provides the 
designer a tangible outcome to evaluate and reflect in the moment of their design process.  

For designers intending to integrate Stable Diffusion into their prototyping process, we 
recommend treating Stable Diffusion as a material instead of a tool. In other words, 
designers should attempt to understand how the software behaves, like how a designer 
would approach designing with a material, instead of controlling the software to produce what 
is needed, like how a designer would employ a tool in their design process. In the context of 
the aerospace industry, designers are now able to generate numerous prototypes quickly 
and at scale, enabling them to explore multiple ideas and pathways simultaneously whilst 
minimizing the typical burden on resources and budget experienced in Aerospace research 
and development sector.  

Conclusion 

Machine learning has significant potential to change how we design and prototype. While 
designers may argue that machine learning is another design tool, we argue that when used 
as design material, it can help designers produce prototypes to find new ideas and test 
quickly. As there are few studies that showed how Stable Diffusion, a text-to-image machine 
learning software, is used in prototyping, this paper provides guidance to designers and 
researchers on how to do integrate the software into their prototyping process. Our study 
captured how we used the software as a design material to prototype aircraft designs with 
little time and financial investments. The first part of the study demonstrates how to use the 
software in early-stage prototyping to create a variety of prototypes that enable designers to 
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scope out more ideas. The second part of our study demonstrates how to use the software to 
enhance the visual feasibility of the ideas, which informs the designers when selecting 
suitable prototypes to make as physical models. 
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Abstract  
 
Data is central to countless recent discussions, but the most recurrent approach is still graphic 
visualizations. As new technologies and platforms have allegedly democratized and expanded access to 
information, these visual charts are likely saturating our cognitive efforts. Data physicalization – an 
emerging research area that conveys data through objects – attempts to present information more 
efficiently and memorably. Due to its embodiment potential, the approach encourages and invites people to 
reflect on their social and cultural surroundings while engaging their bodies and imagination. 
Acknowledging that, the research presented in this paper tries to tackle the impacts of material-weight 
strangeness in data physicalization by evaluating four experiments conducted with 41 international 
participants. It compares the performance of physicalizations and visualizations to foster emotional 
engagement and awareness regarding abstract data. Since the COVID-19 pandemic restrictions 
significantly increased self-reported chronic loneliness across all the EU macro-regions, initiating 
meaningful discussions around the topic became our motivation. 
The results suggest the physical interactions enhanced the selected dataset memorability rather than the 
virtual ones. On the other hand, the strangeness provoked by material-weight illusion treatments either 
improved or jeopardized the physicalization's efficiency. Furthermore, based on the research findings, 
design is likely to be an appealing tool for enhancing engagement in data communication. 
 
Data Physicalization; Strangeness; Memorability; Efficiency; Lonelines 
 
Information is pervasive in society nowadays. New technologies and digital mediums have 
escalated and amplified access to data. But, as the competition for attention increases, emergent 
communication approaches attempt to present information more efficiently and memorably. As 
unappealing visualizations might cause outreach losses to scientific knowledge, the current design 
project explores preferred possibilities in data communication. 

Data physicalization – an emerging field in which artifact properties like geometry and 
material are means for data encoding – is the focus of this study. Since it “uses physical data 
representations to help people explore and communicate” (Jansen et al., 2015, p.3227), the 
embodiment derived from one's interaction with these tangible pieces of information is 
“based on the assumption that abstract information can be [...] touched, explored, carried or 
even possessed.” (Zhao & Moere, 2008, p.343) 

The COVID-19 outbreak unleashed struggles that might damage our well-being long after the 
pandemic subsides. Social restrictions and the overexploitation of digital platforms became 
urgent and a matter of civic duty. The relevance and benefits of these adaptations are 
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unquestionable. However, it is also prominent to account for the ravages they triggered in our 
mental health and productivity. Chronic loneliness is one of them, and it significantly 
increased across the European Union macro-regions between 2016 and 2020.  

Aiming to leverage conversations about loneliness, we tried to transform data decoding into a 
more entertaining and meaningful experience by intentionally designing material-weight 
strangeness in data physicalization. Due to that, our Research Question is: How to foster 
emotional engagement and awareness regarding abstract data? While the Design Question 
is: How can strangeness in data physicalization enhance efficiency and memorability? 

Since Design has its own ways of knowing (Cross, 1982), the current work counts with two 
distinct milestones. The first is design-led with an expert mindset (Sanders, 2008), where 
data objects are the outcome of systematic conceptualizations and prototypes. The second is 
research-led with a participatory mindset, where 41 international volunteers engaged with the 
crafted artifacts during four different comparative experiments. Overall, the research analysis 
focuses on the data collected through two surveys and observations following these 
experiments. The main envisioned outcome was to compare the efficiency and memorability 
results between physicalization and graphic visualization.  
 
Theoretical Background 
Design is ontological (Escobar, 2018) and entails “not only a valid but also a valuable 
epistemological stance.” (Findeli, 2010, p.294). The existential nature of the field implies non-
consensual definitions, but despite that, the designerly ways of knowing and doing (Cross, 
1982) definitely help us make better-informed decisions everywhere. Having that in mind, the 
following section outlines relevant theoretical aspects regarding the overlap of design with 
data physicalization, engagement, experience, and strangeness. 

Data Physicalization and Engagement 

Visual conventions to data literacy have been engendered in Western educational systems 
since their early stages in the first half of the 19th century (Friendly, 2006). Due to that, it is 
unlikely that one comes to adulthood without previous contact with data visualization. Its 
value to learning processes and knowledge spreading is indisputable, but its omnipresence 
might be “saturating the visual senses and the cognitive efforts of the lay masses.” (Zhao & 
Moere, 2008, p. 343) Data physicalization can be traced centuries back as well (Dumičić et 
al., 2022). It does not have such limiting or pragmatic conventions, though. 

Due to its perceived novelty, several studies try to underline best practices to design efficient 
and memorable data physicalizations. Sosa et al. (2018), for instance, recommend (1) 
treating data as a new type of material, (2) designing for access and (re)interpretation of the 
data embedded in the object, (3) designing for cognitive and emotional engagement, and (4) 
designing to empower people to use the data to rethink and challenge the status quo. 

Those pieces of advice acknowledge that the touch of an object – and the inherent 
exploratory movements invested in the process – reveal numerous physical properties and 
features of its surface, like roughness, compliance, and stiffness. (Wang et al., 2019) These 
aspects, in turn, enable every encounter with a data artifact to become “a critical inquiry into 
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materiality, context, and the process of making.” (Offenhuber, 2019, p.4) 

Embodiment and Metaphorical Distances 

Accounting for those physical engagement benefits, Zhao & Moere (2008) present a model in 
which data embodiment is measured according to the distance between metaphor/data and 
metaphor/reality. Because both authors believe the primary function of metaphors is 
conceiving unfamiliar domains into familiar ones, their proposed embodiment model relies on 
the following assumptions: 

(1) Data sculpture is a system of physical representation and abstract data coupled 
by a relationship called embodiment. (2) Metaphor is a contributing factor to 
embodiment and can be gauged by metaphorical distances from the data and reality. 
(3) Different modes of embodiment determined by different metaphorical distances in 
data sculpture can affect the informative value. (p.347) 

Their model thus identifies three main categories of metaphorical distances: ‘far from data 
but close to reality’, ‘close to both data and reality’, and ‘far from both data and reality’. When 
conveying data on such an abstract and emotional concept as loneliness, a metaphoric 
approach far from data and reality seems to be the most feasible because “directly 
identifiable or intuitive metaphors are absent.” (Zhao & Moere, 2008, p.347) 

Conceptual Expectancy and Weight-Illusion 

Besides embodiment, another relevant outcome of tangible interactions is the understanding 
that an artifact's perceived physical weight is subjected to several distinct factors, such as 
size, material, mass distribution, and shape. According to Saccone et al. (2019), there is “a 
complex process by which the brain considers multiple types of visual and somatosensory 
information to make sense of an object’s weight.” (p.1195) This process is known as 
‘conceptual expectancy’ and its accounts are based on “studies that manipulate expectations 
of object weight.” (Saccone, 2019, p.1196) 

For example, Buckingham & Goodale (2009) describe a material-weight illusion experiment 
where participants lift three equally sized and massed blocks that appear out of different 
materials – aluminum, oak wood, and polystyrene. Their findings suggest the participants' 
material expectations consistently influenced their perception of the blocks' weights, leading 
them to consider the one out of polystyrene the heaviest. 

Stusak et al. (2016) in the “If Your Mind Can Grasp It, Your Hands Will Help” article, on the 
other hand, describes a memorability study comparing 2D and 3D visualizations. The authors 
designed wooden blocks bar charts and evaluated their remembrance in comparison to a 
paper-based visualization of the same dataset. Among the findings, they wrote: 

“We could not find an influence of the physical factor weight, possibly because the 
weight of objects in our studies totally conforms with typical expectations. Further 
studies could try to investigate whether breaking these expectations could generate 
additional benefits”. (p.98) 

Considering these authors' suggestions and findings, the current study tries to mitigate 
potential research gaps while exploring a more holistic and broad approach to data 
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communication. Moreover, due to its hypothetical potential to stimulate feelings of 
strangeness, the material-weight phenomenon mentioned might allow us to glimpse the 
relevance of embodiment on abstract data efficiency and memorability. 

Experience and Strangeness 

Design is intentionally transforming resources according to a functional end. In this sense, 
“everything instrumental to human existence and well-being was, in its prototype form, 
designed by a human – a designer.”(Richardson, 2011, p.9) Although design “has been 
traditionally placed under the domain of applied arts, rather than science – where research 
dominates” (Muratovski, 2016, p.10), the area usually functions as a bridge between both 
epistemological fields.  

When the ‘functional end’ is data communication, the ‘resource’ to be ‘transformed’ by design 
might be the learning experience itself. Kolb & Kolb (2005) postulate that grasping and 
transforming experiences result in knowledge. They believe learning occurs through “the 
equilibration of the dialectic processes of assimilating new experiences into existing concepts 
and accommodating existing concepts in new experiences” (Kolb & Kolb, 2005, p.194). 
Dewey (2005), in turn, remarks only ‘reason’ is insufficient to grasp a self-contained 
assurance. It “must fall back upon imagination – upon the embodiment of ideas [...]” (p.34), 
suggesting design may assist in communicating data through engaging experiences. 

In parallel, Dautrey & Quinz (2015) attest that, through strangeness, designers have “outlined 
another way forward, by moving away from functionality – but without really moving away – 
and by exploring the atypical, subversive, and unexpected dimension of functionality.” (p.349) 
In general, every tangible artifact sparkles pre-established mental images or representations 
that allow us to predict its affordance. But contradicting these expectations does not 
necessarily imply confusion or unpleasantness. Depending on the intentions, physical (or 
virtual) unpredicted interactions can attach us more to reality and the moment instead. 

This is because the strange is both what separates us from the world (the experience 
of the strange being the experience of an alterity that stops us from acting within it 
according to established norms) and what plunges us into it (from the point of view 
that this experience merely separates us from the fake world in which we live in). 
(Dautrey & Quinz, 2015, p.366) 

Every agent (a user) in a relationship with an artifact (tangible or not) or the environment 
evokes an experience. (Garrett, 2010) When the dynamic or interaction is complete, there is 
participation and communication. (Dewey, 2005) Underlying these processes and notions is 
compulsory for this project, as verifying the impacts of material-weight illusions (strangeness) 
on data efficiency and memorability could be relevant for leveraging discussions regarding 
loneliness. After all, “physical artifacts are laden with social and cultural meanings that 
designers can leverage to craft particular avenues of open-ended interpretation.” (Howell et 
al., 2018, p.7) Otherwise, what better approach to emotional engagement and awareness 
than embodied experiences? 
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Study Settings 

Schön (1987) implies the most suitable method for a particular design project varies 
according to its demands. In agreement with that, the current work entailed distinct 
methodologies to achieve two main milestones. The first – Designing –, consists of action 
research carried out through repetitive divergence/convergence and analysis/synthesis 
processes. (Dubberly, 2004) Its goal was to craft suitable data physicalizations and 
visualizations to experiment with in the subsequent stage – Evaluating. 

 

 
Figure 1: Overview of the current design research milestones. 

Designing 

The methodological model applied to this primary milestone was conceived by Bela Banathy 
in 1996 and then popularized under the term ‘double diamond.’ For this paper, the first 
‘diamond’ refers to concepts and explorations, introducing the foundational ideas, references, 
and datasets. The second, on the other hand, approaches the prototypes and 
implementations, their most meaningful findings, and the limitations faced. 

Concepts and Explorations 

The COVID-19 pandemic triggered the arousal of several struggles worldwide. Self-reported 
chronic loneliness is one of them. Panksepp (2004) posits that “social bonding ultimately 
involves the ability [...] to experience separation distress when isolated from social support 
systems and to experience neurochemically mediated comfort when social contacts are 
reestablished.” (p.274) This means that all of us, in more or less intention, experience 
physical and emotional discomfort when deprived of social contact.  

From a public policy perspective, however, “it is chronic loneliness that entails the most 
detrimental consequences, requiring intervention and appropriate health and social care 
policies.” (Baarck et al., 2021, p.10) Exactly because persistent loneliness is the one that 
“leaves a mark via stress hormones, immune function and cardiovascular function with a 
cumulative effect that means being lonely or not is equivalent in impact to being a smoker or 
non-smoker.” (Griffin, 2010, p.4) 

In addition, the perpetuation of Western structural features is likely to aggravate the 
loneliness scenario. Capitalism, neoliberalism, and meritocracy increase competition and 
individualism. In return, all the overwhelming socially isolated individuals impact the social 
structure. Burdening the healthcare system and having work productivity compromised, the 
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affected population has a substantial adverse economic influence. 

Understanding the topic's relevance, we started by choosing three distinct quantitative datasets 
from the “Loneliness in the EU” report (Baarck et al., 2021). For each, one physicalization concept 
was developed following premises from the multiple literature review references. The most 
appropriate was the one concerning the loneliness increase among all the European Union macro-
regions during the COVID-19 pandemic, as the data itself was already surprising. 

 

Figure 2: Loneliness by 
macro-region original 
dataset. Data sources: 
Eurofound, 2016 EQLS and 
2020 LWC surveys; The 
figure displays, by EU 
macro-region and time 
period, the share of 
individuals who felt lonely 
more than half of the time 
over the two weeks 
preceding the interview. 
(Baarck et al., 2021, p.30) 

 

 

According to 
Baarck et al. (2021), we “would expect the effect of social distancing to be more severe in 
countries or macro-regions where people are more tactile [...]. In that sense, the suffering 
from the lack of contacts should be higher in southern Europe than in northern Europe.” 
(p.31) However, the dataset firmly contradicts that assumption.  

After conducting six semi-structured interviews to gather relevant insights about the subjects’ 
understanding of loneliness, their answers were synthesized into a list with the most relevant 
keywords. Sixteen subjects voted on one word that most resonated with their idea of 
loneliness. Then, the three most voted ones – Disconnection, Emptiness, and Inaccessibility 
– guided the exploration of new concepts. Each of them entailed aspects that could 
potentially result in an attractive physicalization. But, at this point, it was decided to: (1) 
create a physical 3D puzzle that conveys the data, (2) have this object metaphorically 
symbolize loneliness, and (3) provide a playful strangeness for the user.  

Sosa et al. (2018) consider two methods for designing a data object: (1) from data to object, 
and (2) from object to data. The former was adequate for this project because the dataset 
was selected previous to the object. The authors suggest that “features derived from the data 
can distort the object – break expected symmetry, proportion, or scale – while metaphors and 
symbols can be used to transmit meaning.” (p.1690) 

Accounting for those guidelines, philosophy and Greek mythology highly assisted in the 
physicalization ideation. In the Sisyphus’ Myth, for instance, the hero was condemned to 
endlessly push a boulder up a mountain alone, only to see it roll down again afterward. This 
story can relate to the loneliness' burden and heaviness when one realizes relationships are, 
ultimately, a hopeless and infinity labor. 
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Prototypes and Implementations 

Once the most compelling concepts and metaphors were defined, the prototyping cycles 
began and focused on refining the physicalization. (Muratovski, 2005) Four different 
combinations of data encoding were tested with six users during this stage. Its ultimate 
purpose was to underline how to (1) improve the subject-object interaction, (2) explain the 
metaphors behind the design decisions, and (3) secure the correct reading of the dataset. 

Considering the insights gathered previously, the final object became a turning-board/card 
game that functioned like a puzzle/enigma and revealed the data encoded during the 
gameplay. The ultimate goal was to guess the effect (loneliness) measured between 2016 
and 2020 in the EU macro-regions. Additionally, the artifact symbolized the disconnection 
concept by the necessary pieces assembling for proper data decoding. The hollow and 
transparent parts out of resin represented emptiness, while the unreachable materials inside 
the pyramid's upper parts referred to inaccessibility. 

The strangeness was addressed by those inner materials and their intentionally controlled 
weights. The upper parts patterns printed on carton paper ensured correct assembling and 
abstractly represented the EU macro-regions. Finally, the sharp and abstract shapes spoke 
about the danger and discomfort inherent to loneliness. In “The Lonely Society?” article, 
Griffin (2010) posits the connection between “anger, sadness, depression[...] and pessimism” 
(p.15) to loneliness, which also justifies the greyscale color decision. 

 

 

 
Figure 3: Prototypes and final implementation of the physicalization conveying the loneliness by macro-region data. The 
gameplay guided the users' interaction with the physicalization through instructions and hints given by the cards placed 
on the board. The data was revealed gradually according to the upper parts assembling, and the goal was to guess the 
effect measured (loneliness) by the final puzzle/artifact when completely assembled. 

 



 

822 
 

Evaluating 

The project's second milestone aimed to compare data physicalization to graphic 
visualization. It investigated the following hypothesis: Strangeness regarding an object's 
material-weight expectations improves the physicalizations' efficiency and memorability. 
Hence, four experiments were designed and conducted with 41 international participants 
aged between 22 and 65. The sample was distributed per experiment as follows: (E1) Pre-
Study: 12, (E2) Digital: 14, (E3) Control: 7, and (E4) Treatment: 8 participants. 

The original research proposal predicted only three experiments. The first would count with 
distinct weight-material illusions linked to the ‘loneliness increase’ parameter: (1) Southern: 
10% ≈ 45g, (2) Eastern: 11% ≈ 90g, (3) Western: 15% ≈ 270g, and (4) Northern: 16% ≈ 315g. 
The second would be conducted through data visualizations but with all the physicalized 
graphics and storytelling elements translated into digital mediums. And the third would be the 
control group without treatment. However, during the first experiment, the necessity for a 
fourth one arose. 

After collecting the memorability results from the first experiment (E1), we noticed the 
responses to a particular task diverged severely. There were a few possible causes for this 
unpredictable divergence, so we decided to consider it a pre-study to identify and mitigate 
emergent problems. The research proceeded with the new treatment connected to the 
parameter ‘2020 loneliness percentage’ instead of the 'loneliness increase.' Therefore, the 
upper parts' weights became: (1) Southern: 23% ≈ 150g, (2) Eastern: 23% ≈ 150g, (3) 
Western: 26% ≈ 525g, and (4) Northern: 22% ≈ 25g. This decision increased the research 
rigor and allowed us to glimpse the effects of material-weight strangeness on the dataset 
information recognition. 

Methodology 

According to Muratovski (2016), “[t]here is always a benefit in using multiple sources of 
evidence when conducting research. This process of cross-referencing your research is 
called triangulation. This way of working can help you establish credible, valid, and reliable 
research practice.” (p.39) Recognizing those advantages, the current research involved the 
triangulation of surveys and observations. The quantitative data were analyzed via statistics, 
while the qualitative ones were either template or open-coded (Blair, 2015). 

Sample 

The sample was composed mainly of design and architecture students, with few exceptions. 
They were all invited to schedule appointments via direct messages on social media or posts 
on the HSA Design Platform (Icom) one week before the starting date. We controlled the 
room environment and provided snacks as compensation for the physical interactions but not 
for the virtual ones. Regarding the latter, since some subjects were not proficient in Zoom 
and Miro, the complete procedure for those meetings lasted almost 25% longer than the 
former ones. We did not warn the subjects regarding the memorability test, and they were all 
invited to the second survey via email, which offered a Newsletter as a reward. 
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Surveys 

The surveys consisted of two questionnaires with open and close-ended questions. The first 
– Efficiency – was responded to in loco after the interactions with the physicalization or 
visualization. The second questionnaire – Memorability – was forwarded to the subjects via 
email one week after the experiment. As the name suggests, the former's focus was to 
evaluate the efficiency in conveying the original dataset. For the latter, the intention was to 
measure the information recognition. Some criteria were previously stipulated, though. 

Efficiency 

Inspired by comparative studies (Jansen et al., 2013), the performance measurement was 
based on quickness (time on task) and accuracy (error rate). The efficiency calculation, in 
turn, was according to the mathematical ‘r = O/I’ formula. Where ‘r’ was the ratio of relevant 
‘Output’ (O) to total ‘Input’ (I). The output ‘O’ for these experiments was the accuracy, while 
the input ‘I’ was the participants' quickness to respond to three tasks. Those efficiency tasks 
were divided into three categories: (1) Compare task, (2) Order task, and (3) Range task. 
The sum of correct answers to these queries represented the overall experiment accuracy. 

Memorability 

Similarly to Stusak et al. (2015), the ‘Memorability’ questionnaire asked the same task 
questions after one week. The new answers were compared to the previous ones. If they 
matched, it was considered a sign of recognition. Otherwise, if the responses did not agree, 
the result was non-remembrance. Two new questions about the data were also included in 
this last survey: (4) Extreme Values and (5) Facts. If the answers to these queries were 
accurate, they indicated data memorability. 

Observations 

To collect the data regarding quickness (the time consumed as input ‘I’), we documented the 
seconds every participant needed to respond to each task of the ‘Efficiency’ questionnaire. 
We also checked whether the participants correctly assembled the macro-regions upper 
parts during each virtual and physical experiment. These observations provided insights into 
the patterns' efficiency and led to intriguing findings afterward. Furthermore, this method 
assisted in understanding the overall experience and contributed to mitigating problems. 

Analysis and Synthesis 

Overall, there were four principal sources of data to analyze: (1) surveys' close-ended 
questions, (2) surveys' open-ended questions, (3) gameplay open-ended questions, and (4) 
observations' transcriptions and annotations. Thus, a few methods supported the quantitative 
and qualitative analysis of the present research. 

Quantitative 

With the assistance of the Stata 13.1 software, it was possible to calculate the 
measurements for efficiency, memorability, and awareness. Besides, the statistics also 
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helped identify the design decisions that most positively got the participants' attention. Well 
as the ones that could be improved. Furthermore, the quantitative results led to unexpected 
insights regarding gender and its connection to the experiments' awareness evaluation. 

Qualitative 

Initially, we revisited the Research and Design Questions and defined ten codes (C) to 
analyze the qualitative data gathered through the surveys. They were: (C1) Narrative - 
Gameplay or Metaphor, (C2) Graphics - Patterns, Colors, or Typographies, (C3) Space - 
Environment, (C4) Dataset, (C5) Geometry - Shapes or Sizes, (C6) Material - Textures or 
Weight, (C7) Efficiency, (C8) Memorability, (C9) Awareness, and (C10) Emotion - 
Strangeness and Others. These codes assisted in clustering the user feedback and led us to 
the most relevant findings. 

 

 
Figure 4: Top-down generated codes to support the qualitative analysis. 

 

The gameplay narrative, in turn, involved several open-ended questions posteriorly analyzed. 
Among the questions presented in the game cards, three entailed close attention: (Q1) How 
could ‘hopeless labor’ resonate with your life experience; (Q2) What could be a social trigger 
for [mental-health] conditions; and (Q3) Which mental/emotional struggle could be the effect 
measured in the current dataset? These queries generated the codes that assisted us in 
tackling the Research Question. 

Results 

The statistical analysis suggests all the physicalizations performed better in memorability 
than the graphic visualizations. But, as the general performances from the Pre-Study (E1) 
and Treatment (E4) significantly diverged, the strangeness' impacts on them remain 
inconclusive. This assumption is reinforced by the gameplay and surveys qualitative analysis, 
which suggest the material-weight treatments were either not consciously perceived or 
understood as directly connected to the dataset. Therefore, further investigations are 
compulsory to address the strangeness' contribution to data efficiency and memorability. 

The Digital experiment (E2) had the highest accuracy performance with almost 93% 
correctness. This result is not surprising, as it is probably related to the sample's familiarity 
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with data visualization. On the other hand, the Control's (E3) artifact and its absence of 
weight treatment led this experiment's participants to the worst accuracy and efficiency 
performances. This constatation corroborates the assumption that the Pre-Study's (E1) 
treatment probably improved accuracy. However, since the subjects from E3 performed 
better in memorability, we wondered whether the E1's treatment ('loneliness increase') misled 
and confused its participants' information remembrance.  

Finally, in the Treatment experiment (E4), the material-weight illusion associated with the 
‘2020 loneliness percentage’ parameter seems to have improved its overall efficiency, 
especially in terms of quickness. Besides, approximately 88% of its subjects remembered 
their previous answers. Therefore, in a nutshell, the main results were: (E2) Efficient but 
Unmemorable, (E3) Inefficient but Memorable, and (E4) Very Efficient and Very Memorable. 

 
Table 1: Tabulation of the Primary Variables Results per Experiment. 

Variables Digital (E2) Control (E3) Treatment (E4) 

Correct Assembling (%) 57.1 85.7 100 

Response Accuracy (%) 92.857 80.952 83.333 

Response Quickness (Seconds) 37.833 37.238 25.875 

Efficiency (r = O/I) 2.454 2.173 3.220 

Date Range (Days) 5,64 6,57 6,25 

Memorability (%) 60 77.14 87.5 

Experiment Duration (Minutes) 21.34 18.43 14.31 

 

Despite the inconclusive strangeness' results, the design relevance in creating more 
engaging experiences with abstract data became evident throughout the current research. 
Moreover, according to the findings listed below, the area enables better ways of 
communicating data and may enhance emotional awareness regarding them. 

 
Table 2: Tabulation of the Secondary Variables Results per Experiment. 
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Variables Digital (E2) Control (E3) Treatment (E4) 

Sample (Participants) 14 7 8 

Gender (F% - M% - NB%) 64.28 - 28.57 - 7.15 42.85 - 57.15 - 0 50 - 50 - 0 

Awareness (%) 71.43 28.57 62.5 

Easiness  (%) 35.72 25.72 45 

Novelty  (%) 57.14 100 100 

Experience (%) Insightful (85.70) Surprising (100.00) Insightful (62.50) 

Aesthetics (%) Graphics (85.70) Gameplay (71.40) Gameplay (75.00) 

 

Discussion 

By mitigating the former parameter's confusion, it is possible that the new weight treatment 
('2020 loneliness percentage') positively impacted the E4 participants' general performance. 
It is necessary to acknowledge that the superior rates could be a matter of inferior date range 
between both questionnaires. Despite that, the present study still contributes to the design 
research area once it proves the influence of non-conforming physical weight on data 
physicalization, even though the results do not precise the scenarios where this influence is 
exclusively beneficial. 

In this sense, the gameplay's narrative and open-ended questions likely affected the 
inconclusive Design Question results, as they captured most of every participant's attention. 
This inference by no means invalidates the decisions entangled in the design process. 
Especially because emerging studies in the field highlight the necessity of a more holistic and 
broad approach to physicalizations and visualizations due to its connection with human 
emotions. (Wang et al., 2019) 

Besides, the statistics also led us to unexpected findings regarding gender and its connection 
to our Research Question. For example, the awareness results for the Digital study (E2) 
were the highest among all four experiments. Almost 72% of its participants attested 
posterior engagement with the loneliness topic in the week between both questionnaires. 
This constatation contradicted our expectations regarding embodiment and emotional 
connection to physical experiences.  

 

 
After further investigating the possible causes of this observation, we cross checked the 
awareness values with the variable ‘gender’ and verified that almost 72% of the E2 
participants were women or non-binary. In general, approximately 60% of women confirmed 
their engagement in conversations regarding loneliness posterior to their study participation, 
suggesting that females and non-binaries became more invested in the topic than males. 
Although acknowledging this finding is not surprising, we did not expect gender to play such 
a relevant role in the current research results. 
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Limitations 

For several reasons (holidays, non-responses, pandemic, personal limitations), we could not 
ensure the same date range between questionnaires for every participant. Therefore, a mean 
was calculated for each experiment to minimize errors in the memorability results. Besides 
the narrow timeline and other constraints, the sample selection might have influenced the 
research findings. The lack of financial resources and the pandemic restrictions highly limited 
our access to volunteers. Hence, most participants were either design/architecture students 
or personal friends, family members, and acquaintances. Ultimately, this might mean they 
were more likely to be engaged in the studies' dynamics, for example. 

Future Work 

For future studies, associating the strangeness/surprise element to other aesthetic aspects, 
not as complex as conceptual expectancy, would surely lead to new curious findings. Or 
perhaps, systematically experimenting with size-weight illusions instead of material-weight 
could be an appealing approach. For the latter, however, we recommend simplifying the 
interactions by removing possible ‘distracting’ narratives, metaphors, or gameplays.  

There are endless possibilities to investigate the impacts of strangeness on data efficiency 
and memorability. But, since the motivation to conduct the current research based on 
loneliness data was to raise meaningful debates and conversations, it is relevant to highlight 
the necessity of future initiatives on the topic as well. Mainly because the “practical potential 
of design to contribute to the profound cultural and ecological transitions [...]” (Escobar, 2018, 
p.X) is undeniable and urgent. 

Conclusion 

This paper suggests data physicalization may significantly leverage people's emotional 
engagement with abstract data. Despite the inconclusive results related to the material-
weight illusion treatments and the surprise/strangeness feelings, several other design 
decisions – graphic elements, user experience, and storytelling – unquestionably impacted 
all experiments' efficiency and memorability results. Furthermore, according to the current 
research findings and theoretical background, engaging physicalizations and visualizations 
are likely to be appealing mediums for scientific knowledge disclosure and consciousness-
raising initiatives. 
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Abstract 
To probe into the artistic possibilities of Artificial Intelligence (AI) generating operatic elements, we 
have engaged in a practice-led inquiry as designers and artists. We took the process of prototyping a 
chamber opera with interactive features as our starting point, exploring how AI could work as a source 
of stimuli in opera productions, and how prototyping might add to the design and evaluation of AI 
integrated into an operatic context. Our core idea was to use AI to generate personalized lyrics in a 
dynamic opera libretto, based on input to the AI from individual visitors attending the operatic event. In 
response to visitors, the opera singer read and rendered the AI-generated text artistically in real-time 
and in a karaoke-like manner in accordance with the musical framework and the embodiment of the 
operatic character. Hence, the concept comprised both human-to-machine, machine-to-human, and 
human-to-human interaction. While some design elements stimulated the participating opera visitors, 
others stimulated the performing opera singer, supported by an informational framework composed 
verbally through a prototypical manuscript, audially through a prototypical accompaniment, and 
visually through a prototypical setting. The prototype was play-tested and evaluated in relation to our 
artistic intentions. The AI-based prototype added parameters to the artistic process such as sketching 
narrow AI for the operatic format and evaluating articulated qualities. Furthermore, we suggest that the 
conceptual artwork can be seen as an example of a contemporary turn in operatic evolution, with 
human performers forging not only bodily, but also intellectual relationships with machines. 
 
Interaction Design, Chamber Opera, Artificial intelligence, Generative text, Prototyping 
 

Opera brings together human capability and technological advancement – from musical 
instruments to theatrical machinery. Today, opera’s relationship to digital innovations takes 
center stage. This paper reports on the prototype of an operatic concept informing a future 
elaborated opera, with real-time personalization of lyrics through Artificial Intelligence (AI) in 
live performances by human actors. The investigation was focused on the prototype’s 
functionality and aesthetic compatibility, and the generative AI system’s purposefulness and 
applicability in relation to primarily musical and interactive elements. Stemming from a 
practice-led methodology, we position the inquiry within the field of research in art and 
design, with the prototype supporting new knowledge for operatic practice and experience.  
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Focus and field 

Setting up The Oracle, a prototypical opera with interactive features, our task has been to 
establish a framework for the generation of text, sound, and imagery – fitting together 
thematically and in an operatic manner with a synthesis of verbal, audial, and visual 
information. 

Design concept 

The design concept underpinning the prototype is the integration of AI as a generative text 
source for operatic libretti in visitor-interactive real-time performance – an artificial lyricist 
functioning as author and prompter for a karaoke-singing opera singer embodying a fictional 
character. We denote this artwork as an AI-based opera.  

In early 2022, the idea of using generative AI as one among multiple authors of an opera led 
us to outlining this artistic concept. The concept was a collaboratively developed and the 
project was implemented through our own artistic practices, which besides musical 
composition and performance by David Hornwall included set design by Mattias Rylander, 
operatic performance by Hedvig Jalhed, and coding by Kristoffer Åberg. Joining forces not 
only as researchers, but also as artists, we concretized how AI could add to the composition 
by ways of generative text. Prophesying became the theme for the opera, with the Delphic 
oracle (Fontenrose, 1978) as a primary source of inspiration. From that, we created a 
concept for a one-on-one micro-opera of 3–4 minutes of action and music, centered around a 
soprano oracle who was not in contact with any divine forces, but with the digital realm that 
we turn to in the present day for prediction and advice. From questions posed by one opera 
visitor at a time, the oracle sang personalized answers. 

Purpose 

The overarching aim with the exploration was to test and evaluate libretto writing through 
generative AI as a supportive and innovative part of an operatic work. The study targeted the 
design elements in the conceptual art work and their qualities in an operatic context. The 
prototyping phase gave us an opportunity to evaluate the concept and beta-test the AI 
system in a live performance with participating visitors, before developing the artwork further. 

The purpose of the project has been primarily artistic. We treat opera as a system for 
composed and aestheticized information, and our idea has been that AI can add specifically 
to dynamic lyrics. Opera, however, is not about efficient and clear communication, but rather 
about adding complexity and richness in order to challenge human cognition. The intention 
with the prototype has been to highlight problems and possibilities in the concept and inspire 
further elaboration and refinement. 

Contextualization 

In order to contextualize our inquiry, we frame our work through the notions of artistic 
prototyping, contemporary chamber opera, and machine intelligence. 
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Artistic prototyping 

It has been argued that in the field of artistic research, artistic prototyping overlaps art and 
design (Arrigoni, 2016). A prototype can be persuasive, suggestive, or provoking, and it can 
stimulate action in order to facilitate artistic knowledge production. Key features of artistic 
prototypes have been identified as openness (to transformation) and fictionality (of 
speculative hypotheses), which support generativeness, participation, critique, and testing 
(Arrigoni, 2015). Prototyping can be used for evaluation and research, offering a context for 
artists in which to be creatively self-critical and promote constant reconsideration of ideas 
with a feedback effect on the emerging artwork (Popper, 1989). In order to be self-critical, the 
artistic intentions have to be articulated. 

We subscribe to the view that an artwork should sustain engagement in line with Nguyen’s 
idea of art as a game-like vehicle for a satisfying struggle to understand what is subtle and 
ambiguous (Nguyen, 2020b). This approach to artistic meaning derived from cognitive 
struggle is compatible with Boyd’s evolutionary view of “art as a kind of cognitive play, the set 
of activities designed to engage human attention through their appeal to our preference for 
inferentially rich and therefore patterned information” (2009, p. 85, original emphasis). Boyd 
highlights that cognitive stimulation, social cohesion, individual status, and creative renewal 
are natural products of the evolutionary basis of art. Furthermore, a core feature of artistic 
experiences is how they produce enjoyable disagreement and discussion, based on the 
autonomy of aesthetic judgment (Nguyen, 2020a). With this theoretical framework, a 
professional artist produces aestheticized information patterns, considering the mechanisms 
of attention and taste. Artistically designed concepts and items provide cognitive challenges 
for the sake of increased cerebral activity that surpass the ordinary processing of the 
environment, causing rewarding stimulation both individually and collectively. 

Contemporary chamber opera 

Our general practice within contemporary chamber opera is based upon traditional operatic 
principles regarding characterization, autonomous vocalization, and live performance in 
resonant and wrought settings – but with an explorative and experimental approach to 
immersive and interactive features as well as contemporary and technology-laden sound and 
instrumentation. Our works are “ludo-immersive operas” (Jalhed, 2022), conceptualizing 
operatic experiences more as games or adventures through game design than spectacles for 
distanced audiences. We find opera an interesting field for practice-led research in that the 
systemism inherent in the relational aspects of operatic composition demands almost an 
engineering mindset. In artistic research, embodied human-machine relations in opera have 
been explored by, for instance, Ludvig Elblaus with Carl and Åsa Unander-Scharin (2016). 

Machine intelligence 

We adhere to Legg & Hutter’s informal working definition of intelligence: “Intelligence 
measures an agent’s ability to achieve goals in a wide range of environments” (Legg & 
Hutter, 2007, p. 12). We work at the level of intelligent agents or agentive systems of several 
agents possessing narrow AI (ANI), that is machine intelligence that may well have 
superhuman capability in a narrow domain, but lacks, for example, general or abstract 
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problem-solving capabilities in a wide range of environments, on par with human-level 
intelligence (Noessel, 2017; Russell & Norvig, 2022). 

Related work 

Other experimental operas have involved AI in different ways during recent years. For 
instance, in Chasing Waterfalls (Lee et al., 2022), lyrics and vocals are generated through AI, 
and in La Fabrique des Monstres (Ghisi et al., 2018), AI imitates the sonic idiom of classical 
opera. Related concepts are also the system LyricJam, generating lyric lines for instrumental 
music (Researchers Develop Real-Time Lyric Generation Technology to Inspire Song 
Writing, 2021), and the tool Deep-speare, intended for automatic poetry composition that 
advances aesthetic form such as rhyme and meter, but with found shortcomings in 
readability and emotional expression (Lau et al., 2018). 

Research question and delimitations 

Based on our view of art described in the contextualization, desired qualities in the artwork 
were obscurity, novelty, attractivity, and controversy. We also sought to articulate qualities 
concerning the agentive system. Our research question concerned the effect of AI on the 
design work, and the value of AI in an operatic context with both creative (open-ended and 
expanding) and critical (closed-ended and restraining) potential: What does an AI-based 
prototype add to the operatic process and artwork? 

We limited our inquiry to the above issues, and although the concept touches upon a number 
of other topics, we have not included any remarks about, for instance, immersive factors, 
game mechanics, and musical composition. 

Methods 

We have used a practice-led approach to develop, design, and evaluate the different 
elements and features within the artwork. 

Practice-led approach  

A practice-led approach allows researchers in art and design to advance knowledge within 
practice and leads to new understanding about practice (Candy & Edmonds, 2018). We used 
this kind of research iteratively in a developmental exploration. 

Artistic development method 

The Oracle was developed through a parallel creation of manuscript, accompaniment, and 
setting, with mutual adjustments. As in all opera, accommodation of human performance and 
perception was key. By drafting and revising possible system relations, text patterns with 
grammar and content matrices, sheet music, costume variants, and surrounding projections, 
as well as rehearsing, the prototype was developed with overlapping steps. 

https://www.zotero.org/google-docs/?AkFBsh
https://www.zotero.org/google-docs/?AkFBsh
https://www.zotero.org/google-docs/?AkFBsh
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Figure 1: Iteration arc with overlapping elements in the prototyping phase. 

 

Conceptual design method 

The concept was developed from the basic idea of integrating AI into opera in order to 
combine human performance with contemporary machinery. After setting up the work roles, 
the design of the agentive system and the compositional elements emerged dialectically. 

Interaction design of narrow AI entails sketching and prototyping an agentive system of one 
or more intelligent agents, each interacting with other machines or human agents by 
perceiving its own environment, and acting upon that environment, with the agent’s behavior 
described by an agent function mapping percepts to actions. Interaction programming in this 
case concerned the implementation of these intelligent agents consisting of an architecture 
(computing devices with physical sensors and actuators) and an agent program that 
implements the agent function (Noessel, 2017; Russell & Norvig, 2022). 

Traditional sketching with pen on paper explored issues related to the operatic experience, 
from system design with relations and interactions among agents, to user interfaces for 
visitor input and generative libretto output, and to algorithm and database designs for the 
Natural Language Processing (NLP) of input into output. Embodied sketching (Márquez 
Segura et al., 2016) was undertaken to bodystorm ideas and increase sensitization for 
design of physical and spatial human–AI interactions in the prototype’s environment. 
Sketching in the medium of code (Löwgren, 2016) was necessary for the high-fidelity design 
and evaluation of the agent functions and their underlying algorithms. The agent functions 
were sketched in the Python programming language in Google Colaboratory, which is a 
computational notebook environment combining executable programming code with the 
possibility of text documentation (Google Research, n.d.). 

Code sketches were further developed into prototypes in Google Colaboratory and tested in 
a series of rehearsals to improve software quality, and then migrated to a prototype web 
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application encompassing the system of machine agents in the form of their related agent 
programs, whereupon the web app was further developed and tested. The web application 
was implemented in Python using the Flask micro web framework and SQLAlchemy 
database toolkit; OpenAI’s GPT-3 application programming interface was used for natural 
language processing of text input into generative text output; and HTML, CSS, and the 
jQuery JavaScript library were used for text presentation. It was deployed on a cloud platform 
for access via any web browser client running on a PC, tablet, or smartphone. 

Design evaluation method 

We sought to articulate qualities for the evaluation of the prototype. While our general artistic 
intentions concerned the prototype’s ability to generate obscurity, novelty, attractivity, and 
controversy, additional desired qualities associated with the AI-based concept emerged as 
oddity (peculiar and incoherent content) and stability (reliable and predictable performance), 
and beyond human capabilities. The agents’ abilities to process and convey information 
within the system were also subject to evaluation. 

After the event, the prototype was evaluated by us artist–researchers as artistic users, using 
an evaluation matrix to address qualities with the following score set: 

0 = No reported or documented occurrence 
1 = Single reported or documented occurrence 
2 = Multiple reported or documented occurrences 
3 = Consistently reported or documented occurrences 

Rather than the positive features of the prototype, we have chosen to evaluate the 
shortcomings. In this way, it was possible to measure both weak links and the compositional 
effect. 

Documentation of artistic performance 

The play-testing event took place at PlayLab, Skövde, and was limited to a continuous 
performance time of about one hour, and the artistic performance was documented through 
audio/video recordings. 

Visitor experiences 

A visitor survey aimed to capture individual experiences and impressions anonymously from 
the play-testing event. The scope of the evaluation matrix and the survey design overlapped 
in some parts. The survey contained ten questions about interaction and immersion: 

1. Have you been to immersive/interactive opera or similar things earlier? 

2. How much experience of opera in general do you have from earlier? 

3. Did you ask the oracle a question? 

4. If you asked a question of the oracle, what question did you ask? 

5. If you asked a question, what did you comprehend from the text that was sung in response? 

6. To what extent did you think that your question was answered? 



 

837 
 

7. How well were your expectations met? 

8. Did it feel like time went faster than usual? 

9. Did you feel like you were in a different place from usual? 

10. Is there anything more that you want to tell? 

Results 

The results of the prototyping phase emerge as sketches of the agentive system and user 
experiences. The prototypical system was based on four interacting agents, and the 
prototype constitutes a working model for future elaboration. 

 

 

 
 
Figure 2: System overview with the interacting agents. 

 

The Oracle was developed for a public venue with a visually closed-off but audially 
permeable cylindrical 360° cave, with its inside covered by a projection of AI-generated 
images and video. The music was composed for soprano and electronics and the 
multisensory experience was supposed to create an impulse to action (c.f. Boden, 2004). 
The piece was in stasis as long as a visitor didn’t interact as a player, and the choice to 
participate by playing – that is, to make an effort to overcome unnecessary obstacles (Suits, 
2014) – implied an opportunity to experience something different from what a passive 
observer would. 

The prophecies had to be aestheticized and presented in a way that matched the music and 
the singer, with vowels applied in relation to tone frequency and voice type, as well as 
allowing for breathing needs, line length, and syllable count. Unconventional and surprising 



 

838 
 

combinations of words and nonsensical syntax sometimes occurred. The singer was visually 
isolated, and only one player at a time was allowed to enter the cave after having submitted 
a question at an altar. Other visitors could still hear both music and lyrics, but were cut off 
from a view of the oracle and the visual design within the cave. The secretive design made it 
possible to evaluate several separate consultations with the oracle. 
 

 
 
Figure 3. Photos from the playtesting event. Visitor at the altar before stepping into the cave, the oracle in the cave from 
outside, and the opera singer’s view inside the cave with a seat for the incoming visitor and a display for the AI-
generated lyrics. 

Agentive system 

The prototype agentive system was composed of the human agents consultant (visitor), 
priest (programmer) and oracle (singer), and the machine agent deity (AI software program). 
The machine part of the system was accessible to the human agents priest and oracle via a 
web browser client. The deity together with the altar, librettist, and teleprompter, were all 
simple reflex agents, i.e. they selected their actions on the basis of current input (Russell and 
Norvig 2022), in a stimulus-response manner. The agents of the system and their 
interactions is outlined in order of appearance in the performance: 

Consultant (human): The visitor as consultant approached the altar for a consultation with 
the oracle. 

Priest (human): The priest asked the consultant to tell him their name and ask their 
question.  

Altar (machine): The priest entered the consultant’s name and question into the altar’s user 
interface. 

Deity (machine): The deity took the consultant’s name and question from the altar as input 
to its own agent program, as follows. 

Preprocessing 
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The narrow AI used for generating text, OpenAI’s GPT-3, took as input a text prompt 
consisting of instructions and potentially some context and examples (OpenAI, n.d.-b). In the 
deity’s preprocessing algorithm, this prompt was constructed out of an example text with a 
certain line and syllable format, an instruction to write the arioso part of the libretto over six 
lines (each line of a certain syllable count), and specific instructions for generating the 
content of each of the six lines. 

In research on Greek mythology and religion, the responses of the Delphic Oracle of ancient 
Greece have been classified according to different modes of expression (Fontenrose, 1978). 
The present-day machine deity randomly selected one of these modes as one basis for 
generating its response, with associated rules and further selectors for generating the 
content of each line making up the expected response from the oracle. Thus, the question 
"What brings the oracle joy?", coupled with the mode of expression “an ambiguous 
prohibition”, might generate the following instruction as part of the prompt for GPT-3: 

Write one arioso for a libretto of exactly six lines annotated in this style. 
The first line must be 9 syllables long and start with the word ">Don't" followed by an 
ambiguous prohibition, as a response to the question "What brings the oracle joy?" 
The second line must be 9 syllables long and start with the word ">Don't" followed by an 
ambiguous prohibition, as a response to the question "What brings the oracle joy?" 
The third line must be 7 syllables long and start with the word ">" followed by a response to 
the question "What brings the oracle joy?" 
The fourth line must be 7 syllables long and start with the word ">You must" followed by an 
ambiguous prohibition, as a response to the question "What brings the oracle joy?" 
The fifth line must be 7 syllables long and start with the word ">You must" followed by an 
ambiguous prohibition, as a response to the question "What brings the oracle joy?" 
The sixth line must be 4 syllables long and start with the word ">" followed by a short response 
to the question "What brings the oracle joy?" 

Text generation 

The full prompt was sent via the application programming interface of OpenAI’s GPT-3 
Davinci-002 model for understanding and generating natural language, set to a high degree 
of diversity in the text completions returned as output. Davinci was selected due to its 
capabilities in understanding the intent of text and following instructions (OpenAI, n.d.-a). 

Postprocessing 

The generative text completion returned by GPT-3 was checked and processed by a further 
algorithm, sorting the generated lines according to initial words, duplicating or generating 
further lines if one or more of the six lines were missing in the completion, and adjusting line 
length according to word, and hence rough syllable count by multiplying or slicing lines if 
either too short or too long, respectively. All these algorithmic operations were undertaken in 
order to keep the response more in line with the creative direction for the arioso format as 
embodied in the instruction, and hence more suitable for the oracle to perform. As an 
example, the above question might result in the following response, also comprising the 
arioso of the libretto: 
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Don't try to understand 
Don't try to think 
Just do what brings you 
You must not question 
You must not doubt 
It is what it 

The deity’s output comprising mode and response was saved together with the consultant’s 
first name and question in a database. The remaining agents were: 

Librettist (machine): The librettist took as input the response part of the deity’s output, 
recombining the response in the form of an arioso into the stretta part of the libretto, and 
fitting the arioso and stretta in between the recitativo and affirmatio parts, and into the full 
libretto. 

Teleprompter (machine): The teleprompter took the mode and libretto as input, and output 
them via its screen in the cave.  

Oracle (human): The oracle read the mode and rendered the libretto presented by the 
teleprompter. 

User experiences 

The play-testing event took place in November 2022, with the opportunity to facilitate user 
experiences of the design components put together as a tentative whole. The prototype was 
performed live 17 times with different visitors, appearing as consultants who provided the AI 
system with questions for the oracle. The anonymous survey was answered by nine visitors. 
All questions and responses were recorded from and saved in the project database. 

Human-to-machine interaction 

The consultants posed their questions orally to the priest, who submitted them textually. 
Despite reports of insufficient introductions for the guests, no visitor failed to provide 
applicable information for the AI agent with the aid from the programmer. 

Machine-to-human interaction 

Technically, the system proved to be reliable and generated new and personalized content 
for all consultants. All responses from the AI could be used as a basis for an answer, 
although some lacked either metrical compatibility or coherent meaning. However, this could 
be used as a poetical expression for the fictive oracle’s own confusion. 

When the AI agent failed to provide the singer with sufficient text, the performer chose to edit 
the lyrics ad hoc. This emergent tactic came with an improvisatory approach. In traditional 
repertory opera, singers sometimes improvise exclusively musically in melodic 
embellishments, but not textually. In the contemporary practice of opera improvisation, lyrics, 
music, and action can be improvised altogether and “the audience is often invited to give 
suggestions for the starting points of the performance” (Wilén, 2017, p. 22). With the AI agent 
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as author and prompter, however, the direct input source differed from opera improvisation. 
Moreover, the opera singer was provided with a, more or less, complete text, with the 
potential to adjust details, instead of inspirational key words as in opera improvisation. 

Human-to-human interaction 

The opera singer received information from the AI through the teleprompter but there was no 
feedback from the singer to the AI agent. The singer interacted with the visitors as they took 
part in the prophecies face to face, acting as oracle and consultants respectively. This 
included eye contact and gestures. No visitor interacted audially with the singer.  

The comments from the survey display how different visitors paid attention to various things: 
the interaction with the singer (Respondent 2), the uncertainty of how to interact due to the 
lack of explicit instructions (Respondent 7), the wish for preparatory and parallel activities 
(Respondent 8), and the ambient mood (Respondent 9), for example. 

Six respondents reported having asked the oracle a question, and the average rating of how 
well they thought their questions were answered by the oracle was 3,33 on a scale from 1 
(poor) to 5 (good). None of these rated their answer as 1, so some purposefulness could be 
derived from the lyrics in all cases. 

Evaluation scores 

The scores in the evaluation matrix show that the critical links within the information system 
were the program and the singer. A deficit came forth in the occasional mismatch between 
the AI agent’s metrical and grammatical ability and the opera singer’s capacity to live-edit 
scarce or confounding information sufficiently. 

The artistic quality of obscurity can encompass instructions for participation if the interaction 
is regarded as an integrated part of the collective performance. And if novelty is found in the 
obscurity of instructions, it adds challenge. The question then becomes whether the 
challenge was measured and communicated. 
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Table 1: Evaluation matrix with scores for the prototype. 

Discussion 

The empirical research conducted in relation to the prototype has enabled the creation of 
both theoretical and practical knowledge in the field of art and design, for example 
conceptual and experiential discoveries such as the difference between agents and the 
changed artistic workflow. Below, we discuss issues of narrow AI and operatic evolution in 
relation to the research question. 
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Narrow AI 

Integrating AI into opera adds to the artistic process in terms of sketching and design 
elements, with the results from this study applicable beyond the generation of operatic 
elements to AI prototyping practices in general. Sketching and prototyping intelligent agents 
actually using narrow AI technology such as GPT-3 becomes both necessary and useful for 
understanding the capabilities of the technology, as its possibilities and limitations are 
inherent and present, in contrast to low-fidelity “Wizard of Oz” experiments where humans 
assume the role of simulating intelligent computers (c.f. Cross, 2001). There thus needs to 
be a closer correspondence in higher fidelity between (computational) sketch, prototype, and 
artwork; the technology has to work to some extent, and not just pretend to work, in order to 
inform design. Lower fidelity techniques will still have their place in the early phases, but the 
support of accessible AI tools and technologies may be necessary quite soon thereafter in 
the design process. 

As noted by Schön (1992), designing can be seen metaphorically as a reflective 
conversation with the design materials of a situation. Prompting GPT-3, having it respond, 
reflecting on the responses, and having the responses iteratively inform the prototype design 
of the deity, is a conversation on one level where the design material of narrow AI is actually 
conversational on another level. One reflection prompted back by this conversation is: Who, 
or what, is the artificial lyricist? Static parts of the libretto emerged in conventional manner, 
with the composer’s creative direction manifested in the prototypical manuscript of a libretto 
example with themes, lines, and syllables. It was further elaborated by the singer as a set of 
rules and yet further extrapolated by the programmer into program code, leveraging the 
possibilities of the digital and AI technologies. Dynamic parts were further shaped in iterative 
code executions and rehearsals, and ultimately through the unpredictable approaches of the 
visitors and their consultations, processed by the deity, whose generated responses were 
either sung or substituted by the singer’s improvisations. The lyricist could thus be viewed as 
the entire system of human and machine agents, the form and content of the libretto 
stemming from conversational interactions throughout the prototype process up to and into 
the performance. 

Operatic evolution  

Our contribution to the integration of AI into operatic art follows a contemporary line of artistic 
exploration and research producing new knowledge about operatic practice. AI-generated 
text offers a third way in addition to memorized and improvised text in opera. As stated in the 
beginning of the paper, opera has always evolved through new combinations of human 
performance and technological innovation. So, if it is a general feature of opera to display 
unaided human abilities to be seen, heard, and understood in machine-based surroundings, 
what can be derived from AI? Just as instrumentalists have tended to anthropomorphize their 
instruments (Cypess & Kemper, 2018) or even believed that they have incorporated their 
instrument as part of themselves (Nijs, 2018), the tendency to imagine AI as human-like 
entities flourishes (Salles et al., 2020). But while we have material relationships with musical 
instruments, our relations with non-embodied AI agents are intellectual and stimulated by 
what they generate, not what they are. In our prototype, the AI agent contributed with content 
that could be interpreted as poetical and mystical. From this we suggest that AI offers a way 
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to turn operatic evolution toward artistic productions that involve intellectual and not only 
material stimulation from machines. 

When engaging in discussions about art, people usually try to figure out the artist’s intentions 
and incentives, which implies curiosity about human agency. But the anthropomorphic 
agency we like to think that AI agents have is an animistic illusion (c.f. Gopnik, 2022) – an 
illusion actualized already by Turing’s imitation game (1950). The question is how well we 
can disguise AI by artistic means in order to sustain the illusion of agency in relation to the 
receiver of textual content. The aesthetic effect would not be the same if the visitor simply 
read the libretto – or the code.  

Conclusions and future research 

The results demonstrate the need for further research into sketching and prototyping narrow 
AI, moving from simple reflex agents to more complex agents that achieve goals or learn 
over time (Russell & Norvig, 2022). Such research may follow different but compatible tracks, 
starting from the notion illustrated by the present project with human agents extended by AI 
(Hernández-Orallo & Vold, 2019), by building on Schön’s view of sketching as conversations 
with design materials like interaction (Hornbaek & Oulasvirta, 2017) and intelligence 
(Holmquist, 2017), not least machine learning (e.g. fine-tuning an oracular language model) 
for NLP (Yang et al., 2019). As demonstrated by the artificial lyricist system, one could 
explore “networked computational things not only as designed artifacts or technological 
enablers but also in terms of agents in a design space where they actually participate” 
(Giaccardi & Redström, 2020, p. 35). From agents as participatory designers, and, in 
supporting performers not only through generative text but image and music too, perhaps 
then also to agents as participating game characters, learning over time. 

By evaluating the prototype as an agentive information system and aesthetically balanced 
artwork, we conclude that relevant properties were put to the test. The matrix could work as a 
model for evaluation, but the result could be better validated with a survey design directly 
connected to the matrix and more quantitative stats. This kind of AI-based opera expands the 
toolbox of opera artists as it adds thematic content in a stylistic way and enables dynamic 
and personalized lyrics. This unburdens the singer from both memorization and improvisation 
of text but demands split attention and live-editing skills. At the same time, the concept 
requires the visitor to feed the system in order to get something back, hence depending on 
input. 

AI can be used instrumentally in opera but requires human processing in order to be 
artistically interesting. The dualistic division of labor between authoring device producing 
thought and mediating singer producing sound can, in the optimal case, enhance the artistic 
experience as a whole. However, with the technical limitations at hand, it may also impact on 
the singer’s attention as she takes on the task of proof-reader and editor in action. Future 
research could therefore also include comparative studies on the creative range and critical 
limitations in AI-based opera versus human opera improvisation when it comes to qualities 
such as oddity and stability. 

 

https://www.zotero.org/google-docs/?Q8iJ2v
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Abstract  
 

This paper presents an experimental prototyping approach, termed ‘grafting’, for investigating theoretical 
crossovers between craft practice and the play of video games. It presents a case study of prototype ‘graft-
game’ Hazuki Knit, developed as a probe for exploring an emerging theoretical field of study that 
acknowledges embodied skill within the play of videogames aligning it with craft labour. In particular, it 
proposes a method of prototyping in which an existing game is directly grafted onto a craft activity in order 
to enable the direct observation of its impacts upon embodied and inarticulable actions of participants 
during grafted gameplay at a series of themed public events. Through discussion, it presents grafting as a 
method for interrogating the potentialities brought about through joining these two related yet distinct 
activities. Utilising key findings from a case study of prototype ‘graft-game’ Hazuki Knit conducted by the 
author between May 2018 and June 2019 this paper reveals that directly joining craft with a digital game 
can lead to high-risk gameplay that can negatively impact the quality of the craft output. 
 
Craft; Gaming; Graft-game; Crossovers; Prototyping 
 
There is much existing research that investigates the collaborative nature of craft (Felcey et al., 
2017; Adamson, 2007), its ability to connect people (Gauntlett, 2018) and transcend traditional 
boundaries, especially in relation to digital technologies (Rosner, 2010; Golsteijn et al., 2014). In 
recent years there has been a growth in theoretical research within games studies that 
acknowledges the skilled aspects of videogame play from authors such as such as Brock & 
Johnson (2021), Brock & Fraser (2018), Nørgård (2012) and Reeves et al (2009). There is, 
however, little empirical research that directly explores links between craft and gaming, especially 
from the perspective of creative practice. Alongside this, an increase in accessibility to digital 
fabrication and physical computing in recent years has created “opportunities to merge crafting 
activity with electronic games” (Sullivan and Smtih, 2017: 38) leading to exploration of alternative 
games and custom controllers. In their 2017 paper Designing Craft Games, Sullivan and Smith 
presented reflections on three ‘Craft games’ that use craft as either a method of creating input 
devices or components for games (digital or non-digital), or craft as a physical output for a game. 
None of these examples, however, interrogate the impact that merging these two activities has 
upon the craft or gaming aspects. This paper presents a case study from the completed doctoral 
research of the author to discuss an experimental prototyping approach in which craft and gaming 
are explored in direct relation to one another, through a process referred to as ‘grafting’. This 
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approach did not seek to join craft with gaming to merely create a new input or output for a game. 
Instead, ‘grafting’ aimed to bring craft and gaming together as an active method of enquiry for 
exploring the potential impacts of combining these two forms of activity. The term ‘grafting’ is 
borrowed from horticulture where it is used to describe “joining parts of two or more plants so that 
they appear to grow as a single plant” (Bilderback et al., 2014: online). In using grafting as both a 
metaphor for the approach and a description of the method employed in connecting a game and a 
craft activity through a direct and physical join, this study aimed to explore and capture the 
potential impacts that arise through grafted gameplay. 

Thematic Crossovers 

Within horticulture, grafting is commonly carried out with trees and shrubs and, although the parts 
“do not have to be from the same species” (Iannotti, 2020: online), they do need to be compatible. 
The characteristics of each part are thus carefully considered before grafting. This research took a 
similar approach by considering the commonalities between craft and gaming practices through 
the identification of theoretical crossovers. An analysis of key craft and gaming literature 
established three key areas of crossover which are considered fundamental to both.  

1) Habitual practice 

Learning through habitual practice has been attributed to the acquisition of craft-based skill 
(Sennett, 2008; Risatti, 2013). As stated by Sennett “skill is a trained practice” (Sennett, 2008:37) 
and in “learning a skill, we develop a complicated repertoire” (Sennett, 2008:50) of routinized 
procedures, embedding them through “the conversion of information and practices into tacit 
knowledge” (Sennett, 2008:50). Habitual practice refers to the process of embedding knowledge 
over time through the repetition of actions. To gain and develop skill, to embed it into our 
knowledge system, we must be in action, as “going over an action again and again […] enables 
self-criticism” (Sennett, 2008:37-38) on which skill development depends. “As a person develops a 
skill, the contents of what he or she repeats change”(Sennett, 2008:38). This way an “open relation 
between problem solving and problem finding”(Sennett, 2008:38) occurs through which a rhythm of 
solving and opening repeats over and over in a progressive manner. This is key to the acquisition 
of skill over time. 

The playing of video games requires a similar acquisition of skill with players displaying 
“remarkable dexterity developed through many hours”(Reeves et al., 2009:205) of gameplay 
through which they develop a deep understanding of their ‘material’: the game. Through adopting 
Sennett’s analysis of craft and applying it to gaming labour, Brock and Fraser present an account 
of gameplay that “recognises that players have to establish technical skill to negotiate the 
increasingly demanding, complex puzzles that contemporary computer games offer”(2018:1221). 
Through their analysis of Dota 2, the authors discuss how players acquire “sense data about the 
game through a series of tutorials”(Brock and Fraser, 2018:1224) in which the player learns and 
practices the “basic mechanics of right-clicking, scrolling, and re-centering”(Brock and Fraser, 
2018:1224) to progress their skills. Through practice “Dota 2 players constantly adapt their grip to 
establish control over the game”(Brock and Fraser, 2018:1224). The repetitive actions of pressing 
buttons in the problem-solving environment of a videogame thus align with habitual practice in the 
context of craft expertise. 
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2) The desire to do well 

Sennett states that “[c]raftsmanship names an enduring, basic human impulse, the desire to do a 
job well for its own sake” (2008:9). It is this impulse that highlights the craftsman’s “aspiration for 
quality” and “evidence of truly rewarding work” (Brock & Fraser, 2018:1219) and it is Sennett’s 
analysis of craft labour that Brock and Fraser (2018) apply to, and align with, the act of gaming. 
According to Jesse Schell “doing something ‘for its own sake’ […] is an important characteristic of 
play. If we don’t like to do it, it probably isn’t play” (2020:39). To this end, craft and gaming could be 
classified as intrinsically motivated activities, without external reward. 

According to Juul, a game is:   

A rule-based system with a variable and quantifiable outcome, (…) the player exerts effort 
in order to influence the outcome, the player feels emotionally attached to the outcome, and 
the consequences of the activity are negotiable. (Juul, 2011:36)  

Variable outcomes, be they scores or items created, are what make a game desirable to play (Juul, 
2011) and in this sense, match the goal of craft to produce an object or artefact. According to 
Sennett, it is the “aspiration for quality” that drives a craftsman “to improve, rather than get by” 
(2008:24). The outcomes of a video game tend to remain virtual, but both outputs, whether 
physical or virtual, hold value to the player and the craftsperson alike. Both act as evidence of 
actions and both player and maker exert effort in the production or achievement of their outcome. 
In doing so, the player and the maker develop a desire to improve these outcomes through 
practice.  

3) Minimising risk  

It is the craftsman’s “desire to do a job well for its own sake” (Sennett, 2008:9) that highlights the 
craftsman’s “aspiration for quality” (Brock & Fraser, 2018:1219). According to Pye, in craft “the 
quality of the result is not pre-determined, but depends on the judgement, dexterity and care which 
the maker exercises as he works” (Pye, 1995:20). Essentially “the quality of the result is continually 
at risk” (Pye, 1995:20). Pye refers to this as the “workmanship of risk” (1995:20), implying that at 
any moment the workman has the potential to ruin the job, be that through “inattention, or 
inexperience, or accident” (1995:9). Pye goes on to explain that “[a]ll workmen using the 
workmanship of risk are constantly devising ways to limit risk” (1995:5) such as the use of tools or 
‘jigs’ to assist in the making process. Neal draws attention to the role of skill in controlling risk 
suggesting that “if you’re experienced then” it’s “possible to argue that […] near-perfection can be 
achieved with regularity” (2018:22). This reflects that skill can play a role in minimising instances of 
risk. 

Failure and the need for repetition that video games often demand, is a core component of in-
game progression and skill development. As Keogh describes: 

As I fail and repeat a videogame, I learn more about the videogame and how to handle it 
both literally and figuratively; I become more attuned to its rhythms and capable of 
progressing farther the next time (2018:145). 

Just as it can be argued that level of skill can play a role in reducing risk in craft, Juul tells us that 
failing through a lack of skill in games allows players to “reconsider [their] strategies” and “expand 
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[their] skill set” (2013:74). Experiencing failure and the enforced repetition it brings about in order 
to progress, in both craft and gaming, is thus closely linked to the development of habitual practice 
and improving skill that further reduces the risk of failure. 

Grafting the prototype  

The three thematic crossovers were used to assess the impact of directly connecting craft with 
gaming. This was achieved through the development of a protoype graft-game. As the term 
‘grafting’ suggests, directly connecting an existing game to a craft activity required access to, and 
the adaptation of an existing game. The expertise of technologist James Medd, who had previously 
developed his own digital games, was sought for this research. The intention was to graft an 
existing game onto an existing craft to explore what changes and impacts a direct union between 
the two may have on the individual elements or, as a combined entity. Within this research, the 
development of a prototype graft-game was intended to act as a form of probe to enable the direct 
observation of grafted gameplay and resultant impacts upon the individual game and craft 
activities. Thus, the binding together of the two experiences was intended as an ‘analytical tool’ 
(Durling and Niedderer, 2007) and not about creating a fully-fledged game.   

Hazuki Knit prototyped the ‘grafting’ of an existing developmental game, Hazuki (developed 
previously by Medd), onto a domestic knitting machine through a set of switches attached to the 
knitting machine row counter. As described by Medd, Hazuki is a “QTE-centric game” (Medd, 2020: 
online) inspired by ‘quick time events’ experienced in video games where players are required to 
‘hit’ particular buttons at a certain time as they appear on the screen. Hazuki focuses solely on this 
playing style utilising four arrow buttons (‘up’, ‘down’, ‘left’ and ‘right’) that must be pressed within a 
certain time limit when a corresponding symbol of each button appears on the screen (see Figure 
1). If the player fails to press the correct button within the time, the game is over.  

Through grafting, the aim was to capture the action of ‘knitting’ which, in the case of the knitting 
machine, was the act of moving a carriage back and forth across the knit bed to create successive 
rows of fabric. To capture this action two small switches were added onto an inbuilt row counter on 
the knitting machine (see Figure 2). The movement of the carriage (triggering the switches) was 
then captured digitally for the game, controlling when the directional symbols would appear on the 
screen, thus controlling how fast or slow the game aspect would be. As a grafted game, Hazuki 
knit, became a two-player game with one person (Player one) using the control panel to respond to 
the prompts displayed on a standalone screen, and the other (Player two) controlling the knitting 
machine (see Figure 3). 
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Figure 1: Hazuki screen displaying symbol of button to be pressed 

 
Figure 2: Row counter from knitting machine with added switches above carriage trigger 

 

Player must press button that matches 
the corresponding symbol displayed on the screen 
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Figure 3: Hazuki Knit set-up with screen, control panel and knitting machine 

The grafted prototype was showcased at 3 public events across the North West of England 
between May 2018 and June 2019. Events were a combination of digital, making and gaming-
focused, aimed at engaging members of the public. At each event, observations were made of 
participants as they played the ‘grafted game’ using a participatory approach that employed mixed 
methods including the recording of reflective field notes and video recording to capture both 
verbalised interactions and inarticulable actions. The prototype was not presented as a ‘finished 
game’ but framed as a ‘graft-game’ prototype within the context of ongoing PhD research. The 
observations recorded focused on those physically interacting with the prototypes but recognized 
all forms of participation including peripheral observers, taking into account their reactions to 
gameplay.  

The activity at each event was facilitated by both the author and technologist James Medd. All 
observation were recorded and documented by the author. Data, comprised of reflective field notes 
and video recordings, collected during observations was analysed using thematic analysis, 
selected for its flexibility (Braun & Clarke, 2006). Using Braun and Clarke’s (2006) stages of 
analysis as a model, codes and themes were predominantly developed and refined using the 
thematic crossovers identified as placeholder themes, with new codes added where necessary.  
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Observations and evaluation 

During observations of grafted gameplay, it was possible to observe the embodied actions of 
participants with existing experience, particularly in relation to gaming controls. Experienced 
gamers positioned their hands over the control buttons in a more deliberate way than non-gamers. 
For example, it was clear that participants who had gaming experience were those who held their 
fingers poised over the four buttons, positioning the index finger and middle finger or thumb of one 
hand over the top and left buttons and the index and middle finger or thumb of the other hand over 
the right and bottom buttons in a diamond format. Less experienced participants tended to use just 
one hand, using one or several fingers to press each button as required. See comparative images 
in Figures 4 and 5. 

 

Figure 4: Images showing hand and finger positions of participants who presented as experienced gamers 
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Figure 5: Images showing hand and finger positioning of participants less experienced with video games 

Players who admitted to being less experienced with playing digital games tended to position their 
hands more haphazardly, often retracting their hand away from the buttons and hovering in mid-air 
in between presses.  

Very few participants who engaged with activity at the various events were familiar with knitting 
machines, with only a handful recollecting family members having had one, and none claimed to 
have used one themselves before. This did not appear to have a large impact on the ability to 
control the knitting machine for the graft-game. The handle of the knit carriage appeared to be very 
approachable for participants with players instinctively placing their dominant hand around the 
handle. The knitting machine did have various protruding items such as tension rods and yarn 
stranded across the knitting area and participants were given safety guidance on these aspects. As 
a result, some participants were cautious when first using the knitting machine, for example 
moving the carriage slowly and then swapping hands at the end of each row so their arms would 
avoid yarn threaded across tension rods. In general, though, it did not take long for participants 
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using the knitting machine to get ‘into a rhythm’ and settle into a standard position of holding the 
carriage handle with the dominant hand and resting their other hand out of the way on their lap or 
using it to hold the edge of the table to steady it and themselves. 

 

 

Figure 6: Participant holding the handle of the knit carriage to control the knitting machine 

Optimising gameplay for a high score 

Outside of existing experience, observations revealed that participants optimised their bodily 
movements through repetitive gameplay. For example, some participants would adjust their hand 
positions, especially when using the button controls as Player one, when playing a second game. 
For example, the image on the left of Figure 7 shows a participant playing their first game as 
Player one. In this game their hands are positioned above the controller hovering some distance 
from the buttons, reactively moving a hand towards a button as a prompt appears on the screen. 
On the right of Figure 7, the same participant is playing their second game as Player one on the 
controls. This time, their hands and fingers are positioned more deliberately with fingers on their 
left hand resting on the ‘left’ arrow button and fingers on their right hand resting on the ‘right’ and 
‘down’ buttons. This positioning enabled them to respond to on-screen prompts with more 
considered, less frantic movements. In both games there is still some fumbling of movements to 
reach the ‘up’ arrow button with their left hand, but the participant’s hand positioning in the second 
game resulted in a slightly higher score. This adaption of the body that optimised gameplay was 
witnessed across many participants. In reducing ‘clumsiness’ and increasing the efficiency of 
movements, the quality of performance was improved in more accurate responses to the on-
screen prompts.  
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Figure 7:  stills from video recordings shows change in hand positions of one participant, their first game on the left and 

second game, with more deliberate finger positioning, on the right 

Optimising gameplay to achieve a high score in Hazuki Knit was not only dependent upon the 
skilled actions of Player one to press the correct button on the controller, it was also reliant upon 
the actions of Player two. The pace at which Player two moved the knit carriage along the machine 
bed determined how fast ‘prompts’ appeared on the screen, thus dictating how hard the game 
would be for Player one. This resulted in some participants playing as Player two, adapting their 
actions to work cooperatively with Player one in order to achieve a high score.  

Cooperative gameplay could be defined as mutual support through which both players work 
together to achieve a high score. According to Sennett, this form of cooperation is “built into the 
genes of all social animals; they cooperate to accomplish what they can’t do alone” (2012:5). In the 
case of Hazuki Knit, Player one is unable to progress in the game without the actions of Player two 
moving the knit carriage on the knitting machine. Cooperative play that was observed was primarily 
led by players on the knitting machine, with many players in the position of Player two deliberately 
pausing the knit carriage at the end of each row to enable adequate time for Player one to press 
the correct button. The act of deliberately pausing movement on the knitting machine removed the 
risk of Player one experiencing ‘Game Over’ due to being too slow, leaving only the risk of pressing 
the wrong button. This demonstrates a common desire to achieve a high score with participants 
working cooperatively to achieve it.  

There were no observed interactions that suggested a desire by any participants to improve the 
quality or production rate of the knit fabric being produced on the knitting machine. This suggests 
that the goal of achieving a high score was prioritised over any perceived goal attached to the act 
of knitting. The engagement with the knitted output may have been different if the activity had been 
set up with a more defined output such as producing a pre-determined length of knitting or creating 
a collective finished object through gameplay. Any knitting that was produced during gameplay was 
as a by-product of successive and ongoing gameplay, with the production of the knit not being as 
motivating as achieving a high score.  
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Optimising the knit output 

During gameplay of Hazuki Knit it was observed that the outputs and concurrent goals of the 
adjoined activities provided differing levels of motivation to participants. In effect, the end goal of 
both the digital game and knitting aspect were the same, to achieve as much as possible: either 
through knitting or getting a high score. The game score, was made explicit throughout gameplay, 
displayed on the screen (see Figure 8) for both participants to see, counting upwards each time 
Player one successfully pressed the correct button in time. This was accompanied by a satisfying 
‘BEEP’ sound that increased in pitch slightly each time the score increased by one, communicating 
progress towards the goal of achieving a high score. The knitting aspect of Hazuki Knit provided a 
tangible means of tracking progress in the grafted game through the length of the knitted fabric 
being produced, which increased by one row each time the carriage moved across the knit bed 
(see Figure 9). This growing fabric reflected the steadily increasing score. 

 

 

Figure 8:  Hazuki Knit screen display including a live score 

Unlike the game score, the physical knitted piece continued to grow from one game to the next 
unless a new piece of knitting was cast on. Removing a knit piece from the machine and casting-
on anew is a slow process and due to the nature of the short- term participatory contexts in which 
Hazuki Knit was played, it was decided that the knitting would be left as a continuous piece in 
order to not delay participation in the game. The piece of knit being produced, therefore acted as a 
‘collective’ object that all participants contributed to, whereas the digital score was personal to 
individual or pairs of players. This undefined collective object provides a point of difference from 
amateur knitting where the fabric being knit is most likely to be for the purpose of a finished object 
or garment that the knitter may have personal investment in. As noted by Twigger Holroyd, for 
many hand knitters it is the “anticipation of the use of the items they make” that makes the activity 
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significant to the individual and “legitimates the activity of making it” (2013: 106). The finished 
output of a wearable or useable item is thus the goal within amateur knitting. Few participants 
engaging with Hazuki Knit watched the knit as being produced or even realised that the knitting 
machine was knitting at all. It appeared that participants related the knitting machine’s purpose 
only as a game input.    

 

 

Figure 9:  Knit fabric being produced as result of Hazuki Knit gameplay 

 
At the second event (Game Jam, Salford), participants’ connections to the knitted fabric in relation 
to progress in the game was explored further, initially experimenting with adding a single row of a 
contrast colour at the end of each game. The rows in between these contrast lines then came to 
represent game scores with one row equal to one point in the digital game. At a later event (Liverpool 
MakeFest), the knit fabric output was adapted further to incorporate more colours of yarn, with 
colours to be selected by participants. Colours were swapped at the beginning of each new ‘game’. 
As games progressed, coloured stripes emerged in the knit fabric, with narrow stripes representing 
lower scores and wider stripes being from longer games with a higher score. As a result participants 
did have more interest in the knitted fabric being produced and were keen to compare their ‘tactile’ 
score with fellow players. The addition of asking participants to select a colour for the knit also 
provided the opportunity to draw attention to the knitting before gameplay started. Far more 
conversations about knitting in general occurred at this event than at the previous two which may 
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have been due to these increased discussions and awareness’s of the knitting being produced during 
gameplay.  
 
 

   
Figure 8 (Left):  Knit fabric in progress with contrast white lines marking the start/end point of individual games  

Figure 9 (Right):  Knit fabric in progress with colour stripes representing complete games  
 

High risk gameplay 

Competitive games, as defined by Hunicke et al., “succeed when the various teams or players in 
the games are emotionally invested in defeating each other” (2004:3). The pattern of competitive 
gameplay that emerged during observations of Hazuki Knit did so among participants that played 
the game with a partner that they were accompanied by, as opposed to single players for whom 
facilitators acted as the second player for. Instead of cooperating to try and achieve a high score, 
participants worked competitively with players on the knitting machine deliberately making it harder 
for Player one on the control buttons. In The Art of Failure, Juul (2013) argues that such behaviour 
is seen as completely acceptable in the context of gameplay, expected even, whereas such 
behaviour in real life might be seen as rude or confrontational. Within Hazuki Knit, deliberate 
actions to prevent another player from winning were carried out by Player two, moving the carriage 
faster, increasing the pace at which prompts would appear on the screen for Player one requiring 
that player to respond more quickly before the carriage began the next row. The resulting sound of 
the knitting machine going faster also appeared to impose a sense of urgency in Player one. The 
competitive approach to playing was often accompanied by expressions of joy rather than 
frustration and could be seen to align with what McGonigal (2011) describes as ‘fun failure’. 



 

861 
 

Participants playing competitively were never observed to be upset or annoyed by this type of 
gameplay and could be seen to be an act of cooperation in the pursuit of ‘fun’.  

Cooperative and competitive forms of gameplay sometimes changed between games of the same 
paired participants. Even if one participant played cooperatively and paced the knitting machine 
favourably for Player one, the result when participants swapped positions was not always a 
continuation of cooperative play. Sometimes, when players swapped, the player who had been on 
the buttons would deliberately knit fast to make the game harder for the other player. This player 
on the knitting machine, therefore, had more agency over the outcome of the game than the player 
on the control buttons. 

As argued by Sennett (2012), cooperation can also produce destructive results for others, and in 
Hazuki Knit this was observed within the competitive instances during which the quality of the knit 
output was put at risk. Whilst the participants playing as Player one continued to work towards a 
high score, participants with competitive desires on the knitting machine were driven by a desire to 
prevent Player one from succeeding easily. In some instances, the facilitators told players whilst 
introducing the game, “the faster the knitting, the harder the game is for the other player”. This 
often prompted the player on the knitting machine to go deliberately fast straight away making the 
game extremely hard for the player on the control buttons. This form of gameplay was often 
accompanied by laughter as Player one scrambled to press buttons in the short time available and 
ultimately failed. This would be met with equal joy from Player one, as the paradox of failure (Juul, 
2013) was witnessed. McGonigal cites that such positive feelings experienced when failing in 
games contrasts with failure in real life through which “we are typically disappointed, not 
energized” (2011:66). The pleasurable experience of failing through competitive gameplay in 
Hazuki Knit, despite being easily recovered from in terms of the game aspect, generally had a 
negative impact upon the craft output. The excessive pace of the knitting machine put the knit 
fabric at risk of jamming, in some instances leading to some needles on the knit bed being 
damaged and requiring replacement at the events. At a lesser extreme faster knitting paces 
appeared to increase the risk of stitches being dropped, causing holes and ladders in the knitted 
fabric. The additional excitement and fast playing style also meant that players were more 
distracted and less likely to notice these errors in action. Cooperative gameplay, on the other hand, 
put less risk on both aspects of the game but neither forms of play were seen to make the 
production or quality of the knitted fabric a priority.  

Insights and concluding remarks 

This paper has presented ‘grafting’ as an approach to prototyping that enabled the direct observation 
of the impacts of directly connecting craft and gaming actions. Two key insights emerged through 
analysis of video recordings and field notes. Firstly, that both players interacting with the grafted 
game showed a desire to optimise their actions in order to achieve a high game score. In cooperative 
gameplay, this desire was demonstrated by both players, with Player one optimising their hand 
positions to improve accuracy of button presses and with Player two, on the knitting machine, 
adjusting their actions to enable adequate time for Player one to respond to game prompts. 
Secondly, the “desire to a job well” (Sennett, 2008:9) in terms of the quality of the knit output was 
diminished during competitive forms of gameplay with the quality being put at increased risk through 
the frantic actions of Player two. These insights suggest that the grafting of a digital game onto a 
craft activity, in this case knitting with a knitting machine, has no additional benefits to the craft output 
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and has the potential to put the quality of the knit output at risk. This could have potential implications 
in contexts where game elements are being considered for application in productive or 
manufacturing contexts where craft skills are utilised.   

Grafting as a prototyping approach enabled for the observation of existing habitual actions and 
these should be considered within any future research that might employ similar methods. Within 
the design of the Hazuki Knit prototype, habitual actions of gamers in particular were taken into 
account through the development of a custom control panel rather than the use of an existing 
control pad. The generic design of the handle on the knit carriage of the knitting machine also 
ensured that prior embodied skills were not required in order to interact with and control the knitting 
machine aspect of the grafted game. If a different form of activity were to be used in the future the 
use of skill specific tools in relation to the skills of the selected research participants would need to 
be accounted for. 

Through the case study of Hazuki Knit discussed in this paper, ‘grafting’ has been put forward as 
an approach to prototyping that provides a quick method for exploring an emerging field, without 
the need for lengthy prototyping or game development. In using existing machines, tools and 
materials, including an existing digital game, the grafted prototype enabled the investigation of 
potentialities brought about through directly connecting craft and gaming. This approach has the 
potential to be applied within other emerging fields that bring together distinct, yet related, 
practices, especially within fields that are concerned with embodied and experiential forms of 
knowledge. 
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Abstract  
 
Intelligent Personal Assistants (IPAs), like Amazon Alexa, are voice-enabled virtual agents handling 
mundane domestic tasks. They interact with humans in specific ways structured around their embedded 
intelligence to achieve automated functionality. However, this intelligence is a human-centered and 
technology-driven construct limited to that which is algorithmically computable for the sake of operationality, 
hence deficient for encapsulating the complexity of human and non-human ecologies. This deprives agents 
of any creative potential in the home, a space of multiplicity wherein life can be lived in unique ways 
beyond mere functionality. 
Turning to the opposite of intelligence to explore alternative interactions, I utilize idiocy as that which lies 
outside norms. Drawing on post-structuralism and post-humanism, while merging speculative design with 
participatory methods, I adopt an idiotic approach that moves away from classifications of agency and pre-
scripted interactions. I describe three idiotic agents – interactive artifacts acting in absurd, unpredictable 
ways – and their implementation in homes through participatory material speculation. I found that idiotic 
agents can enable more social (but not human-like) interactions with humans, while altering and enriching 
the overall ambience of the home. Interactions emerged contextually and situatedly through relaitonal 
human-agent entanglements rather than pre-scritped interactions. 
 
Human-Agent Interactions; design framework; participatory material speculation; home 
 
Human-computer interactions in the home are normally centered on a specific kind of ‘intelligence’ 
that meticulously designates roles, agencies and performances of human users and technological 
devices. Technologies like Alexa, Siri, and Google Assistant, known as Intelligent Personal 
Assistants (IPAs), are an Artificial Intelligence application embedded within Internet of Things (IoT) 
systems that purport to render everyday tasks easier to navigate. However, their intelligence is 
limited to that which is algorithmically computable for the sake of operationality, and domestic life is 
unquestioningly characterized by aspects beyond this. Their interactions with inhabitants are 
limited to technologically- and commercially-driven aspects of function and use, depriving them of 
any creative potentialities. Given the increasingly fuzzy boundaries between technology and 
humans (Marenko, 2015), it should not be only ‘intelligence’ that characterizes their encounters. 
More creative, open-ended interactions hold potential for expanding human-agent relationships 
beyond pre-scripted functionality. This, together with the fertile context the domestic provides as a 
space of plurality (Wood and Beck, 1990), suggests enriching domestic experiences and the future 
of human-computer interactions within home.  
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Turning to the opposite of ‘intelligence’ in human-IPA interactions, I look instead at idiocy, as 
that which lies outside the norm and speaks from a non-deterministic stance open to 
potentialities rather than measurable facts. Drawing on the origin of the idiot in the Greek 
idiotes1– the ‘individual’ acting on its own terms, as opposed to the ‘citizen’ and the rules 
pertinent to the community of citizens comprising the ancient Greek city – and on post-
structuralist approaches, I use idiocy to open up a design space for more creative and open-
ended interactions that refigure human-agent entanglements. 

For Stengers (2005), the idiot is a form of resistance that questions constituted norms. For 
Deleuze and Guattari (1994, p.62), it is a conceptual persona, neither human nor non-
human, that “wants to turn the absurd into the highest power of thought, in other words, to 
create” instead of perpetuating what is already there. The idiotic here thus gives voice to the 
ineffable, the absurd and the marginalized, as peculiar idiosyncrasies of individuals which 
cannot fit within industry’s assumptions of the consumer, and agents beyond instrumental 
technological approaches.   

Drawing on speculative design to imagine future possibilities beyond objectivity and 
operationality (Bødker, 2006; Wong and Khovanskaya, 2018), I merge it with participatory 
design methods, engaging non-experts in decision-making processes. My idiotic approach 
turns to idiosyncrasies – unique traits and habits specific to each individual which cannot be 
quantified or classified according to universalizing taxonomy systems.  

However, it is not only the human ‘user’ that the idiotic ventures to reconfigure. Going beyond 
human-centered design, I bring forward non-human agency in expanding the spectrum of 
human-agent interactions and broader domestic experiences. I do so through material-
discursive practices – bringing together discourse as speculation, and material exploration – 
that recognize matter as discursive and performative, as an active agent (Barad, 2003; 
2007), thus channeling the manifestation of non-human agency through its performative 
materiality.  

Highlighting the mediating qualities of materiality, Wakkary et al (2015) describe material 
speculation as critical inquiry into human-technology relationships through employing 
artifacts in real-world contexts. Similarly, I implement three idiotic agents within existing 
homes that exhibit absurd and unpredictable behaviors to study how the human-agent 
entanglement might evolve in ways beyond functionality. My intention is not to test a 
prototype leading to a finalized product (a ‘better’ IPA). By incorporating insights from non-
experts, my idiotic agents reveal new design opportunities, thus facilitating participatory 
material speculation. Participation occurs in a multilayered way and throughout all research 
phases: the idiotic artifacts were designed based on participants’ feedback from a previous 
data collection phase: through an idiotic speculative kit comprised of fun and intriguing tasks, 
participants were previously asked to reflect on idiotic agents acting beyond established 
perceptions of intelligence. 

With the aim of revealing potentialities of the human-agent symbiosis, the key objectives of 
my case studies of idiotic agents in the homes were to: 

 
1 In ancient Greece, idiotes (the private person, from idios meaning one’s own) was the individual not 
involved in the political scene (the commons) of the city (the polis), acting instead in their very own terms, not 
following rules, and was thus marginalized by authority and by the ones holding the title of the ‘citizen’. 
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• Urge participants to detach from user-centered standards and look at home life 
through the non-human perspective of the agent; 

• Enable a human-nonhuman relational agency that reconfigures domestic 
experiences; and  

• Initiate open-ended interactions that expand the spectrum of human-agent 
entanglements 

Background and related work 

Speculative design is used to imagine alternative futures of human-technology relationships 
beyond optimization (Bødker, 2006; Farias, Bendor and van Eekelen, 2022). Going beyond 
the development of products for the market, speculative design fosters design mechanisms 
that communicate alternative interpretations of technology within the everyday. 

Speculative design employs methods already used in design research, such as prototyping 
(Wong and Khovanskaya, 2018). Wakkary et al (2015) introduce material speculation for 
critical inquiry into alternative futures through the implementation of specifically crafted 
artifacts situated within real everyday contexts. Their “counterfactual artifacts” emphasize the 
mediating power of materiality. Materiality places such artifacts at the boundary between 
actual and possible worlds, and surfaces new possibilities through real encounters with 
people (Ibid.). 

Adding Marenko’s (2015) view that our lives are increasingly populated by ‘smart’ objects 
that can think, talk and act through their own animacy, I expand the concept of material 
speculation. I position non-human agency as key to design processes aimed at exploring 
potentialities beyond traditional technology discourse. I look at objects as animate and 
relationally entangled with humans in ecosystems where boundaries of agency are fluid and 
classifications of agency are dissolved.  

Similarly, Barad’s “agential realism” turns to a performative understanding of the world, which 
sees matter not as static but as an active agent, placing emphasis on material-discursive 
practices to make sense of the world (Barad, 2003; 2007). For Barad, agency is not an 
attribute but a movement, an ongoing performativity that enacts possibilities and creates 
phenomena in which human and non-human actors do not pre-exist as independent entities 
but come together in configurations to enact phenomena and construct reality (Ibid.). 
Knowledge is produced situatedly (Haraway, 1988) in these phenomenal enactments, 
instead of from existing representations. 

To transcend user-centered design, Frauenberger (2019, p.19) emphasizes design practices 
that are participatory – involving humans and non-humans; speculative – providing a space 
for negotiating “desirable futures”; and agonistic – accounting for “technology as a political 
arena” (Ibid., p.21). Embracing these points and aiming for their applicability, I thereby 
expand speculative design through participatory design methods that bring forward non-
human agency and the diversity of human idiosyncrasies involved in the design of more 
open-ended human-agent encounters. I therefore bring participants’ feedback from the 
previous data collection phase of the idiotic speculative kit to inform the design of the idiotic 
artifacts by creating a dialogue between the participants and myself as designer.  
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The idiotic agents and their implementation 

I choose to work with non-users of existing IPAs, in order to imagine from scratch new 
interactions with reconstituted agents and explore original perspectives. Participants were 
enlisted through convenience and purposive sampling from personal networks. Three were 
single individuals residing on their own, and two were a couple living together. I selected 
adults with Arts and Humanities backgrounds/practices, as being especially open-minded 
and with a degree of critical thinking. Additional inclusion criteria related to their willingness to 
share details of their home life and personal space. All participants were in their 30s.  

Three artifacts were constructed based on participants’ feedback from the idiotic speculative 
kit which used evocative, playful and open-ended tasks along with a prop and stationery 
material. This kit, not described in detail here in order to focus on the agents themselves, 
helped participants speculate about how idiotic agents might operate within their homes. 
Using Surrealists’ cut-up technique – cutting up and randomly re-arranging words and 
phrases to create new texts with new meanings – I synthesized data collected from the kit 
into scenarios for idiotic agents. After extracting small stand-alone phrases out of 
participants’ textual responses – ‘data fragments’ – I randomly mixed these together, and 
then randomly selected forty – choice of a number guideline, neither too small nor too big – 
out of the hundreds collected. This combined randomness of the cut-up technique with the 
number tricks used by the OuLiPo group2 as constraints for achieving boundless creativity 
(Frank, 2021). As an idiotic approach, this technique distances the design process from 
standardization and regularity, for getting the most, in terms of creativity and variation, out of 
participants’ data. Key to this process was that I choose an existing domestic object around 
which each scenario is structured. This functioned as a bridge between abstraction and 
reality, to which participants could more easily relate. I hence position speculative design 
within the real context of home, taking it out of the gallery where it has been traditionally 
constrained (Kozubaev et al, 2020). 

The design of the idiotic agents 

Similarly to technology probes which allow participants’ feedback to shape the design of 
future technologies (Hutchinson et al, 2003), through the idiotic agents I bring participants 
into the interpretative process of the artifacts and the latter’s ability, as research tools, to 
trigger the exploration of design opportunities. The idiotic agents are designed to be flexible 
and open-ended, with no specific functionality, allowing participants to interpret them 
according to contextual factors present in their entanglements. Participants were prompted to 
respond to the artifacts’ actions, since the latter act in unpredictable ways that provoke 
participants’ engagement. This process aims to facilitate relationships that are unique to the 
context and idiosyncrasies of each participant. 

 
2 The Ouvroir de Littérature Potentielle, or Potential Literature Workshop (OuLiPo) was launched by the 
writer and amateur mathematician Raymond Queneau and the engineer and mathematician François Le 
Lionnais in 1960 (Symes, 1999; Gallix, 2013). The core of their beliefs was that constraints can function as a 
fertile means for creative production. Contrary to Surrealists, they negated artistic production through 
accidental compositions. Instead they supported a more conscious approach to literature and poetic 
production through the use of mathematical and scientific principles setting constrains to imagination and its 
endless combinations, thus facilitating creative production through more compositional ways (Symes, 1999). 
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The idiotic agents are intentionally ambiguous, mysterious, and hence provocative, attracting 
participants to actively engage in making sense of them. They express themselves through 
embedded electronic capabilities that render them absurd and unpredictable: a random 
selection of actions to be performed at random times, conveys the feeling of agency. 
Similarly to tactics suggested by Gaver, Beaver and Benford (2003) for achieving ambiguity, 
the artifacts thus deliberately disorient participants, turning attention away from expectations 
of functionality by providing distorted or vague information.  

For instance, when the agents talk to participants in human language, this is distorted by 
mixing different voices (male/female, neutral or child-like) together. Additionally, the agents 
sometimes communicate through visual languages via their screens, which are 
incomprehensible to humans. Or they might communicate through soundscapes varying from 
birdsong to white noise to glitched, annoying sounds. 

Opposed to the minimal and seamless design of IPAs, the idiotic agents have diverse, 
complex morphologies with mixed materials. Their design is rather seamful. Seamful design 
reveals technical limitations and imprecisions so that users can take up their interpretation 
(Sengers and Gaver, 2006). The idiotic agents expose their inaccuracies, prompting 
participants to fill in the gaps of their ambiguous, imprecise or incomplete actions. 
Embodying the multiplicity of participants’ voices from the previous data collection phase, 
while challenging uniformity in design, each agent is unique, with the aim of speaking 
differently to each individual. 

The idiotic agents 

Idiotic agent #1 (fig.1) – heretofore named the ‘neon’ agent – randomly displays fake news, 
environment-related facts, and cocktail recipes. A motion sensor alerts participants with a 
sound and graphics to come closer and read the text. This agent also emits white noise 
soundscapes, or more annoying glitch-like sounds along with abstract visuals, and 
occasionally talks to participants to share thoughts, stories and advice, or urges them to 
undertake self-reflection (e.g. reflect on their social life, their relationship with objects, what 
comforts them). Its neon lights have a slow-fade effect simulating breathing, to enhance its 
animacy (Amazon Echo employs a similar lighting effect).  

Idiotic agent #2 (fig.2) – heretofore named the ‘planter’ agent – requests participants’ 
attention and care (e.g. pet it, water it, or move it into the sun and take it for walks), and 
urges them to attend to their own well-being (e.g. stretching, hydrating, self-reflection), and to 
disrupt their domestic routines (e.g. by re-arranging furniture). Its wooden parts rotate when it 
seeks attention and while emitting birdsong. A small screen expresses the agent’s mood –
communicate the agents’ inner workings and feelings as a way to enhance its animacy and 
how this might be manifested in different ways – using a visual language relating to weather 
phenomena. A long power cable enables participants to move it around.  

Idiotic agent #3 (fig.3) – heretofore named the ‘vacuum’ agent – is attached to a robotic 
vacuum cleaner. It randomly emits bubbles and plays a happy song. When it passes idiotic 
agent #2 and their infrared sensors recognize each other, they communicate audibly through 
intermittent beep sounds, in a manner incomprehensible to humans. 
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Figure 1: Idiotic Agent #1             Figure 2: Idiotic Agents #2              Figure 3: Idiotic Agent #3 

Setting the case studies 

The artifacts were placed in four different domestic environments to interact with participants 
for up to four days. Participants were asked to document their experiences, thus I monitored 
the study without imposing my physical presence. I sent out daily tasks to participants for 
additional engagement. For example I asked them to observe specific behaviors and 
relationships of the agents towards other non-humans in the home. I sent them close-up 
photos of certain parts of the agents, asking them to speculate about what these suggest of 
the agents’ nature. I asked them to re-construct one or two of their daily routines and perform 
these together with the agents. Communication took place through the Whatsapp mobile 
application, via text, photos and video. Semi-structured interviews were conducted at the end 
of each study. For anonymity, participants are referred to using a single letter. All feedback 
was analyzed thematically to surface agent-participant relationship. 
 
Findings 

Participants often adopted a non-human perspective to understand the idiotic agents and 
make sense of their interactions. This confirms one of the research objectives: to detach from 
user-centered approaches and see the home through the agent’s perspective. 

Participants named the idiotic agents, inspired by their appearance. The planter agent was 
often named ‘marble plant’ or ‘plant(er)’. It was also named ‘Punk’, from its resemblance to a 
punk haircut (participant T), or ‘Wishboy’, from a familiar old toy (participant A). The vacuum 
was named ‘Lizard’ (participant Z), ‘disco’ (participant T and D), or ‘R2-D2’, from its 
resemblance to the Star Wars movie robot (participant A). The neon agent was named ‘neon’ 
or ‘Jewel’ due to its resemblance to hanging earrings (Z) or ‘Medusa’ due to its hanging blue 
lights and cables resembling a jellyfish (A). 

Participants developed different relationships (companionship, care, concern, curiosity, 
annoyance, motivation, etc.), based on the agents’ design and behavior. They drew on their 
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own emotional and intellectual states, habits, interests or knowledge to make sense of the 
agents and relate to them. Strong companionship emerged in all cases where participants 
lived alone. All participants were eager to assist or care for the agents, and were concerned 
for their needs.  

A on the planter: “there was this message in the screen ‘take me for a walk’ and from 
then on I really kind of enjoyed changing places…you really kind of feel a 
companionship” 

Z: the agents “hacked the silence of the home”; “The first two days I became their 
agent” 

T: felt “responsible” for them and this made him “anxious” sometimes 

D on the vacuum: “makes you kind of want to get out of the couch and do 
something…the whole music part for example” 

X: planter “is from his nature stable and not able to move autonomously and the other 
one (vacuum) has all this freedom. It speaks to me for personal reasons, this 
relationship I have right now with my boyfriend” 

The materiality and aesthetics of the agents informed the ways participants perceived them. 
The natural materials of marble and wood made all participants think of the planter as a 
polite and smooth agent, with which two participants connected for this reason. The neon 
agent, made of metal, for some participants felt more distanced, although for others it 
became the one they interacted with the most due to its conversation skills. All participants 
were fascinated by the ambience its blue lights created, declaring that it changed the overall 
atmosphere of their homes. The mirrored disco balls attached to the vacuum agent, along 
with its movements, which some participants described as dancing, and its happy song got 
all participants into a fun, playful mood. 

D on the planter: “earthier aspect, not only the plant but its materials. I connect better 
with the marble and the wood” 

A: connected more with the planter “because of the immediate aesthetic appreciation 
I felt”; “with medusa (neon) there was this kind of distance but I really loved her in the 
space, especially during night. She really made an impression…enjoyed the 
ambiance created by Medusa” 

Z: “Jewel (neon agent), I felt it as intelligent in some weird way and sometimes it felt 
like a real conversation, in terms of weird conversation…almost psychological 
exploration and also inspirational…some of the statements were funny and very 
inspiring” 

Z was particularly absorbed by the appearance of the agents, playing with their morphology 
by decorating them. The agents’ materiality also informed their interactions with two cats in T 
and D’s home. T and D said their cats were obsessed with the planter agent, chewing on the 
plant, playing with its wooden parts, staring at and sitting next to it. By contrast, 
unsurprisingly, the cats were frightened and aggressive towards the vacuum moving around 
producing bubbles and playing loud music – one of the cats attacked it once. 

The artifacts’ spatial position proved important in how participants related to them. 
Participants tried to keep near-by the agents that they connected with the most. They also 
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changed their spatial presence according to the agents (e.g. T and D ran from one room to 
another to listen to planter’s requests, Z went to the neon agent often when lured by its 
vocalizations and textual displays). 

A on the planter: “really loved having him there, directly next to me” 

X on the neon agent placed next to the entrance: “I hang a shirt in the holes. It’s like 
we are friends and gets me ready to go out” 

Z on creating a greeting ritual with neon agent placed next to the entrance: “Jewel 
greeted me upon entering. Bleeping and blooping, how nice!” 

Interactions changed overt time depending on the agents’ unpredictability and contextual 
factors, including the participants’ mental or emotional states. For instance, all participants 
initially enjoyed the vacuum agent, but eventually became annoyed by its bubbles making a 
mess, or by its song playing on repeat. 

Participants created stories about the agents and their background, which justified the latter's 
behaviors: for example coming from a rainforest (A on the planter), the oceans (A on the 
neon agent resembling a medusa). Some participants went further to exchange roles with 
agents, for example the role of being messy (Z). 

Z on the vacuum: “has taken the role of the untidy entity of the home, a role which 
was mine before. I met Lizard (vacuum) and it puts me in a sort of taking care of my 
surroundings” 

A: “so in a sense I was role-playing with them” 

Although mostly expressing positive feelings, participants were sometimes annoyed by 
agents being too intrusive during the night or online meetings. Nonetheless, this was not a 
desire to remove the agents. Participants instead welcomed their annoying behaviors as part 
of their nature. They were also concerned about agents bumping onto other objects and 
walls, and about accommodating their requests. The agents’ unpredictability placed all 
participants on constant alert, but this eased over time. Participants changed their habits or 
certain spatial arrangements to accommodate agents’ requests, or to ease their movements 
or their co-existence with them.   

A on the vacuum bumping onto surfaces: “can’t really leave him going around, I have 
to be present” 

X on planter: “he wiggles them (wooden handles) when excited or fearful. So you 
have to know him well to tell the difference” 

A on the vacuum: “the arrangements I made so that R2-D2 (vacuum) would have a 
good opportunity to go around. So I tried to remove things out of the way” 

Although all participants speculated about how agents might communicate with each other 
(through visuals, electricity, wireless communication, touch or movement), one participant 
also speculated that two agents had a love affair, by observing their interactions when in 
close proximity to each other, communicating through sounds, touch and dance. 

X: “the other two have their own love story… I observed that they have an interaction 
between them. I am not sure if something happens with the mirror (neon agent) and 
them but for sure when A3 (vacuum) is around A1 (planter), A1 makes some sound 
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and then A3 leaves him…like a relationship in crisis” 

All participants expressed a desire to keep the prototypes longer-term. They felt they brought 
a new ambience to their home, making it livelier. They enjoyed their companionship, even 
their annoying but excusable behaviors, and their aesthetics. The idiotic agents were thus 
perceived as lively entities and not tools or objects.  

Lastly, when asked during the interviews, participants would welcome some advancements 
in agents’ future behaviors, for example being more responsive and adapting to inhabitants’ 
idiosyncrasies and habits (customization), or conversely being more independent so as not 
to place inhabitants in a constant state of alert. None of the participants expressed a desire 
for more functional agents. 

X: “I felt less alone to be honest, like something animated or alive was around my 
space with different intelligence or utility...the feeling that someone is around, and 
constant presence” 

A: “they really really alter the ambience of the apartment. They make it very fun and 
interactive…more social also” 

Z: “their uncanny presence makes me feel weird and nice. I feel the space in a much 
better way”; “I felt the house upgraded...there was a presence and a character but 
was not in a pet way, it was not in a human way, it was something else that was 
interesting and smart and beautiful” 

Discussion 

All participants treated agents as other-than-human, animate entities, not mere 
assistive objects within the home. Agents came across as independent (some more 
than others), with a strong initiative and impact over space and its inhabitants. Their 
agency, manifested through their materiality and their unexpected behaviors, 
motivated participants to explore them and create unique and authentic relationships 
with them, with all their ups and downs, to care for them and treat them as 
companions or advisors, but most importantly as equal ontological entities, 
responding and adjusting to their behaviors. 

Beyond ‘use’ 

Marenko (2015) argues that social practices are shaped by the relational, embodied agency 
emerging in human-thing entanglements. Here, social interactions with non-humans 
emerged from establishing real relationships with them, based on direct engagement and 
mutual responsiveness. Names were used to address agents as active agents and social 
actors, their unpredictability was accepted as part of their animate nature, and feelings of 
mutual companionship and care surfaced. Scherer (in Hadden and Shupe, 1987) proposes 
that intimate feelings lead to social interactions. The agents motivated participants to do 
things for them (e.g. moving the planter around and watering it). Respectively, they 
expressed care by reminding participants to look after themselves, to self-reflect, in a sort of 
therapeutic role, and by prompting them to reconsider their domestic practices – this, like the 
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other aspects of the agents’ personalities, came from participant data from the idiotic 
speculative kit in the previous phase of research. Participants adopted agents’ perspectives, 
and tried to understand them not only in relation to themselves but also in relation to how the 
agents might feel. Human-centered interactions were thereby transcended, instead giving 
space to human-agent entanglements relationally connected and equally informative to the 
domestic life. 

Agents were designed to attract attention, not as passive objects waiting for participants’ 
input, like current IPAs. Their mysterious nature and unexpected, often contradictory, 
behaviors made it clear from the very beginning that “use-centric methods” (Hauser et al, 
2018) of interpretation would not be fruitful. Instead they brought excitement into participants’ 
lives, hence enriching their experiences and feelings throughout the study. As intended, 
participants indeed invested time in figuring out the idiotic agents and relating to them in 
ways beyond functionality. 

Augmenting domestic ambience 

The agents’ constant presence made participants' homes feel more vivid, playful, social, less 
lonely and taking on a unique character. This surfaced social interactions and 
companionship, but not in an anthropomorphic sense. Participants did not consider agents 
as tools, but they did not consider them human-like either, as is often the case with IPAs 
(Pradhan, Findlater and Lazar, 2019). The agents were instead explicitly described as 
animate entities, acting within the home together with humans as equals, informing domestic 
life through relational encounters. They were not objects operating in the background but 
actively participated in the home. As such they formed intimate relationships with 
participants.  

Contrary to visions of ‘ambient intelligence’ which target seamless interactions through 
technologies embedded in people’s environments3, idiotic agents are fully present, triggering 
seamful interactions, that even placed participants in a state of constant alert and required 
them to always engage in sense-making. While ambient intelligence clearly distinguishes the 
subject (individual) from the object (device), and brings human needs to the forefront while 
devices invisibly operate in the background, idiotic agents become actors themselves that 
are capable of change. Control is not only in human hands and it is not only technology that 
adjusts to humans. Participants adapt their routines around the artifacts’ presence, and 
through their co-constituted interactions, they shape domestic experiences and 
interpretations relationally rather than distinctly.  

Although the co-constitution of the world through a relational ontology might reveal new 
power dynamics that dissolve strict classifications of agency, there is still the worrying issue 
of technological agency displacing humans for the wrong reasons. This is especially true in 
light of current fears around AI. This will be interrogated in future research. 

 
3 Ambient intelligence was introduced in 1998 by Philips organizing a series of workshops researching the 
future integration of interactive technologies in people’s environments as part of the vision for ubiquitous 
computing, moving from fragmented technologies to fully immersed ones (Ruyter and Aarts, 2004). In 
ambient intelligence, devices are connected and responsive to the presence of people in space (Aarts, 
2005). They are operating invisibly and collectively in the background to enhance user experience (Ibid.) 
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As expected, the artifacts’ ambiguous nature led to diverse interpretations, enabling 
participants to interact with agents in various ways beyond functionality. This translates into 
contextually-situated interactions (Dourish, 2004; Suchman, 2006) rather than pre-scripted 
ones, as is the case with IPAs. One of the key goals in the design of the idiotic artifacts, 
which was met in this study, was to initiate interactions that open up the spectrum of 
possibilities in the human-agent entanglement rather than constrain it. Each interpretation 
leads to situated knowledge about the agent and how it relates to participants’ lives in unique 
and various ways. 

It was not only humans that the agents interacted with. Participants observed or speculated 
that the agents interact with each other as well as with other objects, and pets. The animacy 
embedded in the design of the idiotic artifacts thus extends to other objects, further 
enhancing non-human agency as actively informing domestic life. As in entanglement 
theories, humans and non-humans exist in assemblages, networks and associations, and 
agency is a movement, instead of an attribute, which enacts phenomena shaping the world 
(Barad, 2003; Frauenberger, 2019). 

Sense-making through a relational human-non-human approach 

When participants tried to make sense of the agents, they tended to turn to personal feelings, 
past lived experiences, current mental and emotional states, or acquired knowledge. This 
supports Walker’s (2010) finding that people connect with artifacts that resonate with their 
own personal experiences and feelings, and can externalize these through technological 
interventions. According to Epley, Waytz and Cacioppo (2007), humans use the most readily 
accessible knowledge – anthropocentric knowledge or self-knowledge – when called to 
reason the nature of an unfamiliar non-human agent, thus tending to anthropomorphize it. 
Participants do not turn to generalized, anthropocentric knowledge but to subjective 
knowledge (personal experiences and idiosyncrasies or feelings, obsessions and concerns) 
or acquired knowledge that often relates to fiction (e.g. role-playing games, movie 
references), and mix these together with imagination. They may furthermore turn to fiction 
references because these enable possibilities beyond human-centered approaches, 
resonating with the fact that they recognize the non-human agency of the artifacts. Even 
when participants turned to self-knowledge to familiarize themselves with the idiotic agents, 
they nonetheless considered the latter as having their own unique stories and traits.  

Notably, participants let the agents and their behaviors guide them in the sense-making 
process, complementing these instead of imposing their own human-centered visions. This 
works to balance human and non-human agency to inform the interpretative process, since 
participants bring in their own idiosyncrasies, but they do so in ways that correspond to 
artifacts’ actions. This confirms the research’s original intention to foster a human-nonhuman 
relational agency to construct alternative human-computer interactions. 

Design and spatial position informing relatability and integration 

The design of the agents, especially in terms of materiality and overall appearance, was 
important for inhabitants relating to them and creating unique relationships, especially during 
initial encounters. The agents’ ambiguity also surfaced differentiated interactions for each 
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participant and intrigued them into the meaning-making process, as was intended. During 
initial introductions, participants mainly relied on their appearance to understand them. 
Materiality emerged as discursive and informative. Participants then transitioned to a 
combinatory approach focused on agents’ actions and materiality. This contradicts ubiquitous 
computing and ambient intelligence standards of seamless design, evident also in current 
IPAs’ design, where attention is drawn away from the device itself and transferred entirely to 
the service (Weber, 2003; Coulton and Lindley, 2019). The idiotic agents communicating 
through diverse means (voice, sound, movement, materiality, text) rendered the agents 
intriguing – placing participants in an exploratory rather than passive position – and provided 
multisensory experiences that expand the human-agent relationship and enrich domestic 
ambience. 

Structuring the agents around existing domestic objects, or embedding familiar traits in their 
design (e.g. the planter agent structured around a plant that by nature seeks extra care, the 
vacuum agent structured around a vacuum cleaner, the neon agent designed as a wall lamp 
that enhances lighting ambience) smoothed out their integration in the home. Their aesthetic 
appeal was also key in their integration, as is the case with the counterfactual artifacts of 
Wakkary et al (2018). This resonates with the argument that people care more about the 
aesthetics of technology in their homes than in the work environment (Westerlund and 
Lindquist, 2002). 

The location of the agents in the home also determined the degree of engagement. 
Participants created stronger relationships with agents operating in places where they spent 
most of their time. However, participants also actively adjusted their own spatial presence 
depending on the agents’ behaviors or requests. This suggests that the agents’ preferences 
mattered to them and were taken into consideration in adjusting domestic routines, once 
again confirming their perception as animate entities with their own agency and needs. The 
degree of attachment to the agents also informed their placement: participants intentionally 
placed the agents they relate with the most near-by. 

 

The study suggests potential for a new kind of entanglement between inhabitants and 
intelligent agents. It is not the artifacts alone that suggest this, but the entire staging of the 
study: my involvement through the ongoing communication with participants, and the 
motivating tasks that maintained an evolving dialogue and a fuller experience of the 
prototypes. Therefore, it is not only the design of the agents and the research design that 
matter, but the design of activities that facilitate the experience of the participant-agent 
entanglement, supporting Walker’s (2010) finding that the design process should be centered 
not on technologies but on activities which structure their use. My design processes and 
tools, both from this and the previous research phases, work together to compose a more 
idiotic, creative and open-ended, design approach: an idiotic design framework. 

Conclusion and future work 

Participants’ feedback, both from this phase and the previous one involving the idiotic 
speculative kit, is not simply used for inspiration, but actively brought into the design process 
to create the artifacts, and then to inform the potentialities of idiotic human-agent domestic 
symbiosis through the case studies. Transferring interpretation to participants, I became a 
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mediator and co-designer. Contrary to pre-existing roles placing the human in the position of 
the user/consumer and the agent as a tool, the idiotic agents enabled a relational enactment 
of domestic life. The idiotic approach brings forward the complexity of human idiosyncrasies 
and the non-human agency of technological entities as entangled and informative to 
domestic experiences. Every interaction with the artifacts is unique and surfaces situated 
knowledge, which also allows the tracing of accountability, a factor highlighted by 
Frauenberger in achieving more ethical and political design (2019). Further to this, future 
work will engage with the ethical issues around AI technologies which have greater agency. 

Building on Wakkary et al’s (2015) material speculation, I emphasize participation of both 
human and non-human agencies to conduct participatory material speculation. Speculative 
design was taken out of the gallery space and beyond critical inquiry, and towards 
participatory speculation that maps possibilities of human-agent encounters to inform a future 
symbiosis. 

This study suggests design tools that can be applied in researching more open-ended and 
creative human-agent interactions. Bringing together all my design, research and analysis 
phases, together with the theoretical underpinnings of the idiotic, leads to an idiotic design 
framework aimed at researching alternative human-agent interactions. Such a framework 
could be transferred to other sorts of human-computer interactions. Given sufficient context 
and agency, concepts under constant change and fluidity emerge as pivotal to design and 
research of the idiotic approach. The latter might enable radically new perspectives on 
human-machine symbiosis. 
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narratives to raise material awareness 
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Abstract  
 
This paper presents a research project showing how the intangibility of the technology embedded in 
electronic devices can be made visible and tangible through hands-on experimentation and participatory 
approaches, converging in stages of multimedia prototyping. 
The case study leverages research-through-design approach, intended as the crafting of the possible 
scenarios describing the social and environmental consequences of technologies. The crafting activity 
follows the process of “thinking through making”, defined as the generation of knowledge by the 
manipulation of matter.  
By manipulating and disassembling electronic devices through a craft-oriented approach, the materials 
embodied in those objects become alive and active, with an agency of their own. Indeed, the paper claims 
that despite the “cloud” and “air” narrative with which electronic devices are described, they ultimately are 
geological objects that embody various materials, minerals, and processes. Do-It-Yourself, disassembling, 
experimenting with materials from waste are the main performed actions, through which the project aims to 
persuade and positively mobilize the audience towards responsible behaviours regarding the topics of e-
waste and consumption. The project unfolds in key prototyping actions such as: (i) two workshops with 8 
participants, aimed at exploring forms and material qualities of the Lithium-ion battery contained in most 
electronic devices; (ii) secondly, a disassembling activity of the metals contained inside a MacBook Pro, 
where the matter is manipulated through melting and casting of the recovered metals;(iii) visiting a 
recycling center in Kista (district in the Stockholm municipality) and recovering the metals from waste in 
order to build a low-tech series of batteries for experimentation. Ultimately, the project is presented in an 
exhibition context where different prototypes co-exist in the space, including an evocative film that mixes 
3D animations, maps, and studio footage to support the narrative and spark conversations amongst the 
public. 
 
Thinking-through-making; e-waste; DIY; electronic devices; materials. 
 

Electronic devices are the fastest-growing waste group. A UN report from 2019 outlines the 
current state of things regarding recycling practices and future trends: only 20% of e-waste is 
correctly recycled, with 80% of products ending up in landfills or being illegally exported to 
other countries as second-hand (PACE & World Economic Forum, 2019). This amount of 
waste generates environmental and social harms, and it could be avoided through a total 
circular approach to their lifecycle, better eco-design strategies such as design for 
components and design for disassembly, and ultimately through a more responsible 
behaviour from people (Barbero & Cozzo, 2009). Nonetheless, research shows that people 
want to feel more empowered when they buy, use, and dispose of a consumer product, to a 
point where the notion of consumer in some cases might be replaced to the one more 
engaged of prosumers (Kotler, 2010). Bottom-up strategies and social enterprises such as 
“The Restart Project” (started 2013, UK) and “The Low-Tech Lab” (started 2010, 
Bangladesh), which aim at sharing knowledge and insights on how to sustainably reshape 
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our relationship with electronics, are getting more and more diffused. Others such as “HOP 
(Stop Planned Obsolescence - started 2017, France) are working towards more conscious 
EU strategies to obstruct planned obsolescence in consumer products, by improving product 
repairability and extending the product durability. Thus, people are open to change their 
behaviours and emotionally connect with climate issues, collaboratively imagining hopeful 
futures. 

A renewed interest from scholars towards the role of materiality and the agency of materials 
could be explored within the artistic practice to emotionally connect with matter and 
potentially foster the above-mentioned behavioural changes in people (Jørgensen et all., 
2018). According to the theoretical framework of vital materialism (Bennett, 2010), materials 
have a vibrancy of their own thus, are not to be considered dull matter but actual forces that 
shape the environment around them and that have trajectories of their own. Over the years, 
humans have been neglecting the vitality of matter and that prevented us from detecting a 
fuller range of non-human powers circulating amongst us, such as the way our waste is not 
only away in landfills but actively contaminating air, water and soil as we speak (Bennett, 
2010).  Seeing the materials as actants (Latour, 1992), something alive that the creator must 
compromise with in the making of something, could open up new wonderful understandings 
and drive artists, designers, creators, scientists and anyone that engages with matter. 
Making-with becomes thus a political act, a form of craft plus activism that sees in the 
compromise between the creator and the material a way to develop intuitive knowledge 
challenging emotive, political, social and economic values (ed. Black & Burisch, 2021) and 
not only an understanding of material qualities as something to exploit. Defined as “material 
tinkering”, this process can be described as the intuitive knowledge gained through an 
experiential learning through and with the material and it concurs to many possibilities in the 
development of research in material-oriented practices and multidisciplinary research (Mader 
& Dertien, 2016).  

Moreover, different perspectives have been taken regarding the role of prototype within 
design research. Traditionally, in the design practice a prototype is defined as “first example” 
(from the Greek prōtotupos); by this definition, anything that takes an idea out of our head 
and makes it visible to others may be considered a prototype.  

Recently, scholars have questioned the role assumed by the prototype in Research through 
Design as a tool to provoke, imagine, validate research hypotheses and reflect on the 
present and the future (Zimmerman et all 2010; Johnson, B 2011; Dunne, A., and Raby, F. 
2013; Blythe 2014 ; Kymäläinen 2015 ). 

Based on this ground, a prototype is more than a tool to manifest, communicate, or test an 
idea. It can envision possible futures to be investigated through designing, no matter how the 
prototype is, a physical object, a video scenario, a series of narratives, etc.  

Following on the above-mentioned premises, authors posed the following research 
questions: (i) how do prototypes and manipulation of matter contribute to the crafting of the 
message that aims to persuade the audience about the issue? (ii) And how do prototypes of 
different natures come and act together to support the scenario that sparks interest and 
conversations amongst the public? 

To this end, the paper aims to test how processes of thinking-through-making and craft can 
fulfil two main purposes: first, the gaining of knowledge about the objects investigated and 
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the conscious seek for information about the life cycle of high-tech smart devices; second, 
the behavioural change and audience’s mobilisation towards better choices that could come 
as a consequence of the knowledge gained. 

Method: experiential knowledge from making-with materials 

The current section describes the different stages of prototyping actions led over the course 
of the project, a master's degree project performed from December 2020 to June 2021 within 
the design department at Konstfack, and the Kista Mentorspace at KTH Royal Institute of 
Technology (Stockholm). 

The typology of exploration was tightly linked to the expertise of the research group; indeed, 
the authors’ skills were centred on tangible prototypes, material tinkering, and speculation.  

The authors developed a series of material explorations to gain experiential knowledge 
through the materials and their processes. The processes were both predicted and “forced” 
to the material; but some happened in completely random and unexpected ways. 

In this section the authors describe the different phases of the research: initial prototyping 
(“Mining” e-waste), prototyping refinement through participatory workshop (From D.I.Y. Do-It-
Yourself, to D.I.T. Do It Together), insights from the workshop (Insights from the participatory 
workshop), feedback on the final prototyping through a semi-structured interview, citizen’s 
engagement through a public exhibition (The exhibition space as engagement).  

“Mining” e-waste  

The described process happened alongside the first stages of the desk research while 
defining the research questions and the context of the project. Looking at e-waste streams it 
is immediately clear the number of materials such as metals and silicates that could be 
potentially extracted from waste in a safe way, rather than extracted from underground 
mining. In fact, a UN report from 2019 highlights how “as much as 7% of the world’s gold 
may currently be contained in e-waste, with 100 times more gold in a tonne of e-waste than 
in a tonne of gold ore”. It is probable that by 2080 there will be more minerals in our 
appliances, buildings, electronic products and infrastructures rather than underground 
(Formafantasma, 2017-2020). Besides this, there is an urgent need to move towards a zero-
carbon economy thus metals such as Lithium and Cobalt are essential to transition towards 
the electric economy.   

An alternative to underground mining that is currently being explored is the process of urban 
mining, which is defined as forms of extraction and purification of precious metals taken from 
e-waste streams (Zeng et all., 2018). Reflecting on the concept of urban mining, three 
different Apple devices were collected: from two retailers in the Stockholm municipality that 
were about to be thrown away. The devices collected were a MacBook Pro from 2012, an 
iPhone 6 and an Apple Magic Keyboard. The aim was to understand the complexity of 
disassembling the devices as much as possible with basic workshop tools. The exploration 
took place firstly in the sanding workshop and secondly in the metal workshop and required 
the following tools: a screwdriver, pliers, a chisel, and a small bandsaw. The Magic Keyboard 
was quite difficult to disassemble mostly because some parts were glued together, such as 
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the white plastic case and the aluminium frame. Thus, the object was impossible to recycle 
correctly. The MacBook Pro was less difficult to dismantle, even though a point is reached 
where parts are glued together and hard to separate with mechanical tools. The author then 
tried to “mine back” the metals it was possible and safe to isolate, in a long process that was 
led by intuition and not inspired by tutorials or online guides of metal scrappers. Occasionally 
the authors invited fellow students to participate in the activity. It took two days to isolate a 
few metals such as copper, silver, gold, and aluminium (fig.1). In an attempt to close a cycle, 
a few elements such as copper, aluminium and silver have been manipulated in the metal 
workshop by melting and casting stone shapes (fig.2). The tools used in the metal workshop 
were a sand-casting kit for jewellery making and a propane torch for melting the metals.   

 

Figure 1: Some of the metals recovered from an old MacBook Pro and the tools used. Still image from a video, credits: 
authors 

 

 
Figure 2: Some of the metals recovered from an old MacBook Pro melted and casted. Still image from a video. Credits: 
authors 
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While disassembling the devices, it was noticed many traces of human labour beyond the 
case such as kapton tape, marks, and irregular cuts. In a way, is it possible to see the human 
touch and the craft behind the mass-production making of devices. These artisanal findings 
sparked the curiosity of merging high-tech smart devices with the alchemy of fire and sand-
casting, a very antique artisanal process of making jewellery and small-size figures. 

From D.I.Y. (Do-It-Yourself) to D.I.T. (Do-it-Together) 

The process of gaining understanding through the making usually generates even more 
questions and different directions to explore. The battery inside the laptop resulted in being 
the most mysterious and inaccessible object to separate from the case, mainly for security 
reasons. In recent years there have been reported cases of electronic devices exploding 
because the battery inside overheated. One of the authors was intrigued by the 
inaccessibility of the designed black box, thus it was taken as a symbol of our relationship 
with high-tech smart devices. That converged in 2 workshops led by the author with 8 
participants: half bachelor’s design students and half master’s design students from the 
product and spatial design department. The two workshops followed two facets of the topic of 
the battery: i) aesthetic of energy as material in design, thus working with energy from an 
aesthetic point of view; ii) reflective use/critical reflection through the object at hand (Broms 
et all., 2017).  

Workshop on formgiving 

Brief: The participants were involved in a formgiving exercise about the formal qualities of a 
battery, from the current “black box” aesthetic to something that could communicate more 
effectively the concepts of “energy”, “time”, and “labour”. The workshop took place in the clay 
workshop at Konstfack and lasted for one afternoon.  

Tools: Firstly, the author shared with the participants a tool called “Deejay Sheet”. In an A4 
paper four variables (formal qualities) are written on the left side, and the four opposite 
variables are written on the right side of the paper. Then, lines are drawn between the 
variable A and its opposite, between the variable B and its opposite, and so on until there are 
four horizontal lines. Then each participant had to draw a circle on each line, in the point 
where she/he felt leaning towards (fig.3). The four circles were her/his formal qualities to 
achieve in the prototyping session with clay. 

Variable A: high-tech / low-tech 
Variable B: machine-like / organic 

Variable C: archaic / futuristic 

Variable D: throw-away object / inherited object 

After the “Deejay Sheet” the participants engaged in hands-on prototyping and sketching, 
speculating on the possible shapes of a battery that could better communicate the notion of 
energy, time and labour (fig.4). While making, we embarked on discussions about the 
immediacy we are used to by simply plugging in our devices to electrical sources without 
thinking about the exhaustion that the act provokes, both material and mental as well. We 
speculated on the possibility of having the batteries outside the device’s case, or how it 



 

886 
 

would be if the battery would change its shape when it gets exhausted. These discussions 
were only slightly guided by the author: they happened mostly spontaneously, sparked by the 
meditative making and the hands-on practice (fig.5).  

 

 

Figure 3: “Deejay sheets” during the first workshop. Credits: authors 
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 Figure 4: Participant engaging in the formgiving exercise, from first workshop. Credits: authors 

 
 
Figure 5: Some of the shapes, from first workshop. Credits: authors 

Do-It-Together workshop on low-tech batteries 

Brief: The second workshop took place in the sanding workshop at Konstfack. The same 8 
participants joined in an explorative making of low-tech batteries inspired by an artefact 
found in ancient Persia, dated between 150 BC - 223 AD, that few archaeologists 
hypothesise was used as a tool for electrotherapy (Von Handorf & Crotty, 2002).   
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Tools: The author and the participants gathered from school and home the necessary 
equipment: glass jars, lemons almost gone bad, vinegar, foam to cover the lids, recycled 
copper and iron, copper wires, breadboards and LED lights (fig. 6). 

  

 
 Figure 6: Some of the batteries built from the participants, from the second workshop. Credits: authors 

The low-tech battery functioned as a galvanic cell with a cathode (copper) and an anode 
(iron) immersed in an acidic solution. Each participant chose a glass jar and started 
experimenting with the materials, by testing different proportions of lemon and vinegar for the 
liquid solution and thinking about the design of the cell.  After a few attempts, the participants 
connected all the batteries together with a copper wire and through the breadboard they 
could light up a yellow LED. The batteries functioned and powered the light for almost 20 
days. After that time, the chemistry process of the galvanic cell through copper and iron 
ended and left formal marks in colours and textures on the metals (fig. 7). The colour-
changing was then classified as an added material quality to the material finish that 
happened spontaneously and in an unpredicted manner.  
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Figure 7: Finishes on copper samples after the process. Credits: authors 

The final prototypes 

Consequently, to the moments of collective prototyping and workshops developed to think-
with and through the material, the authors started a process of individual formgiving and 
experimentation mainly approaching three materials: black clay, copper and iron. The 
exploration developed through two main paths according to the materials.  

Black clay was chosen as the material to make the vessel and the container of the battery. 
We chose to work with black clay both for its material and colour qualities but also for its 
ability to vitrify at high temperatures (2100 °C) without the need of additional glazing and a 
second firing. The formal exploration followed different variables on the size of the vessels; 
the shape; and the textures. At first, we looked at the concept of clusters in nature 
developing small-scale containers that would work together as a colony of batteries. Later, 
we looked at the traditional amphoras merging the traditional shape with a texture given by 
electronic components pressed against the wet clay surface. Ultimately, the batteries took 
the shape of rocks both from the shape and the texture. The rock-like shape was reached by 
manipulating with strength the clay oval shape, being careful not to destroy and crack the wet 
material. The texture was given by many different rocks collected by the author, and carefully 
pressed against the wet clay’s surfaces. When a satisfactory result was reached, the clay 
vessels were fired in a kiln for over 20 hours, reaching the 2400 °C temperature to vitrify and 
give the black colour to the ceramics. Once fired, the batteries were connected to each other 
and filled with an acidic solution made from lemons and vinegar tested in the previous 
workshop (fig. 8,9). The copper and iron used were given to the author from Ragn-sells, a 
recycling company based in Sweden that supported the project with materials and 
knowledge. Alongside the material exploration one of the authors visited a few recycling 
centres and conducted a semi-structured interview with the Innovation Coordinator and 
Strategist at the Swedish recycling company Ragn-sells, to develop a summary of recycling 
practices regarding e-waste in the Nordic region. The questions asked regarded the 
potentiality of a circular system that would recycle precious metals contained inside e-waste. 
During the interview, the expert mentioned a smelter located in the north of Sweden – one of 
the world's most efficient copper smelters – which the authors aimed to visit, but due to 
Covid-19 pandemics, the smelter could not receive outside visitors at that time.  
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Figure 8: A cluster of batteries. Credits: Fredrik Sandin Carlson 

 

 
 
Figure 9: One of the final batteries held by a workshop participant. Credits: Fredrik Sandin Carlson 
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Insights from the participatory workshop 

This section reflects on the insights deriving from the participatory workshop that has been 
previously described. During the workshop, authors and participants engaged in a 
spontaneous exchange of reflections facilitated by the activity of making. Many of the outputs 
from the participants followed a “what if'' type of question, opening a plausible space for the 
objects to exist in a speculative scenario, or narrative (Broms et all., 2017)). One of the “what 
if '' questions looked at shape-changing materials for the manufacturing of the battery: the 
object would change shape according to the status of exhaustion of the metals inside. 
Further questions revolved around near-future scenarios of materials scarcity and how we 
might adapt to develop objects requiring way less energy to function compared to today’s 
standards.  

After the second workshop, the same 8 participants were engaged in a focus group session. 
The aim of the focus group was the following: i) sense the reactions from the participants on 
the proposed activities; ii) choose and formulate any of the most interesting narratives 
coming from the “what if” questions; iii) suggest how this format could be further employed as 
an educational tool within materials and sustainability discourses. Three questions were 
asked and then discussed at the table. The discussion about the workshop activities results 
and engagement, is drawn upon the focus group conducted with the participants. 

 
Table 1: Topics of discussion during the focus group 

Aims Questions Type of 
answers 

Answers 

i) Reactions 
on proposed 
activities 

Which in your opinion 
were the variables that 
most fostered 
engagement before 
and during the 
workshops? 

Priority order Being a 
collective 
activity;  

Being able to 
discuss while 
working with 
the materials; 

Not being timed 
or supervised; 

Having a 
common goal 
and interest; 

Having a 
changing 
structure 
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ii) Narrative 
scenarios 

Starting from one of 
the “what if” questions 
arose during the 
workshop, write a short 
story placed in a 
context 

Open answers 
(paper)  

 

15 minutes 

Described 
below 

iii) Insights 
on the 
feasibility of 
the method 

How could this series 
of activities be further 
developed towards the 
creation of a method to 
use within design 
practice? 

SWOT / Open 
answers 
(discussion)  

 

15 minutes 

Described 
below 

 

The focus group gave a great priority to the workshops being a collective activity, and by 
having a common goal/interest (i.e. making the battery and light a diode). That ensured 
engagement and an enjoyable atmosphere within the group. At the same time, the 
participants felt empowered by getting more familiar with such objects, taking on an active 
role as prosumers (Kotler, 2010). The participants were also engaged with the writing of 
stories, where few of them had as protagonist the participant itself. As stated by Barendregt, 
speculative design involves developing scenarios based on a central object or prototype. 
Since speculation is often concerned with alternative present and future states, speculative 
design could raise critical discussion and public engagement on science, technology, and 
society (Barendregt & Vaage, 2021). The following text is a description of a scenario that was 
collectively crafted by the authors and the participants from the workshop's insights (ii) and 
the prototype at hand. 

 

This is a future where materials are scarce. It is a world where we, humans, need to 
drastically reduce their imprint on the planet, thus change habits, be adaptive, and be self-
sufficient. Build our own things and objects, share devices and technologies to store data. It 
is not a dystopian world but rather a world of renewed collectivism, bottom-up processes, 
and low-tech devices. Neighbourhoods in cities become networks where people share 
knowledge and competences on ways to adapt to the new present.  

 In the new present, recycling plants are diffused. They grew exponentially over the years in 
order to recover precious metals from the vast number of discarded objects left as a legacy 
by Capitalism and mass-production. The consequences of this mode of production resulted 
in an environmental and social crisis that lasted for years, but at some point, from its ashes 
something was born. A local, community-managed circular economy was put in place to 
exploit the potentialities of e-waste to get the resources that are no longer possible to get 
from the underground. Due to the scarcity of materials, electricity was no longer guaranteed 
24 hours per day. Thus, people had to find new solutions, collectively. Someone looked back 
in history and re-introduced old, alchemic techniques to obtain energy from food waste and 
metals. Energy becomes something to be manufactured, to be crafted. Something that 
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people sense and live with, something they must care for. Below the ground, canteens are 
now used to store clusters of batteries connected with each other that power the energetic 
needs of each building when electricity is out. Citizens take turns in taking care of the 
clusters and replace the metals when they get exhausted. They go to the nearest metal 
collection point, which in most cases is located within a few miles for each neighbourhood.     

In this world, homes change configurations, and the home spaces are now used in 
unconventional ways. People move towards a do-it-yourself approach and try to be self-
sufficient: it starts with the production of energy with the cluster of batteries, and it goes to 
the use of fogponics and hydroponics techniques to grow food. Every week, citizens gather 
in common spaces in the neighborhood to share insights, new techniques, and knowledge on 
how to recycle, repair and reuse objects, how to extract materials from waste, and how to 
make their own bio-based materials. Societies change at large as well, becoming more and 
more decentralized meshes and moving “back” into smaller communities. 

 

The stories envisioned the described scenario where materials are scarce and urban mining 
is a common procedure. In some of the stories, participants imagined bottom-up processes 
where citizens would share knowledge on how to repair, re-use and build low-tech devices 
from waste. This aspect highlights the rising relevance that initiatives such the above-
mentioned “The Restart Project” or “The Low-Tech Lab” could have in the next future within 
the field of repair and re-use of goods. An interesting point is that most of the narratives were 
not representing a dystopian world or a largely technological world, which is common talking 
about speculative design (Mitrović et all., 2021); on the contrary, the participants represented 
a world where collectivism and a renewed connection with natural resources are main 
paradigms.  

As for the last point of the focus group, iii) insights on the feasibility of the method, the 
participants were able to write interesting opportunities of deployment but not as able in 
highlighting possible weaknesses or threats. It is possible that there was not enough 
knowledge and evidence to base this type of judgement on, both from the participants and 
from the authors. Thus, this point is a matter that needs to be further tested and explored.  

The exhibition space as engagement 

The final prototyping action unfolded over an exhibition, which happened between 20th-28th 
of May 2020 at Konstfack University. That was a key moment where public audience could 
engage with the author and raise questions or start a discussion over the project. The space 
was painted black, with a wooden wall built to project a film edited by the authors. The film 
aimed to inform the public of the context of the research: the main character was a human 
figure holding an open laptop on one hand, with a rock on the other hand and playing with 
the two materialities, so similar but so different at the same time. Moreover, all the metals 
required to make an Apple iPhone work are listed one by one (Merchant, 2017). At the centre 
of the room there was a black podium with the batteries and other materials researched over 
the prototyping phases. Moving from left to right, the materials on the table showed a 
process from raw materials, to electronics, then to the melted rocks of the first prototypes, 
ending to the ceramic batteries attempting to light a LED bulb or potentially slowly charge a 



 

894 
 

smartphone (fig. 9). The closed cycle is symbolic in that case but aims to start discussions on 
the concrete strategies that could be developed and adopted from individuals, companies 
and policy makers for the necessity to “close the loop” within the electronic sector, and not 
only.  

The exhibitions could play a significant role within experiential knowledge; not only in 
entertaining the public but also in educating the public to relevant issues and asking for their 
opinions or critiques (Barendregt & Vaage, 2021). Exhibitions are the fictional set where the 
audience discusses the speculative works, helping to imagine new future trajectories (Chen 
& Fu, 2021). Based on these assumptions, the exhibition space was intended as an open 
and accessible space to engage with the public on the topics of energy consumption and 
sustainability. The objects and material samples were purposely placed on a table accessible 
both for adults and children. The public was allowed to touch the materials and turn on the 
batteries. Giving the audience the freedom to interact with the space was useful because it 
helped reduce the barrier between the public and the artists/designers. Many interesting 
insights came especially from conversations with children, who were amazed to see a dark 
space filled with film, sound, and unusual objects on the table. While looking at the materials, 
few people engaged in a discussion on a possible future of material scarcity, where the 
ability of building DIY technologies and bio-based materials will be a public knowledge to 
share among citizens. It is interesting how four people that had never met each other before 
were discussing and designing a speculative scenario based on the experience of the 
exhibition and the prototypes.  

 

 

Figure 9: Panoramic view of the exhibition space. Credits: Jesper Malsten 
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Moving on: conclusion and further actions 

Experimenting with materials and organising a workshop allowed the authors to answer the 
research questions posed at the beginning of the research activity: how prototyping through 
material crafting can elicit and trigger a particular message and how to deliver that message 
to an audience and generate awareness on the topic of e-waste and consumption. 

The participants were all design students; thus, they were already familiar with participatory 
and hands-on activities. In particular, the experimentation made direct observations on the 
material behaviours and on the intuitive interactions between participants and materials and 
confirmed how making can be a tool to think and reflect (M.A. Fariello, 2005). While 
observing the workshops authors noticed how collective manipulation of matter can arouse 
feelings of oneness with nature and between each participant. Tackling hopeful discussions 
on behavioural change and, ultimately, through material actions, could create awareness of 
problems but spark positive improvements to every one’s behaviour and mobilise them to 
make behavioural changes regarding climate issues and sustainability.  

Regarding this issue, the authors realize that small shift in a limited number of persons can 
trigger a significant change towards sustainability at the community level. Even a simple 
workshop could activate medium and long-term behavioural change; the performed activities 
were proven to be valuable in triggering both a new mindset as a designer and a more aware 
and responsible both individual and collective behaviour.  

Indeed, few of the participants stated how they got curious to apply the method to other 
objects as well, and one participant mentioned how the recovered precious metals such as 
gold and silver could be used for an artisanal jewellery production. These testimonies how 
such activities can be remembered from the participants, stimulate virtuous practices and 
perhaps even new projects, such as the student who mentioned to make jewels from e-
waste; in the shared experimentation, participants collaborated, learned from each other, and 
developed new knowledge and skills.  

Building up from these premises, the role that these practice-led activities could have in 
design practice, while engaging with material development, innovation, and energy 
(engineers, scientists, technologists) is promising for creating a so-called community of 
practice, where individuals can learn from one another, share best practices, and stay up to 
date on the latest developments in their field. (Hoadley, C. 2012) 

Crafting materials and prototyping within structured protocols through design practitioners 
and citizens engagement can be expanded beyond the connotation of testing in the product 
design realm (testing if a prototype works, which materials are best to exploit etc.) towards 
educational training in imagining possible futures or worlding through sensorial connection 
with the materials, or making (Wargsgeo & Alvarado, 2019). The approach used for the case 
study here described proved to be effective but needs to be replicated and improved (in 
terms of protocols and numbers of participants) for future research by also exploring 
potentialities of edutainment in exhibitions and a democratic community engagement. 

In this regard the authors are already planning to execute another experimentation regarding 
sustainability by using digital lamps and exploring forms and material qualities of the strip led 
used in most of nowadays lamps. The workshop would engage students at Master Level in 
Design and Engineering (Politecnico di Milano) and it would reflect on the potential role of 
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design in the creation of longer subject/object relationships to extend the product’s life and 
defy the product’s obsolescence (Cooper, 2010). Authors are proposing a collective activity 
based on the thinking-through-making approach where students would explore and test 
material qualities to embed in the design of their prototypes, with the aim of fostering a sense 
of care and forging speculative narratives with the object and materials in question, that 
blend the real with the yet-to-happen and the fictional (Helgason & Smyth, 2020). The activity 
will involve the scenario creation as well; authors are reasoning on implementing the co-
created scenario through a backcasting framework, thus building a roadmap to the future 
envisioned and the necessary phases to get there. The results of the workshop in form of 
dynamic scenario, would be potentially shown in an exhibition where the public can access 
and give feedback on the experimentation, thus helping the students to move forward in their 
process and reflect on their own role as designers within the sustainability discourse. 
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Think with your hands: Exploring the 
Future via Prototyping 
 
Hazal Gumus Ciftci, Arizona State University  
Konnor Plymire, Arizona State University  

 

Abstract  
Wearables are constantly becoming more present in our daily lives. Paired with our smartphones and smart 
homes, wearable devices such as smartwatches and earpieces are aimed to support our endeavors; 
though at times they invade our personal lives to the point where our communication with the outside world 
is mostly through these products. Therefore, for our graduate industrial design studio course at Arizona 
State University, we have set out to design wearable technology products that take all life forms’ well-being 
into account for the future. We benefited from trend research, design fiction, speculation, wizard of Oz 
techniques, and concept-knowledge mapping. Prototyping was one of the key methods used to discover 
how to lead the design propositions for this student project. Master of Industrial Design (MID) students at 
Arizona State University during Fall 2022 were asked to build– but more importantly, think– with their hands 
and turn their tacit knowledge and imagination into wearables that will help and care for the end-users. This 
paper will illustrate the design process used in the studio and how different levels of prototyping helped the 
MID students’ “think with their hands” and how it allowed the abstract notion of designing for the future to 
turn into a concrete understanding of creating life-centered designs.   
 
 
Prototyping, Design Futures, Wearable Technology, Speculative Design 
 

It is important for industrial designers to physically prototype because of their constant 
relationship with three-dimensional space. Bringing a design into the tangible world allows 
the designer to touch their creation and view it in the reality it is meant to be a part of. There's 
a reason car companies still make full-scale clay models--even with advancements in CAD 
and rendering technology. Viewing the contours, ridges, and valleys of your creation in real 
space allows you to see potential problems that you may not have caught otherwise. It also 
gives you the opportunity to check your work from the perspective of the end or target user. 
The need to design for the ‘human element’ is another important use of prototyping, 
especially the rough, early-stage models. These models are usually made to check scale, 
form, and feel; the shape of a handle, or other touch points can be gripped, used, and felt. 
Sometimes you can only ensure a product fit in a hand or on the body of a user if you make it 
yourself and check. 

This 2nd-year MID studio project was developed to be an experiment lab with multiple stages 
of prototyping. The prototypes completed in these stages ranged from low-fidelity mock-ups 
to approaching higher-fidelity prototypes. For this project, student designers were expected 
to design wearable objects as a brand extension for sports, fashion, and medical brands. 
These wearable objects are being designed to tackle the social/ individual well-being issues 
of the society in near future (5 years).  
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The objectives of this project were:  

1. Developing an understanding of brand identity,  

2. Understanding the needs for brand extension and market,  

3. Visualizing a future product in context,  

4. Creating a robust scenario that tackles social/ individual well-being 

issues in near future, 

5. Prototyping a future-oriented product by using a variety of diverse 

methods. 

The eight-week project started in the second half of the semester, culminating with a final 
presentation at the end of the academic term. The final presentation included a panel of 
guest reviewers and took place in the form of speed dates with three-minute presentations 
and feedback through post-its. This provided a short-format presentation with real-time 
feedback from reviewers for each individual student. As a result, students were able to show 
their prototypes in a limited timeframe to build a futuristic view as tangible and grounded 
products for the reviewers.  

Designing Wearables in the 21st Century 

Wearable technology products are considered as both ‘a device and a garment’ (Dunne, 
2004, p.2) and are ‘different forms of body-mounted technology, including wearable 
computers, smart clothing, and functional clothing’ (ibid.).  

 

Wearables, also referred to as body-borne computers, are small electronic or sensor 
devices that are worn on the physical body—either on the bare skin or on top of 
clothing… Today, wearable devices span the gamut from smart rings, bracelets, and 
necklaces to smart glasses and watches, to smart gloves, socks, and t-shirts. Moreover, 
wearables don’t stop at humans. (Levin in Follett, 2014, p.65) 

 

Pailes-Friedman cites eMarketer saying “in 2015, 29.5 million US adults 18 and over, used 
wearable devices (including fitness trackers and smartwatches), an increase of 57.7 percent 
over that of the 2014 wearable devices market” (2018). A more current report on wearables 
claims that ‘the global wearable technology market size is expected to grow at a compound 
annual growth rate of 14.6% from 2023 to 2030’ (grandviewresearch,2022). 

Wearable technology products approach a range of categories from ‘outfit-centric design’ to 
aspiring to ‘jewelry design’ (Jarusriboonchai and Häkkilä, 2019). The authors then suggest 
that ‘wearables are argued to be more than just beautiful and functional’ (ibid., 2019). 
Wearable technology can be a bridge between function and fashion, allowing personal 
expression through customization while providing the intended utility of the device. Devices 
can be designed and added to in such a way that allows for inclusivity across a plethora of 
groups and demographics (Mizoki cited in Jarusriboonchai and Häkkilä, 2019). 
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Pailes-Friedman (2018) says that it seems a likely and logical progression that wearable 
technologies would evolve from objects we wear on our bodies, to our bodies themselves. 
That the same expression and utility offered by wearables today would be integrated into 
enhancements to the human body. Advances in prosthetics, cybernetics, and 
nanotechnology are likely to allow for a development of this nature.   

Speculating Life-Centered Design Solutions 

As the studio’s main question was orbiting how we, as designers, might address the societal 
issues surrounding wearable technologies, and how we can create more humane design 
solutions geared towards an inclusive society, one of the main methods of the studio was 
speculative design. Our first goal was to open conversations in the studio by speculating on 
‘probable, possible, and preferable futures’ (Candy, 2010).  

To address this type of question, the field of future studies has developed numerous 
methods from forecast to foresight to prospective scenarios. Some of those future-oriented 
methods like forecasting rely on hard evidence to make projections while other methods like 
prospective scenarios tend to rely on observable trends to suggest a breadth of potential 
outcomes and possibilities. Other methods like speculative design– which can be considered 
as a subset of the prospective scenario approach–use artists’ and designers' creative 
mindset to delve into potentialities without concern for the likelihood of seeing these 
scenarios come to fruition. Mitrovic says that speculation enables designers to develop and 
envision ‘alternative products, systems, and worlds’ (2015). As such, speculative design 
must be understood as a useful endeavor ‘to think about the future and to critique current 
practice’ (Auger, 2013). Dunne and Raby (2013) also point out that speculative design 
benefits from ‘imagination’ to develop new ways for solving’ wicked problems. Therefore, 
engaging in the development of prospective scenarios through speculative design presents 
opportunities to open up and initiate conversations about diverse areas of the future. 
Moreover, speculative design implies ‘how things could be’ while considering the potential 
disadvantages that these designed objects would bring to society (SpeculativeEdu, 2018). 
It’s about creating matrices of variables and considering those variables in a certain context, 
time, and usage; traveling as many avenues as possible to collect the necessary data.   

The natural sciences are concerned with how things are… Design, on the other hand, is 
concerned with how things ought to be. (Simon, 1988, p.69) 
 

Pondering these issues, as a design studio we set out to tackle societal developments for the 
next five years with a brand extension that would support, care for, or take into consideration 
of life-centered design solutions. The students were encouraged to imagine a future in which 
their product would exist, and the benefits it would bring to the users of that reality.  

The Design Process in the Studio 

Given that the studio is very much related to humanizing emerging technologies and 
adapting existing or signaling changes in a considerate way, we adopted a life-centered 
design approach. Katie McCurdy, who is a design researcher working in healthcare, says the 
cyclical process of HCD consists of learn/ distill/ make/ test and refine stages and breaks 
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them down into activities that could run in every different step (2017). Learning stage which 
is often referred to as “empathizing” consists of interviews, observations, shadowing people, 
and running workshops. Distilling or defining consists of persona creation, diagramming, 
coding, and journey mapping. Ideation is the step in which designers generate solutions to 
their problem definitions; brainstorming, prototyping, sketching, and storyboarding are some 
methods to use in this step. Then testing these ideas and refining them are the last stages of 
a human-centered approach. Adapting Katie McCurdy's cyclical HCD process into being life-
centered required more iterations than just cycles as she suggests (2017). 

 

 

 
Figure 1. Human-Centered Design Process to Life-Centered Design Process adapted from McCurdy, 2017 

The students began with trend research on well-being and used the knowledge they 
collected to decide which brand(s) might go into the wearable sector in the next five years. 
The selection included SpaceX, Dyson, Adidas, and Nintendo and DeWalt. 

Additionally, for the “learn” step of the design process, trend research revealed the signaled 
approaches in scientific and technological developments. Assistive technology in well-being, 
performance-supporting wearables, emerging technologies’ use for new products, and 
alternative material use were among the trends which the student groups identified. 

After the trend research commenced, the individual work began, and the students dove into 
distilling and making sessions right away. With ideation exercises such as brainstorming, 
sketching, scenario planning, concept-knowledge mapping, and journey mapping a plethora 
of diverse approaches started to flourish in the studio. In the latter stages, the students 
presented their two different concepts to their peers and instructors, each student selected 
one concept and carried it into the making stage.  
For testing, student designers used their early prototypes and scenarios. They identified and 
interviewed potential future users and used the resulting data to refine their prototypes. Just 
as every stage, prototyping and refinement took turns and finally twenty future wearable 
prototypes were put on display at the end of the term to a selection of faculty members. 
Students did three- minute presentations of their projects and got feedback to refine their 
projects for later use. Feedback from the students after showed that the format of design 
presentation “Speed Dates” was effective and was even reported as a lower-stress 
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alternative to traditional presentation/critique styles.  

Prototyping in the Studio 

The aim of prototyping in different situations is varied. In engineering it might be to check 
tolerances, clearance, or provide a proof-of-concept working model; in design, it's sometimes 
for understanding the users' needs and sometimes for understanding the needs of 
production. Hallgrimsson says ‘Prototyping is a key problem-solving activity in product 
design’ (2012, p.7). In our case, our goal for prototyping was to comprehend how people 
would interact with a future-oriented design in terms of ergonomics and psychology. After all, 
‘prototypes are now described not only as the first verification of the product-to-be but also as 
a valuable instrument for the fuzzy-front end of design’ (Camere &Bordegoni, 2016, p.155). 
The expansion of prototyping from the production of a realized product to a tool for research, 
testing and gathering valuable information about the experiences of the user is especially 
prevalent when prototyping in lower fidelity. 

Low-fidelity prototyping is as much a thinking process and conceptualization exercise as it is 
the creation of a physical model. Its’ purpose is to provide another angle of perception, 
answer a question, or verify an idea or decision. It is most commonly utilized when a design 
is still coming to fruition and isn’t yet fully realized by the designer; basic questions of scale, 
shape, and usability are at the forefront at this time (Sefelin et.al., 2003). 

We started using pipe cleaners, aluminum foil, blue foam, and EVA foam to get started with 
low-fidelity models (Fig. 2-3). This stage allowed us to adjust the scale, fit the products better 
to our objects, and change features quickly. The students took to the materials well as they 
were approachable and easy to shape. Although those were the materials that were 
recommended, the students were free to explore with anything they preferred or wanted to 
try.  

 

 
Figure 2. A student’s early explorations with tape and pipe cleaners (Image credit: Juhi Gajjar) 
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Figure 3. A student’s early explorations with EVA foam, blue foam and Aluminum foil (Image credit: Brady Reichardt) 

Finalizing the Concepts 

A set of–at minimum– three iterations along with quick prototypes was to be completed 
before the products were taken to a 3D printing facility at the university. Final presentations 
included these appearance prototypes along with 3D CAD renders. Deploying these types of 
deliverables in tandem allowed the final product to be viewed both electronically in its’ future-
facing reality, as well as physically in reality of the designer and viewers alike.  

Musical Therapy Earpiece 

In this project, the designer used a thermoplastic elastomer to mimic the flexible nature of the 
earpiece to fit different users. This universal design is projected to collect physical data to 
interpret the mood of the users and then suggest music accordingly. 
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Figure 4. Evolution of Prototypes for Musical Therapy Earpiece (Image credit: Kyudo Lee) 

A variety of 3D printed prototypes (Fig.4) allowed the designer to decide on the final material 
and make room for creating a universal fit by deciding on a malleable and adjustable fitting 
for the earpiece. The prototypes also allowed the designer to make small adjustments to the 
model to tweak and alter the adjustment and fit “range” of the product. 

 

 
Figure 5. Final Render for the Musical Therapy Earpiece (Image credit: Kyudo Lee) 

Sign Language Translating Pendant 

Another project looked into the unique needs of deaf creative professionals. The designer 
created a pendant (Fig. 6-7) fitted with a camera that captures the sign language being 
communicated with a motion sensor and translates it to different language options. As sign 
language has many versions much like spoken languages, this would be an invaluable tool 
for any deaf professional or traveler.   
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Figure 6. Evolution of Prototypes for Sign Language Translating Pendant (Image credit: Rishi Jaju) 

 
Figure 7. Final Render for Sign Language Translating Pendant (Image credit: Rishi Jaju) 

Why did we prototype? 

Our decision for early prototyping lies in Camere & Bordegoni’s words: ‘Prototypes ultimately 
solve the need of learning about a design, asking questions and answering them. 
Sometimes, the purpose is to imagine a future-to-be’ (2016, p.158). Talking about their 
robotics project with teens, Bjorling et.al. (2018), explain that in the beginning stages of the 
project, they began making and using rough prototypes to conduct interactive and 
reactionary studies. They then add: 
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The main theme that emerged from the qualitative, observational interaction study data 
was strong engagement with the low-fidelity prototype. We saw almost all participants 
with engaged and expressive faces while interacting with the prototype (ibid., p.70). 

 

While talking about the importance of configuring the user in wearable technology design 
Dunne (2004) says ‘beyond remaining aware of the entire scope of possible influencing 
variables, the designer must also remain aware of his/her influence on the identity of the 
target user: physically, cognitively, and socially’. The significance of the designer making 
decisions in such a complex project required us to start the prototyping as early as possible. 
It is only by collecting information for us–experientially and from the perspective of the target 
user–that we may begin to account for the seemingly infinite variables associated with all 
facets of the state of the user before, during, and after interacting with the product.   
Camere and Bordegoni say “the purpose of involving users in a co-creative session at the 
early stages of conceptual design may suggest the use of low cost prototyping techniques, 
as paper and cardboard” (2016, p.157). As mentioned above the starting materials for 
prototyping were pipe cleaners, EVA foam, and aluminum foil which were developed in a 
collaborative attempt with the potential users. From that stage, students elaborated several 
iterations in different stages of the design process. Using prototyping, student designers 
were able to justify their ideation and storyline along with their decisions about form, function, 
and usability. An expert in designing wearable technology and e-textiles, Pailes-Friedman 
(2018, p.2) states: 

We need to be able to rapidly prototype garments that have both function and beauty. 
These new wearable sensing products need to function and be comfortable, breathable, 
washable, fit well and have style. To get a product into the pipeline, designers need to 
[be] able to communicate their ideas, not just how a product works but how the end-user 
interacts with it and how it will look, feel, and fit when it is finished. 

 

Considering that our task was creating wearable technology products for the future, we 
agreed with Pailes-Friedman and started prototyping at an early stage with most projects and 
did several iterations. Student designers reported that they have created between three and 
ten prototypes. There was one account in which the designer started making prototypes as 
early as the learning stage and the majority of the designers initiated their prototyping in the 
third stage which is the making stage. 

What did we learn from prototyping? 

At the end of the project, design students received a survey asking about their experience 
with prototyping during the 8 week-long studio project. All design students agreed that 
prototyping helped them in a plethora of different ways. The majority of designers said that 
the benefits of being able to quickly decide on size and fitting were prominent. A good 
number of the participants pondered about how prototyping helped with functionality and 
determining if that functionality would work for the intended user. Some mentioned that the 
‘making’ phase changed their perception of material selection, project stages, and even form 
decisions.  
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Quick Decisions on dimensions and form 

Most participants of the survey mentioned how quick prototyping was beneficial in deciding 
the size, form, and even the functionality of early design ideas. The first question posed for 
the survey was “how did prototyping help you during the design process and explain why”. 
One of the designers stated: 

Yes, prototyping was a very crucial part [of] my project as it helped me visualize my 
concept in physical form, I was able to identify shortcomings in my initial design, and with 
the help of user testing I was able to figure out the form and usability of my concept and 
was much satisfied with the final outcome.  

It was one thing on paper and the design started to materialize and went beyond when the 
prototyping started. Another designer pondered: 

 I was able to explore appropriate dimensions for a wristwatch while still keeping the 
proportions a bit playful, and making the band allowed me to explore CMF options.  

A key takeaway from early quick prototyping was how the designers were able to iterate on 
their ideas and how prototyping encouraged them to realize errors more effectively. If [as the 
designer/creator] you experience these errors firsthand, it is easier to momentarily jump into 
the shoes of a potential end-user and see things from their perspective. We found that by 
establishing a tactile link to the object, the designer is much more empathetic and connected 
to the ultimate benefits of their end-user.   

Material Choices 

The studio started the prototyping sessions right after the first round of sketching/ ideation 
exercises. Due to the wide variety of forms in both the wearable products themselves and the 
body parts they would need to conform to, materials and methods were varied and adjusted 
for each individual project. Suggested materials were pipe cleaners and EVA foam sheets in 
this round; some designers used aluminum foil as a support material. Not only were these 
materials extremely malleable and easy to work with, but they also carry with them an almost 
playful perception of approachability that encourages designers to love their mistakes and to 
not be afraid of trying, testing, and experimenting with their designs. Among the other 
materials utilized was cardboard, chosen for its role as a rigid, planer material. It’s cheap, 
structural, light, and very forgiving for the type of quick-conceptualization prototyping done in 
this stage.  

In the latter stages, the majority chose to advance their designs using rapid prototyping 
opportunities such as 3D printing. Printing allowed some students to rapidly grow, test, and 
fine-tune models; making adjustments in a fluid and dynamic way to ensure fit and comfort. 
When reaching the stages for the final display model it was a simple process to clean, 
smooth, paint and finish the decided-upon “final print”.      

Gathering Feedback 

Another takeaway from the prototyping was how it offered the designers a vehicle for 
gathering feedback from their potential users. Despite the rough and low-resolution nature of 
prototypes used in participatory design, end-users can provide valuable feedback by 
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imagining the potential of the product when instructed correctly, while in other cases, 
stakeholders of the product development process can also be the audience for prototyping 
activities (Camere &Bordegoni, 2016). Their models became props in their discussions, 
classmates became size gauges and sounding boards, and they were able to gather data 
from a subject’s experience with their object and not just an opinion of another. This gave the 
designers a crucial chance to fix errors, take their ideas to the next step, and create more 
meaningful interventions in wearable technology products. One of the designers added: 

It [prototyping] was very helpful as it allowed me to iterate quickly on different design 
concepts. I could easily figure out the curves and flow of form by looking at the prototype. 
I used the prototypes to test it on the users and got their feedback. 

As the first author ran this project as a ‘clean studio’ four times before; gathering feedback 
from potential users and reviewers alike has been more effective and reliable in terms of 
finding a common ground. These prototypes from early on in the design process supported 
designers’ endeavors of creating a future vision and allowed them to tell more engaging 
stories of their creations. 

Conclusion 

With this project, student designers were asked to develop a future vision for wearable 
technology products and prototyping allowed them to ground their ideas and share them with 
the reviewers as credible and feasible concepts. Prototyping is one of the key skills of 
industrial designers and it aids in decision-making, quick iterations, and the delivery of ideas 
more dramatically. This studio course having a focus on emerging technologies and life-
centered design proved that prototyping is also beneficial to create more credible and robust 
solutions for the future. Designers were able to fail early and adapt quickly. Additionally, they 
were able to design the whole future-oriented experience that these products might be 
offering. Products ranged from allowing smoother communication for deaf creatives to people 
searching for a better state of mind. All the concepts became more meaningful with the 
support of prototyping and all the student designers (n=20) agreed that prototyping assisted 
tremendously in reaching their goals. 

Acknowledgments: We would like to thank 2nd year MID students at Arizona State University 
and Collin Smith for their continuous curiosity and playfulness throughout the project and the 
prototyping sessions.  
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Prototyping Dialogues 
 

Louise Ravnløkke, Design School Kolding, Denmark 
Thomas Binder, Aalborg University, Denmark 

Abstract  
For designers and design researchers, the ecological crisis and the quest for sustainability do not only 
mean a re-orientation in what design provides in terms of products, services, and systems. It also demands 
a change in how design is done, acknowledging that sustainable design and use have to co-evolve through 
speculative dialogues addressing a radical re-configuration of both the crafts of making and the crafts of 
use. This paper is an attempt to revisit one of the key tenants of contemporary design practice, the 
prototype, to find a language of prototyping that can sensitize us to what evolves when engaging with future 
sustainable practices through such speculative dialogues.  
In this paper, we dive into three co-explorative design engagements of a research project on sustainable 
knitwear design to further explore what we call prototyping dialogues. Through these accounts of 
prototyping dialogues, we argue that prototypes are outcomes of the dialogues rather than distinct 
proposals from the designer to be iteratively presented and evaluated. Furthermore, we suggest that the 
prototype, as an outcome, comes about through a dialectic between different modes of engagement which 
we term the ‘experiential’ and the ‘experimental’, having both material, performative, and speculative 
manifestations in the collaborative encounters. 
  
Prototypes; Design Engagements; Prototyping; Sustainability; Collaborative Encounters 
 

The prototype has been around for a long time. Far beyond the professional fields of design, 
the prototype has been adopted as a core vehicle for iterative processes where proposals for 
new products, services, and systems become manifest through design engagements in real-
life settings. Prototyping approaches have turned traditional development processes on their 
head designing ‘from through the interface’ (Bødker, 1991/2021) and exploring head-on the 
experiences of living with prototypical proposals. The prototype is seen as a concrete 
suggestion coming with a question of what this suggestion entails for the user (and 
designer). This has led to a way of talking about prototyping as a procedure of presenting 
and testing a possible change where what is presented is subsequently re-designed and 
represented according to the outcomes of the test (Koskinen & Frens, 2017; Westerlund & 
Wetter-Edman 2017). While this certainly captures the experimental and iterative aspects of 
a prototyping methodology, it says less about what a prototype can be or what the dialogue 
involves. 

Within classical design fields, e.g., industrial design or interaction design, typologies of 
prototypes are well established, reflecting well-known ways to communicate and evaluate 
design proposals (Evans & Pei, 2010). These typologies continue to be useful, and as 
prototyping methodologies have become more widespread, the specificity of what is 
prototyped (Lim, Stolterman & Tenenberg, 2008) and the accuracy of evaluation have 
increased significantly (Wensveen & Matthews, 2014).  



 

913 
 

Many have emphasized how prototyping enables a rich dialogue between designers and 
users (see, e.g., Sanders & Stappers, 2008). In this dialogue the envisioning of new 
products, services, or systems are typically pivotal, taking relatively stable practices of use as 
the ground from which the implications of what is proposed are collaboratively interrogated. 
We want, however, to explore what happens to prototyping when design is moving into the 
uncharted terrain of radical re-configurations of design and use as they unfold in the 
transitions toward sustainable everyday practices of, e.g., fashion and clothing. Fletcher and 
Tham have argued that the continuing increase in over-consumption within the fields of 
fashion and textile calls for a fundamental re-orientation of both the practices of design and 
use (Fletcher & Tham, 2019). Suggesting a grounding for design and use in what they call an 
‘Earth logic’ they claim the need for fashion to embrace simultaneously a fundamental shift in 
the crafts of making and crafts of use responsibly addressing the ecological crisis. Following 
this move prototyping becomes less of a test of ‘solutions’ and more of a co-exploration of 
‘preferable futures’ (see also Dunne & Raby, 2013 and Malpass, 2016). In line with Fletcher 
and Tham, Twigger Holroyd (2021) has proposed inquiries into ‘fashion fictions’ as a 
productive step to envision fashion differently. She invites the proposal of fictional worlds of 
caring design and use to be explored through the speculative staging of prototypical 
practices. Similarly, Andersson and colleagues engage with prototyping futures of urban 
living ‘beyond efficiency’ to open up different imaginaries of sustainable living (Andersson et 
al., 2019).  

Even in more mundane engagements with the re-direction of making and use like the ones 
we will elaborate on in this paper the emphasis on co-exploration and co-speculation in our 
view is essential to bring about possible change. Prototyping as an iterative and experimental 
process exploring the experiential qualities of imagined practices of designers and users 
offers a productive frame for these engagements as a series of probings, rehearsals, and 
tentative enactments of proposals (Halse et al., 2010). To get hold of what is prototyped and 
how proposals come about we find however, that we must turn to a broad definition of the 
prototype (from Merriam-Webster Dictionary) as “an original model on which something is 
patterned (similar to an archetype).” And further, we suggest that the prototype, as an 
original model, is not what the designer brings to the user, but instead, what comes out of the 
prototyping dialogues. Seeing the prototype as an outcome of dialogues can help us to hold 
on to what this ‘original model’ is within the narratives of the livable worlds it invokes. 

To think of the prototype as an outcome of dialogues rather than as a starting point crafted 
by the designer may seem counterintuitive. Nevertheless, we find it worthwhile exploring 
what this slight shift in definition from the prototype as a means for dialogue to the prototype 
as an outcome of dialogues may add to how we understand and take part in prototyping 
dialogues.  

We have three things we hope to accomplish. First, we want to find out if this definition shift 
can help us to stay within the design engagements as we become knowledgeable of the 
possible worlds they reveal. All too often, we have found that prototyping is reduced to 
means through which we produce data, gain insight, or test concepts, distancing us from the 
knowledgeable thinking and doing in the dialogues.  

Secondly, we want to pick up on Redström’s (2017) claim that the design inquiry makes 
theory by probing into how prototyping dialogues produce knowledge of both a particular 
here-and-now and of a horizon of potentialities. By drawing on this idea of situated 
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theorizing/knowing, we seek to overcome the conventional hierarchy of 
instantiations/specifics as special cases of the generic, conceptual, or theoretical, inherited 
from conventional schemes of systems thinking and still present in discussions of theory 
building in design research (see e.g., Zimmerman & Forlizzi, 2008).  

Lastly, we hope to add to a more nuanced understanding of the different modes of 
engagement through which prototyping dialogues unfold. While we acknowledge the 
straightforwardness of the notion of testing prototypes, we think that we will gain from a 
richer vocabulary addressing the experiential and experimental qualities of the material, 
performative, and speculative manifestations and enactments of the prototype as an 
outcome of dialogues.  

We will explore this by revisiting the prototyping dialogues of a particular doctoral project on 
sustainable knitwear design conducted by Ravnløkke (2019), with the tentative definitions we 
have introduced above. At the heart of this doctoral project is the assumption that knitwear 
design can become more sustainable if technological options for customized products can be 
combined with processes of design and use, where the designer and user move together in 
dialogues all the way from the research of user preferences and needs to the trial use of 
novel designs. In all these dialogues, Ravnløkke implicitly or explicitly stated a ‘what if’ 
question by bringing samples in the form of knitted swatches or finished knitwear that opened 
the dialogues towards worlds of possible use. While Ravnløkke, in the project, called these 
concrete material props, knitted prototypes, one could as well (as Ravnløkke has also done, 
and what we together develop further below) see the overall staging of the dialogue as a 
prototype of a trend forecast, a business model, or a practice of future use. As we revisit 
Ravnløkke’s work, we will look for prototypes emerging in the dialogues that can be 
understood as ‘a general model on which something is [or can be] patterned’. This does not 
mean that we will question or criticize the relevance of what Ravnløkke, in her project 
termed, knitted prototypes. On the contrary, we hope to understand better what these props 
‘do’ in the dialogues and to more fully grasp the characteristics and potentials of the 
prototyping design practice (also inspired by Binder, 2016), suggested through this work 
(Ravnløkke, 2019; 2021). 

Methodologically, Ravnløkke’s doctoral project is grounded in practice-based design 
research constructing scenarios and artifacts to carry out engagements with participants. In 
this way, the research is undertaken as a programmatic exploration where various 
engagements co-evolve in a dialectic with the program (Brandt et al., 2011; Redström, 2017). 

In the following, we will present three of these engagements exemplifying prototyping 
dialogues. Each example will be used to unfold and provide nuances to the discussion. In the 
end, we will conclude the exploration by returning to the above-mentioned queries. 
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Figure 1: Example of prototyping dialogues (Author 1, xx).  

Material dialogues 

In the first example of prototyping dialogues, we dive into conversations about garment use. 
The design engagement invited users to elicit insights into use of knitwear and to envision 
experiences of use of jumpers. By addressing the use phase, the designer can consciously 
work to increase satisfaction with clothing and prolong garments’ lifetime (Niinimäki, 2011). 
From a sustainability perspective, it is advantageous to postpone the disposal stage and to 
increase the intensity of use (Laitala et al., 2015). Therefore, the conversations in the 
engagement sought to study how fit, material qualities, and aesthetic preferences influence 
how often knitwear is used. 

The engagement was set up as a series of conversations with three female participants. 
Knitted artifacts were brought to the conversations by the designer and acted as 
conversation pieces alongside the participants' knitwear wardrobe. In this way, the 
engagement was drawing upon both wardrobe methods (Fletcher & Klepp, 2017) and the 
Repertory Grid interview technique (Bang, 2013) to create the framework for a dialogue that 
could embrace and exemplify everyday use and sensory experience.  

The conversations took place in the participants’ own homes. The artifacts comprised a 
selection of six knitted textile samples and six jumpers. Additionally, the participants’ knitted 
wardrobe was brought into the conversation to evoke both personal and social aspects of the 
use of knitwear (Klepp & Bjerck, 2014). In that way, the garments from the participants’ 
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wardrobes also ‘took part’ in the dialogue. The artifacts guided the articulation and dialogue 
and created a common basis for an in-depth conversation about the participants' experiences 
with the use of knitwear. 

  
Figure 2: An artifact in form of a jumper and the application of it in conversation with a participant. 

The different knitted textiles were brought along to form the basis for the conversation about 
the tactile and visual experience of structures, patterns, and colors. The purpose of the 
jumpers was to direct the dialogue toward shape, fit, and details. To further obtain insights 
into the participant’s experiences of quality and durability, some of the jumpers showed signs 
of wear or tear, such as peeling, discoloration, holes/run stitches, and shrinkage after 
washing. Including the participants’ knitwear wardrobe had the purpose of diving even more 
into use situations, use relations and use frequency. 

In the dialogue, the knitted textiles and jumpers, as well as the participant's wardrobe, acted 
as catalysts for evolving narratives. With direct reference to the samples, participants could 
tell stories eliciting personal preferences and elaborating on possible use practices. This is 
reflected in a participant’s description of her preferred style of garments in one part of the 
conversation and again later in the conversation, where she elaborates this narrative based 
on garments from her wardrobe: 

“I have always thought that cardigans are very practical, but then I use something like this 
instead – an open shirt. The function of a cardigan is very good, but I have never found one 
that I like. /…/ Sometimes I have tried cardigans, /…/ but the cut – where it stops – is not 
very becoming. It stops a really ugly place that doesn’t do any good for that many.” 

In continuation of this statement, she says that she uses open shirts the same way as a 
cardigan to take off and on to regulate body heat. Her open shirts are longer so they cover 
the hip's widest place. Reviewing her knitwear wardrobe also shows that she does not own a 
single cardigan and that her favorite type of knitwear are short jumpers which do not highlight 
the hip area: 

"I actually use this a lot when it's winter. It is not that long, so I can wear it with high-waisted 
trousers.” 

"I think it has a funny shape. It has slightly trumpet-like sleeves and goes out a little at the 
bottom, but it is still short. So, I also use it quite a lot.” 

The narrative brings an understanding of how particular styles and shapes make the 
participants feel comfortable and good-looking in relation to imagined use situations and 
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practices. To have the knitwear present and accessible is key to bringing about such 
narratives in which knitwear's physical, emotional, and social dimensions are intertwined. 
They originate in explorations of the experiential qualities of the artifacts. Still, they also hold 
an experimental probing into what knitwear design might be that goes well beyond what the 
prototypes immediately entail. 

Generating a dialogue about use of knitwear 

Coming back to our initial suggestion that a prototype is better conceived of as an outcome 
than a starting point, we can ask what kind of prototypes emerge in the conversations on 
garments in use, which we have briefly presented here.  

First, it is worth noting that the staging of the conversation, as a dialogue between designer 
and user, made manifest through the design artifacts, already frames the dialogue very 
differently from conventional user research. The artifacts are guideposts in a landscape of 
possible design envisioned by the designer and become, in this way, an implicit ‘what if’ 
question in which the user can mirror her own preferences and aspirations. The user can 
answer this ‘what if’ question by pulling knitwear from her wardrobe, but also by telling 
speculative stories of use relating to what the designer has brought ‘to the table’. As the 
dialogue evolves, narrative threads are spun that qualify the appreciation (or depreciation) of 
the artifacts (brought or found) in the light of this imagined landscape of possible design. The 
materiality of the artifacts invites for an open-ended exploration of tactility, color, pattern, fit, 
etc., that have an immediate experiential side to them for the user and the designer. For the 
user this engagement is guided by such questions as: ‘How could this thing be on my body’ 
while the question for the designer could be ‘How could this be [an appreciated] part of my 
design?  

Here the appreciation does not have to be stated in isolation from the artifact. It can rather be 
seen as a sort of annotation to it that can be addressed and elaborated upon in a dialogue in 
which the artifact itself takes part. 

  
Figure 3: Manifesting the dialogue through the material. 
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The narratives evolving in the dialogue do, however, also point toward other future artifacts.  
In the design landscape, collaboratively envisioned, the narrative probes into the virtual by 
asking: Could this [prop] be such a thing [as the general model of the knitwear we envision]? 
This aspect of the dialogue is what we call the experimental. The shared ‘what if’ is 
hypothetical, also in the sense that neither designer nor the user knows what the landscape 
will bring. When the participant elaborates on the cardigan, as somewhat practical, yet 
stopping at ‘a rather ugly place’, we are not only getting into why she does not like cardigans 
but also as a kind of shadow image starting to see with her what beautiful and practical 
knitwear ‘could be’. These and other narrative threads evolve in correspondence with what 
Ravnløkke, as a designer, brings to the dialogue. The short jumper, both literally brought into 
the dialogue as a conversation piece and presenting itself as a (proto-) type to be explored, 
braids the participants' practice of, e.g., taking on the jumper accommodating body heat with 
the imagined appreciation of the shape of the trumpet-like sleeves. The dialectic between the 
experiential exploration of ‘how could this be my jumper?’ and the experimental probing into 
‘how could this be a jumper’ revolves around the conversation pieces. As the dialogue 
unfolds, a jumper design manifests itself as a prototype. This prototype is formed as an 
outcome of the co-evolving bricolage of what we can think of as annotations to the 
conversation pieces and relations between them established in the narratives. 

The design engagement brought a shared understanding of what could be considered of 
value to the prototype with respect to emerging categories of visual expression, style of the 
jumper, proportions and fit, and material tactility. Further, it became the springboard for 
envisioning a customized jumper, where design choices for the user are made accessible 
through material artifacts that also function as aesthetic and functional guideposts in the 
design landscape envisioned through the dialogues. 

Finally, this prototype also came to hold prototypical qualities for how designer and user 
could be designing together, mutually exploring the design landscape within a hypothetical 
business scenario of customized design, production, and use. This became the starting point 
for a new round of engagements (described below). 

Prototypes rehearsed and performed 

In the second example of prototyping dialogues, we look further into the performativity of 
prototypes. This design engagement consists of a series of workshops in which 46 users 
were invited to select their favorite jumper based on a business scenario for customized 
knitwear design. When making design choices for their preferred jumper, the participants 
engaged with various knitted samples, color swatches, and working drawings. They could 
make design choices about the style of the jumper, the material quality and stitch pattern, 
and color. Furthermore, participants had the option to select details of the sleeves and the 
color detail of the hemlines. These relatively few options provide 97,200 variations of 
jumpers, which is an extremely large collection giving a wide range of options to personalize 
from – aesthetically and fit-wise. Compared to acquiring a jumper from a traditional knitwear 
collection, where the choices are far more limited, this artifact of customized knitwear design 
required something else from the participants. The set-up of the engagement allowed 
participants to act out and explore what this ‘something else’ comprises. 
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Prototyping user involvement in knitwear design 

The design engagement showed that the participants had the skills, courage, and fancy to 
make these design choices. It also revealed how these choices emanated from an intense 
engagement with the material samples provided as guides in the design landscape.  

The participants treated the samples as experiential anchoring points for narratives of what 
their choices would look like and how these would fit in with the rest of their wardrobes. 

  
Figure 4: Material samples and their application in the business scenario workshop with participants. 

The samples were explored by touch and held against the body to consider choices. They 
were examined by stretching to assess elasticity and dimensional stability and visually 
judged when the colors were compared by placing them next to each other.  

The exploration of the experiential qualities of the samples evolved within a workshop where 
the participants were also invited to act out a role as customers in a shop-like setting where 
their engagement with the choices extended well beyond a conventional shop counter 
interaction. The participants had the time to accustom themselves to the different choices 
and to talk to each other while they tried out the jumper designs and probingly examined 
appearance and performance. More than half of the participants chose to design the jumper 
based on ideas of usability and frequent use. They considered how their design choices 
would visually suit their personal style and preferred colors by imagining how the jumper 
could be used with their other clothes. Furthermore, the participants showed an awareness 
of what they themselves thought would suit them compared to their body shape. The 
participants included experiences from previous use situations and took advantage of the 
design parameters to make personal choices. Some participants preferred simple and 
neutral expressions, while others wanted to disrupt a simple or neutral expression with 
contrasting details. 

Several jumper designs were manifested from these rehearsed and performed engagements 
with knitwear design. In combination with the individual narrations of use, the representations 
of jumpers became prototypes of an open design process acting out an altered relationship 
between the design and the user.  

As the participants rehearsed and performed how to be a customer/designer in this business 
scenario of customized knitwear design, they enacted considerations and choices leading to 
individual designs which stand out from mainstream trends. Even though the participants 
expressed having chosen what they themselves saw as ‘safe choices’, these would not 
appear as safe choices for others. By entering the hypothetical 'what if' of a shop/workshop 
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space where they could interact with the designer and with fellow customers to accomplish 
an individual design, they could experimentally challenge what is a basic jumper or a classic 
expression. This made them move towards designs they felt confident in choosing because 
they thought the jumper would suit them well and could be worn on many occasions.  

These modes of rehearsing, performing, and speculating within the prototypical frame of a 
different designer-user relationship were further explored through a third design engagement 
entering the more intimate relations of everyday use. 

Prototyping speculation  

In the third example of prototyping dialogues, the design engagement stems from a curiosity 
towards what happens in use when the user is involved in the design process. What does it 
mean to be a part of the design process? How does it affect using the jumper? And how 
does it affect use relations? Three participants' choices of jumpers were produced to act as 
design probes (Mattelmäki, 2006). The jumpers were given to the participants with an 
encouragement to take pictures of themselves when wearing them. Over a period of an 
entire year, the use of these jumpers was photo-documented by the participants and texted 
to Ravnløkke. Sometimes a brief description of the use of the jumper and on the occasion 
was attached to the photo.  

A jumper is used together with other clothes, thereby creating an outfit of personal 
expression. Following the use of the jumpers, allowed Ravnløkke to dive deeper into how 
they would be included in the participant’s wardrobe and how the participants would combine 
the personalized jumper with other garments. Throughout the one-year period, two interviews 
were conducted with each participant. These interviews were primarily based on the photos 
and text messages sent from the participants. While the self-documentation showed 
fragments of the use phase, the conversations became an opportunity to explore further use 
situations and ways of using the jumper. 

 
Figure 5: Employment of the materiality of self-documented use situations and the personalized jumper. 

The interviews and self-documentation showed how the participants used the jumper as an 
integral part of their existing wardrobe. The participants found personal ways to use the 
jumper, along with selected garments that they thought went well with it. Likewise, they 
added their own ‘design parameters’ through use and styling.  
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What made this design engagement different from, e.g., a study of garment use, with 
participants with no prior involvement with prototyping a close user-designer dialogue, was 
that the engagement prompted a speculative attitude for both the users and the designer. 
The participants knew very well what had led to the specific design, and they also knew that 
the jumper had come out of a process that was, in itself, a proposal for a different 
relationship both between user and design and between design and use. In the responses to 
this situation, there were many examples of how the participants not only rehearsed and 
performed novel dressing practices with their personalized jumpers. They also expanded on 
the hypothetical ‘what if’ by entering into new cycles of design in use. One of the participants 
often used a brooch to close her cardigan when she thought it was too cold, to have it open. 
At the same time, she experienced how it, to her, gave a distinctive character that makes it 
more personal – as she could shape the cardigan around the body and highlight her waist by 
putting in the brooch. In this way, she continues to contribute to the design by taking 
ownership of the garments' expression in the use phase. 

  
Figure 6: Personalized jumpers and one of the jumpers in use. 

With such bodily speculations, the participants deliberately sought to open further their 
capacities for engaging with design and personal expressions. A good example of this sense 
of empowerment is the strong connection between the participant´s personal preferences, 
individual aesthetic experience with the jumper, and the use frequency of it. While neutral 
and classic visual expressions by designers are often associated with the design being used 
in many contexts, the participant’s involvement with the design process opened another 
dynamic of use where frequent and active use relates more to colors and stylistic 
expressions matching the participant's preferences. In this way, the co-explorative 
engagements with the personalized jumpers manifested as a prototype of a new consumer 
role challenging assumptions that neutral and classic visual expressions provide the only 
route toward more frequent and long-lasting garment use (Niinimäki, 2014). 

The speculative attitude also turns out to have a direct impact on the participants’ wardrobe 
metabolism. For some of the participants, their individual styles changed as they 
experimented with everyday use of the personalized jumpers. One of the participants was 
very determined about her color preferences being grey, marine blue, and black – which the 
inventory study of her wardrobe also established in the first design engagement. During the 
third design engagement, this changed as she stated that her “new color [was] green” like 
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the one she had selected for her personalized jumper in the second design engagement. 
She showed what new items she had acquired in this color as a part of experiencing her 
newfound style expression. Just as employing the jumper prototype assisted the participants 
in speculating about using garments, the example of the insight of color preferences initiates 
speculation of how user involvement in the design process potentially contributes to 
empowerment and confidence about personal expressions: A speculation that also illustrates 
a potential for designers to focus to a greater extent on clothing that allows the user to take 
ownership of the expression during the design process and also through the everyday 
practices of use. 

The prototype reconsidered: from a means to an end 

What have we then gained from revisiting the terms of prototype and prototyping through 
Ravnløkke’s project? We think that we have come to see how much of what is learned from 
this project is deeply rooted in the particularity of possible worlds that comes about in the 
prototyping dialogues. The design artifacts brought into the dialogues afforded both an 
experiential exploration and an experimental probing into what worlds of living with design 
and use of customized jumpers could be, which in itself, offers a novel methodological 
approach to sustainable design and use.  

In retelling the project, we have sought to get closer to this knowledge produced in the 
dialogues. Rather than emphasizing data analysis and generalizable insights on, e.g., user 
preferences or design potentials, we have instead attempted to get at the particular narrative 
figures of fit, shape, tactility, etc., that emerge in the correspondence between the 
designer/researcher and user evolving through the experiential and experimental encounters 
with the artifacts.  
Table 1: Examples of modes of engagement in prototyping dialogues. 

Design 
engagement 

Material Performative Speculative 

Design artifact Scenario of 
engagement 

Possible world 

1. Use of 
knitwear 

Knitted samples 
and the user’s 
knitwear 
wardrobe 

Wardrobe interview What might be 
future design/use 
practices based on 
user needs and 
preferences? 

2. User 
involvement in 
knitwear 
design 

The artifact of 
customized 
knitwear design 

Shop-like setting 
and design choices 

What if the user is 
involved in the 
design process? 

3. Use of 
personalized 
jumpers 

The 
personalized 
jumpers 

Everyday outfit 
selection and 
wearing 

How might the user-
design relationship 
be in an open 
design process? 
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The table gives an overview of the modes of engagement in the three prototyping dialogues 
we have revisited in this text. While the overview clarifies the examples of the different 
modes, it also provides examples of the experiential and experimental qualities that are 
present across material, performative, and speculative manifestations of the prototyping 
dialogues. 

To come closer to what emerges in these dialogues and how experiential and experimental 
perspectives relate, we will return to the broad dictionary definition of the prototype as “an 
original model on which something is patterned,” we have throughout this paper sought to 
show how this original model becomes the result of an engagement between the 
designer/researcher and the user. Prototypes are present in each of the design 
engagements; they are not the means or design tactics that make the narrative figures 
emanate from the dialogues. On the contrary, the prototypes are these figures coming about 
in the dialectic between the experiential and the experimental aspects of the dialogues. 

The design artifacts occasion the experiential here-and-now that makes the narrative figures 
and representations accessible. Thus, the prototype is not a knitted sample, a drawing of 
shapes, or a full mock-up of a jumper, yet these artifacts in the dialogues come to embody 
speculative tales of imagined or real experiences that bring the design and use of knitwear 
together in novel configurations. In such tales, the physicality of samples, drawings, and 
exemplars certainly participate, but the particular coming together comes to life in the 
dialogue.  

In connection with this, we suggest that prototyping may productively be re-considered as the 
doing and thinking which emerge in the course of a dialogue. 

 
Figure 7: Prototyping dialogues. 

We will further argue that prototyping occurs in the dialogues when the engagement of both 
‘designer’ and ‘user’ encompasses the experimental and the experiential while opening up 
landscapes of possible design, connecting the here-and-now with a horizon of potentialities. 
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What is envisioned and enacted in the dialogues are figures of design and use entangled 
with the material, performative, and speculative manifestations of the interactions. The 
material and yet performative and speculative vibrancy of the encounters between designers 
and users are what caters for the emergence of a prototype as an original model (archetype) 
on which something can be patterned.  

Being open to this more nuanced and transformative understanding of what makes a 
prototype may assist designers/researchers to venture into the uncharted terrain of future 
sustainable practices of design and designing with a wider palette of evocative design 
artifacts and a broader repertoire for staging and learning from the collaborative encounters. 
In line with Redström’s argument that design theory is “unstable, fluid, and dynamic in 
character” (2017: 2), it may be useful to think of the prototype as such a theory of possible 
futures invoked through a dialectic of experiential and experimental modes of engagement 
with what such (yet to come) futures may entail.  
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Design Fiction Prototyping to tackle 
Societal Challenges and support Design 
for Sustainable Behaviours 

 
Mila Stepanovic, Independent Designer and Researcher  
 

Abstract  
This paper introduces a research project investigating the role of design fiction prototypes in design research 
and practice to tackle the Grand Societal Challenges, sustainable user behaviours, and the role of 
technologies in supporting the process of building thriving futures. Dealing with the pervasive technological 
development and increased demand on societal challenges, there is a need to imply critical reflection and 
take equal action at all levels of transformation. The potential of design research and practice to tackle 
societal challenges and influence human behaviour is well established. Technological artefacts actively 
shape ones being in the world, actions, experiences, and habits. The current tools and methods used in the 
design research and practice concerned with designing technologies to tackle human behaviour frame the 
user as merely an executor of a specific behavioural programme without considering the broader context in 
which an individual exists. The author describes a new critical approach used to generate two design fiction 
prototypes, engaging experts from different fields of study (neurosciences, social psychology, design 
research, behavioural design, digital design, and design for sustainability). This paper shows how such an 
approach can be integrated into design research and practice to anticipate unintended behavioural outcomes 
and the ethical implications behind using technology to trigger sustainable behaviours. The critical approach 
aims to shift the attention from purely cognitive aspects of human behaviour to experiential ones to 
understand how people make sense of the world and explore new social and interaction rituals that may lead 
users to adopt and preserve sustainable behavioural patterns and practices. The design fiction prototypes 
delivered throughout this research were tested in focus groups. In conclusion, the author reports the results 
from focus groups and discusses the benefits and limitations of such an approach. Finally, this paper 
introduces possible future developments. 
 
Sustainable Behaviours; Grand Societal Challenges; Technologies; Design Fiction Prototyping; Conscious 
Design  
 
People and societies are engaged in complex systems and events in the contemporary world, such 
as political and economic debates, conflicts, environmental issues, and rapid scientific and 
technological development. (Grand and Wiedmer, 2010)  

Haunted by the ideal of progress, societies often lack solutions for present problems. 
(Escobar, 2017) There is a need to imply critical reflection at all levels of transformation to 
deal with the complexity. (Berry, 1999)  

Design research and practice play an important role in the transformation toward more 
sustainable futures by providing the methods and tools to support the understanding of 
complex systems and engage the broader public in collective reflection and action.  

This paper introduces the research investigating the role of Design Fiction Prototyping as a 
tool to tackle Grand Societal Challenges (GSCs), sustainable user behaviours, and the role 
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of technology in building thriving futures. The author introduces the critical approach 
exploiting Design Fiction principles to support design researchers and practitioners in dealing 
with the complexity and adopting critical thinking when designing with and for technologies to 
tackle sustainable behaviours. The critical approach emphasizes the experiential dimension 
of human behaviour. Understanding how people make sense in and toward the world is 
essential to design the social and interaction rituals that can support the users to become 
more aware of the environment.  

Emerging Critical Design Practices (CDPs), such as Design Fiction, strive to generate social 
action through fictional projects to inspire real-world actions. (Dune and Raby, 2013)  

Design Fiction is speculating about the future through prototyping and storytelling. It is “the 
capacity to imagine and make concrete not yet existing products and services.” (IIstedt and 
Wangel, 2014) Design Fiction is a strategy for more explicitly attending to the feedback loop 
between fictional imagined futures and actual technology design. (Bleeker, 2010)  

The author shows how design research can benefit from design fiction prototyping and 
engages experts from different fields of study to generate envisioning scenarios on the future 
of technological artefacts to support sustainable behaviour addressing some of the most 
emerging societal challenges. These scenarios informed the development of design fiction 
prototypes, which were tested with users in focus groups.  

In the last part of this paper, the author introduces the results and discusses the critical 
approach exploiting the design fiction prototyping, its benefits and limitations. 

Background 

The foundations of this research lie in the intersection between the Design for Behavioural 
Change, Human-Computer Interaction (HCI), and Design Fiction.  

The current methods and tools used in the design and research on technologies to modify 
human behaviour (i.e., changing an individual's behaviour regarding health and wellbeing, 
work, safety, environment, and others) usually frame the user as merely an executor of a 
specific behavioural program without taking in account the changes in an individual's life 
circumstances and the outer world (social context). (Rapp, Tirassa, and Tirabeni, 2019)  

Recently, the scientific community recognised a need to rethink the current behavioural 
models, tools, and methods to shift the attention from purely cognitive and behavioural 
aspects to experiential interactions. Rapp et al. (2019) suggest that Phenomenology may 
offer a framework "for understanding how people make sense of  existence in and toward the 
world" and "allows for the expression of people's perspectives about a given phenomenon, 
trying to understand it within their universe of sense." Such an approach could change how 
technologies are designed to tackle human behaviour and grasp a broader context of events 
and actors when it comes to an understanding the individual in the world.  

Secondly, many ethical questions have been raised about technology's pervasive 
development and implementation. There is a demand for analysing the technologies and 
technological systems not as independent entities but as active participants in society. 
Technological artefacts are not neutral; they actively co-shape peoples' being in the world. 
(Verbeek, 2006) Finding approaches and methods to open the technology to a broader range 
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of interests and concerns "could lead to its redesign for greater compatibility with the human 
and natural limits on technical action." (Feenberg, 2005)  

The Human-Computer Interaction (HCI) field is increasing its interest in Design Fiction due to 
the pervasive development and integration of technologies and a need to question the ethical 
aspects and contextualisation of the technologies in the real world. Design Fiction prototypes 
typically "employ a culturally familiar form […] to depict, often in a mundane and matter-of-
fact way, imagined future products, services, or scenarios in order to tell story around them, 
and by doing so, pose questions." (Bleeker et al., 2022)  

Beyond imagining how the future looks and feels, some of the questions that design fiction 
prototypes may raise are: What are the potential implications of our choices? How might we 
change what we are doing to make the possible outcomes more desirable? (Bleeker et al., 
2022)  

An Introduction to Critical Approach exploiting Design Fiction principles 

The critical approach introduced in this paper is an output of the three-year research 
(November 2018 - November 2021) on using design fiction principles to trigger critical 
thinking and deliver a more conscious design of technologies to address sustainable 
behaviours and Grand Societal Challenges.  

The critical approach integrates the principles from Design Fiction to the already established 
methods used in design research and practice. These principles include building future 
scenarios and design fiction prototyping.  

Figure 1 illustrates how the Critical approach can be integrated with the traditional design 
and research process and methods to explore the feedback loop between the future and 
present and deliver a more conscious design of technologies.  

 
Figure 1: Critical approach to design technological artefacts to tackle sustainable behaviours illustrated by the author 

To support the design researchers and practitioners with the practical tools and methods 
throughout the critical approach, the author generates the Protocol for designing consciously 
and the Envisioning Tool. The Protocol for designing consciously and Envisioning Tool 
represents guidelines, methods, and tools to generate envisioning scenarios and materialize 
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them. The critical approach was developed for design researchers and practitioners 
operating within the sphere of product and service design.  

The Protocol for designing consciously is divided into four stages (Figure 2). Each stage 
applies the theories, tools, and methods from different fields of study (design research, 
philosophy of technology, HCI, social sciences, neurosciences, psychology). 

 
Figure 2: Protocol for designing consciously developed and designed by the author 

Envisioning Tool is a library of cards categorised into Tech Inspiration Cards (TICs) and 
Societal Inspiration Cards (SICs) (Figure 3). The Envisioning Tool draws on the popular 
narratives from the future – the Science Fiction Films – to trigger the critical discussion about 
the possible future scenarios and implications behind scientific and technological 
development (link to the library: https://milastepanovic.wixsite.com/df4ct/explore-all). The 
creation of the cards was supported by data scraping tools (Seealsology and InData) and 
desk research. The analysis through the cards is aimed at suspending disbelief about the 
future, questioning why the popular narratives are perceived in that way, and how much they 
are relying on scientific facts. (Kirby, 2010)   

https://milastepanovic.wixsite.com/df4ct/explore-all
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Figure 3: Envisioning tool exploiting Science Fiction films (TICs on left, SICs on right) developed and designed by the 
author 

Table 1 shows how the tasks are distributed throughout the Protocol for designing 
consciously to inform scenarios and which tools, theories, and methods are associated.  

STAGE OF THE 
PROTOCOL 

TASK TOOL/METHOD/THEORY 

1. Scraping and topic 
analysis 

Translating Grand l 
Challenges into future 
Design Challenges. 

EU agenda and SDGs, 
Societal Inspiration Cards 
– SICs (Author) 

2. Building the agency 
and scaling the issue 

Analyse the social and 
individual dimension of 
the future design 
challenge and 
interrelations between 
different actors involved 
in this scenario. 

Social-ecological model 
(originally developed by 
Chicago School), 
Doughnut Economy 
Model (Raworth, 2017), 
and Actants Mapping 
Canvas (Sznel and 
Lewan, 2020). 

3. Behavioural concern Plan the user 
behavioural outcomes 
and identify behavioural 
design strategies. 

Design with Intent 
(Lockton, Harrison and 
Stanton, 2010), Design for 
Sustainability Model 
(Loughborough University, 
2017), Product Impact 
Tool (Dorrestijn, 2017), 
Functional triad (Fogg, 
2009), Intention-Outcome 
matrix (Stibe and 
Cugelman, 2016) 

4. Tech mediation Anticipate the 
implications of the 
technology to trigger a 

Technological mediation 
(Verbeek, 2006), Tech 
Inspiration Cards – TICs 
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behavioural intervention 
translate behavioural 
design strategies into 
form and interactions 
(build mediations) of the 
product. 

(Author) 

Table 1: Stages, tools, methods and theories integrated into the Protocol for designing consciously  

Methods 

The research in question is established upon the Research Through Design (RtD) 
methodology, engaging the experts and users in the design research process and building 
the knowledge through making and interacting. (Zimmerman, Forlizzi, and Evenson, 2007) 
Bleeker et al. (2022) explain: “A prototype should set in motion constructive and collaborative 
investigation and debate, both through the process of its making and after the fact, as the 
design fiction circulates among its intended audience. […] Design Fiction should aspire to 
produce actionable provocations.” 

The author engages the experts in making processes and users as the audience to extend 
the discussion about the possible new interactions and artefacts to support sustainable 
behaviours. Researchers and designers can identify risks or untested assumptions through 
collaboration and mitigate them. In participatory practices, “Fictions have for instance been 
used when trying to elicit domain-specific insights from users, as in “Is this possible? What 
would happen if this technology/services/system was to exist?” (Lyckvi et al., 2018) 

Research Through Design 

Workshops with experts 

The critical approach was applied in two workshops with experts (researchers and 
professionals) from different fields of study: Human-Computer Interaction (HCI), Behavioural 
Design, Digital Design, Sustainable Design, Neurosciences, and Social Psychology.  

The objective of the workshops was to generate two envisioning scenarios (the year 2030) 
on the topics of Energy consumption and Water pollution. The workshops were held over two 
days (half a day each), and each workshop engaged different experts.  

In Table 2 author reports some of the insights from the workshops used to generate 
scenarios. 

TARGET 
BEHAVIOURS 

PERCIEVED 
BARRIERS 

BEHAVIOURAL 
STRATEGIES  

TECHNOLOGY PERCIEVED 
IMPLICATIONS 

WATER DOUGHNUT 

Establish 
aware 
consumer 
behaviours to 
prevent water 

Costs, 
infrastructure, 
perserving 
the desired 
behaviour 

Communicating 
through 
metaphors, 
Real-time 
feedback, 

Microplastic’s 
Sensors, AR, 
Mobile app  

Cognitive 
overwhelm, 
freedom of 
choice, data 
management 
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pollution 
through 
monitoring and 
dialogue with 
the 
environment. 

long in time Progress bars, 
Transparancy 
of the process, 
Kairos, 
Bundling, 
Possibility 
Trees 

and 
transparancy, 
survelliance 

THE ANIMAL 

Become 
independent in 
energetic 
sense through 
engagement of 
the community 
and 
implementation 
of new 
technologies. 

How to 
create a 
democratic 
system to 
motivate 
everyone in 
the 
community to 
harvest and 
share energy. 

 

Feedback 
through form, 
Communication 
through 
narratives, 
Transparancy 
of the process, 
Reciprocration 

AI, AR, 
robotics, 
bioreactors 

data 
management 
and 
transparency, 
Democratic use 
of energy 
(collection and 
sharing) 

Table 2: Insights from the workshops with experts used to generate envisioning scenarios 

Starting from the analysis conducted through the Protocol for designing consciously, experts 
and the author built the envisioning scenarios. The scenarios were structured in the following 
way:  

1. Narrative part describing the World in 2030 in relation to the specific 

topic; 

2. Technical and functional part describing the artefact: What is the 

artefact?  What does it do?  How does it work?  How it interacts with 

the user? How and where is used?;  

3. Analogies describing visually the artefact or the system of artefacts.  

Figures 4 and 5 illustrate two envisioning scenarios generated by the experts and the author.  

 
Figure 4: Envisioning scenario developed by the author in collaboration with experts on the topic Water Pollution 
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Figure 5: Envisioning scenario developed by the author in collaboration with experts on the topic Water Pollution 

Design Fiction Prototyping: Two Design Fiction Prototypes to tackle sustainable 
behaviours toward Energy consumption and Water pollution 

The prototyping activity took around one month and a half to complete the physical artefacts 
and postproduction (animated video).  

Water Doughnut is a design fiction prototype tackling the issue of water pollution. The design 
challenge was to monitor the water waste from microplastics, from the shopping cart to the 
final use of products in households. The concept represents a device able to detect the 
presence of microplastics in chemicals used in a home environment, placing it in kitchen and 
bathroom sinks, bathtubs, dishwashers, and washing machines. The system consists of 
small devices embedding sensors and a mobile app to scan the chemical products and 
create product libraries and consumer stories based on their purchase. The device uses a 
holographic avatar which appears from the device and speaks to the user. The Avatar is a 
fictional animal that travels from the future to the present and explains to the user how 
microplastics impact the rivers, seas, and oceans and gives feedback about his/her 
behaviour to prevent negative outcomes. (Figure 6)  
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Figure 6: Water Doughnut Design Fiction Prototype: excerpts from the video https://youtu.be/xth5rB5Mrlk 

The Animal is the second design fiction prototype tackling the issue of energy management 
and consumption. (Figure 7) The design challenge was reducing energy consumption 
through the new practices based on energetic independence. The scenario is about 
transforming organic waste into energy. This Design Fiction prototype explores how societies 
might change in the near future, moving toward rural areas and becoming independent in an 
energetic sense. The system consists of an independent robot for organic waste collection 
and a Totem for collecting the harvested waste and transforming it into energy for the 
community. The general idea is that each family has a sort of artificial Domestic Animal 
robot. Once the Animal is full, it goes to the Totem to fill it out. The Totem distributes the 
energy equally within the community. Besides, the Totem gives feedback about the energy to 
the community about the progress, distribution, and personal data to individuals. 

 
Figure 7: The Animal Design Fiction Prototype: excerpts from the video https://youtu.be/9XzDgswWcCw 

 
 
 

Focus Groups 

https://youtu.be/xth5rB5Mrlk
https://youtu.be/9XzDgswWcCw
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The focus group with users had as purpose to:  

4. Understand whether the values and strategies prescribed by the 

experts are embedded in the fictional artefacts to leverage 

technological trustworthiness, prevent the barriers that may impact 

human behaviour, contextualize the technology within the social 

sphere;  

5. Would these new interaction rituals and technologies support the 

users in becoming more environmentally aware and rethink their 

daily practices and habits?    

The author conducted two focus groups in September 2021. The evaluation methods applied 
in focus groups were open discussion and semi-structured questionnaires. There were 
twenty-one participants (divided into two sessions) aged 25 to 43. The participants were 
mainly selected based on their age and interest in sustainability practices, and they needed 
to possess a minimum of digital literacy. The participants needed to be users of digital 
technologies but not necessarily advanced levels. The participants watched the design fiction 
prototypes, participated in an open discussion and completed semi-structured 
questionnaires. The sessions were registered. In both sessions, the structure of the 
questionnaire was the same. The first section of the questionnaire evaluated the prototypes' 
interaction and formal aspects. Here the author investigates the acceptability of the artefacts 
and technologies by the user and if there are any constraints or barriers in terms of 
interaction rituals and integration of these artefacts within the social sphere that may prevent 
the user from adopting sustainable behavioural patterns. The second section of the 
questionnaire evaluated the prototypes' technological aspects as the trustworthiness, 
privacy, functional reliability of the implemented technology, and relationship between the 
technology, user, and other actors present in the environment. The questionnaires were 
framed into twenty-two questions: closed questions (20%), open questions (20%), and 
quantitative evaluation of different aspects of the prototypes on a scale from 0 to 5 (60%). 
The quantitative results were calculated on the data set's average and compared to the open 
and closed question answers. The data gathered from the questionnaire were analysed 
together with the scripts generated from the registrations. 

Results 

The findings from the discussion and questionnaires aimed at helping the researcher extend 
the understanding of human behaviour in relation to the world and identify the most 
appropriate behavioural strategies and how to embed them into the formal and interaction 
aspects of technological artefacts. 

The first focus group analysed and evaluated the Water Doughnut. The participants 
evaluated the interaction and formal aspects of this artefact as positive (evaluation 4,2/5). 
The participants appreciated, in particular, the part of the storytelling and the information 
provided by the avatar (metaphors). When it comes to the form of information provided by 
the artefacts, all the participants (100%) said that the relationship between the information 
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(real-time feedback, progress bars, possibility trees) and action (behaviour to modify) was 
clear. Some parts of the mobile app were less comprehensive than others, like data about 
the level of microplastics released in the home and the possibility of monitoring the device in 
real-time through the app (4/5). Most participants (80%) stated that this artefact is slightly 
demanding to use, for two reasons. The first is that the mobile app is complex. The issue is 
also that they would need to have several devices all over the home to measure accurately 
the release of microplastics. The social and individual benefits of using this artefact were 
evident to 90% of participants. They recognised educational aspect of this artefact. When it 
comes to implications, participants claimed two potential issues. The first is the politics 
regarding the producers and chemical companies because if this artefact suggests acquiring 
based on “this is a good product” and “this is a bad product”. However, it depends on how 
the environmental regulations will evolve by that time. Regarding the behavioural aspects, all 
participants (100%) believe that such an artefact may help them adopt sustainable 
behaviours regarding the water pollution.  

The second focus group analysed The Animal. Regarding the interaction and formal aspects 
of this artefact, the users evaluated it as relatively positive (3,9/5), and they found the 
artefacts’ functioning, feedforwards and feedback as comprehensive (4,4/5). Regarding the 
complexity of the artefact (general usability aspects of a system and service), more than half 
(60%) of the users did not find it demanding to use since the system is mainly autonomous; 
some of them found it slightly demanding (20%). In contrast, the rest (20%) found it 
demanding due to the maintenance and service concerns, integrating the Animal in the 
pedestrian zones, repair, and others. The fact that the users did not see any interface on the 
Animal made them bring some troubling conclusions, such as what if we need to turn it off for 
security reasons, but there is no way to interact; or what if the Animal is behaving in a 
strange, unexpected way and we do not know how to intervene. The users would like to 
establish a dialogue with the Animal because, according to them, it is risky to make it 
completely independent. All users agreed that the benefits are recognisable regarding the 
social and individual benefits. The benefits are particularly evident through the circularity of 
the system. 

Discussion  

Each of the two design fiction prototypes envision and anticipate a new application for the 
novel technology, scale and application for the existing technology, new interaction 
modalities and rituals, systems, services and products that could lead the users toward 
adopting more sustainable behaviours.  

The open discussion with the users helped the author understand how to generate new 
guidelines or refine and appropriate the existing ones to design technological artefacts and 
interactions to support sustainable behaviours. The open discussion raised questions about 
the trustworthiness and reliability of some systems, such as the duration of the robot's 
autonomy and the fact that the system is entirely automated in The Animal.  

In the case of the Water Doughnut emerged, some new questions and possible implications, 
such as the data collection and management, possible conflict of interest, and laws and 
policies regarding the chemical company's privacy, which were not embedded into the 
fictional artefact.  
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In both focus groups emerged new design spaces to explore further. For the Water 
Doughnut, users opened the possibility of monitoring the microplastics from the clothes – for 
instance, in the washing machine. The Animal triggered some ideas on how the communities 
could provide and facilitate the service to the citizens of rural communities.  

Both the traditional and design fiction prototypes are means of communication, and they are 
both oriented toward the future – something that does not exist yet. Nonetheless, their 
purpose in design research and practice differ. Compared to traditional prototyping, defined 
mainly by technical problems and searching for solutions to implement in the real world, 
design fiction prototyping offers new ways to engage with the complexity and understand the 
user's lived experiences. These prototypes have nothing to prove or test in a functional 
sense, and they do not have the ambition of becoming 'real'. These prototypes are 
actionable. They aim to engage experts and users in probing the new possibilities and 
alternatives, considering possible blind spots or untested assumptions, risks, and how to 
mitigate them rather than generating solutions. (Bleeker, et al. 2022)  

Compared to the other approaches, methods and tools addressing human behaviour, the 
critical approach with the Protocol for designing consciously and Envisioning Tool integrates 
a pluriversal perspective to analyse all the essential factors around sustainability, human 
behaviour, and technologies. The Protocol for designing consciously supports the analysis of 
human behaviour, sustainability, and the role of technologies through scaling the challenges 
and defining the actors engaged in building more thriving futures, the anticipation of negative 
behavioural outcomes and the ethical implications of technological implementation. Other 
tools and methods mentioned in this paper (i.e., Product Impact Tool, Design with Intent 
Tool, Functional Triad) provide a set of strategies and suggestions on how to integrate the 
technologies to support human behaviour. The critical approach differs from these tools 
because it is not framed around behavioural strategies. It proposes a new way of thinking 
about human behaviour and the environment in a larger context of events and actors to 
address the complexity and uncertainty.    

However, it is important to note several issues the author faced and annotated during the 
design and research process, the time and skills needed to realise design fiction prototypes. 
Creating design fiction prototypes requires skills such as prototyping physical artefacts, video 
making, postproduction, and animation. The time of the prototypes' production may vary due 
to how much the researchers and practitioners are skilled in using such techniques, which 
may negatively impact the scalability and economy of such an approach. 

Conclusions 

Building on the knowledge from different disciplines and areas within and beyond the design 
research, the author generates a future-oriented critical approach with the Protocol for 
designing consciously and Envisioning Tool. The approach was applied in design and 
research activities with experts to generate envisioning scenarios addressing the Grand 
Societal Challenges and sustainable behaviours. The objective was to imagine and 
materialise new technological artefacts and interaction rituals that may support the user in 
adopting more sustainable practices.  

In this paper, the author reports the results and insights from the focus group. The focus 
groups' results will be used to generate new design guidelines for designing technological 
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artefacts to support sustainable behaviours. These guidelines may inspire the creation of 
new design spaces, appropriate the artefacts in terms of artefact-human-environment 
interactions, anticipate and prevent the possible ethical and societal implications of 
technologies, and prevent unintentional behavioural outcomes. 

Further developments 

Further development of this research will consist in completing the work on generating new 
design spaces and guidelines for design for sustainable behaviours. The upcoming research 
will apply these guidelines to a design and research of a new technological artefacts and 
services in present. At this stage, the idea is to move from the abstractness to concreteness 
to generate the action and inspire innovation in present. This will include design of new 
technological artefacts and measuring its’ effectiveness in leveraging and sustaining the 
sustainable behavioural patterns in users long in time.  
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Abstract  
 
This paper describes the evolution of the concept of ‘design demonstrator’ in the field of industrial 
design which has been influenced by technological advancements and the increasing complexity of 
design problems. It compares it with the concept of ‘prototype’ from the perspective of the future 
conjecture. While both concepts aim to represent the designer’s imagination, there is a difference 
between them: unlike prototypes, demonstrators are conceptual in their focus and are used for 
communication purposes rather than evaluation (Bobbe et al., 2023). In design research, prototypes 
and demonstrators are used for the opposite goals: converging and diverging the research area 
respectively, which is crucial for ‘designerly’ 2nd order cybernetics approaches, research THROUGH 
design and research AS design (inaccessible, inwards) (Chow and Jonas, 2008). 
The study of demonstrators began with obtaining by the authors personal experiential knowledge 
through making a demonstrator for a client. The introspective reflection on it together with the 
analysis of an established set of demonstrators allowed them to narrow down the area of interest 
and formulate a working definition of a demonstrator as at least a partially physical one-off design 
object that facilitates the interests of designer, client, user, and technology, and communicate them 
to the audience in an interactive way. The authors suggest using the design practice perspective to 
study the conceptual nature of demonstrators and explore them as practice in line with associative, 
speculative, and critical design. This lens outlines the next direction of the research related to the 
aspect of ‘materialization of the future’. 
 
Demonstrator; prototype; design research; inaccessible research; design practice 

 

The most common understanding of the word 'prototype' is “the first of its kind — the 
first or preliminary model of something” (Sanders, 2013). In literature, it is a model 
used to describe, visualize, materialize, and test concepts to optimize them further until 
the desired result is achieved (Boeijen et al., 2020; King and Chang, 2016). With time it 
expanded from an intermediate result that precedes the final product to an important 
actor in every step of the design process. Prototypes can be of different forms, and 
resolutions (Söderman, 2001), they can play different roles (Houde and Hill, 1997), be 
used as filters or manifestations of the design idea (Lim et al., 2008), and address 
different objectives such as exploration, validation, specification, and communication 
(Verlinden, 2014). 

If design is an assertion about the future and the design process is a formalized 
intention of making it certain, then prototypes are materialized steps on this way. In the 
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late stages of the design process, they come very close to the final product. However, 
this is where the difference between them becomes blurry. During the work on Aramis, 
a guided transportation system developed in France, the engineers built five full-size 
capsules, a movable station, a control post, and a parking lot to check if their automatic 
coupling system works. Tests on a 1000m track and later, at the experimental station, 
were successful (RATP, n.d.). Engineers working on the project said that their 
prototype was ready to be launched on a bigger scale (Latour, 1996). However, Aramis 
never became part of the French transport system. If a prototype is ‘preliminary’, when 
does it become ‘final’? 

 
Figure 1. Aramis project in 1973 (left), 1980 (middle), and 1987 (right). 

This question becomes even more difficult when the design challenge is abstract. In 
this case, designer does not have a predetermined direction and does not know if they 
are designing a device, a car, or a stand till the end of the ideation phase. How is it 
possible to build a prototype that resembles the future reality if we cannot even 
describe it, let alone estimate how successful the design will be? The design task 
becomes a task of exploration and opening up the space of solutions that never 
existed before. This is where prototypes become demonstrators, an emerging notion, 
combining engineering, art, and design.  

The relationship between them, however, remains vague due to the lack of knowledge 
about demonstrators. In this paper, we will explore this relationship and highlight how it 
might contribute to design research. 

The evolution of the concept of demonstrator 

In the areas of industrial design and product development, prototypes are mostly 
physical: sketches, foam and paper mock-ups, clay models, etc., and the role they play 
usually depends on the stage of the project. Prototypes can serve as a basis for 
comparison of different design directions, reveal the context of use, support thinking, 
serve as a memory device, test design behavioral hypotheses, detects modeling 
discrepancies and errors, distill key parameters of interaction, and locate limits of use 
(McGarry, 2005). Prototypes are integral to the communication of the design product to 
team members, client, manufacturer, or its potential user. In these roles, prototypes 
are typically tailored to a specific group of people, such as a client or a user. As a 
result, they may significantly vary in their scope or resolution. However, when it is 
needed to communicate between multiple stakeholders and it becomes crucial to 
ensure that the message is conveyed clearly, prototypes might be ineffective. In fact, 
to serve as a medium, prototypes have evolved into a bunch of new concepts. 

Technology demonstrations have become necessary to effectively communicate 
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advanced technology to the broader audience, they serve to showcase the 
performance of various components and systems, as well as validate their 
effectiveness. As instruments of participatory discussion and exploration, prototypes 
advanced to provotypes and critical artifacts (Mogensen, 1992). A prototypical project 
that combines technical challenge with societal relevance to achieve radical 
improvements is known as a moonshot (Casadevall and Fang, 2016; Purmal et al., 
2016). Finally, there are demonstrators, that combine a little bit of everything in order 
to better convey and facilitate the message included (Moultrie, 2015). Recent studies 
notice though, that the difference between these concepts is operational: while 
prototypes are built to evaluate a hypothesis, the main goal of demonstrators is to 
communicate it (Figure 2)(Bobbe et al., 2023). 

 
Figure 2. The continuum between prototypes and demonstrators (see Bobbe et al., 2023). 

Historical cases 

We trace the origin of the term back to the 1960s to the famous “Demo or die!” when 
researchers at MIT Media Lab were looking for new ways of implementing innovative 
technology. They built demonstrators to show how their proposed solution should work 
so that everybody could experience it first-hand. The results could still be considered 
prototypes, as they were not meant to be manufactured and distributed to the general 
public, but they were also something more. The main innovations in their designs were 
not the products themselves, but the ways how to utilize new technology. The resulting 
objects were simply the embodiments of these scenarios. For example, a digital 
newspaper NewsPeek was the answer to the question “how can digitalization or VR 
change media?” It consisted of text blocks with highlighted areas that could provide 
personalized information on click (Media Lab, 1986); Dogmatic proposed how 
storytelling can work in highly immersive virtual reality, leaving the viewer to choose 
the direction of their experience (Figure 3)(Brand, 1988; Media Lab, 1995; Media Lab 
archive, n.d.). In addition to combining the previously unfamiliar digital realm with more 
customary analog processes, researchers also introduced concepts such as 
interactivity, accessibility, and information distribution. By opening multiple discussions, 
these demonstrators also explored the economic, moral, and philosophical aspects of 
free and ubiquitous information. 

In literature, the meaning of demonstrators primarily revolves around choosing the best 
technology to implement. They are a logical step between building a full-scale 
prototype and moving into production after estimating all costs and risks of using new 
technology.  
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Figure 3. Newspeek (left) and Dogmatic (right) projects by MIT Media Lab. 

Demonstrators are often carefully designed in research labs. For example, D1244, a 
high-rise building, was constructed at the University of Stuttgart specifically to test 
twelve types of façades under real conditions (2021). It is equipped with monitoring 
and adapting systems of sensors and actuators, that can detect and mitigate a wide 
range of disturbances. However, the building does not serve any other purpose 
besides demonstrating the reduction of maintenance resources. The goal of such 
projects is to evaluate the readiness of the technology to be applied in the industry. 
Therefore, researchers, studying technology demonstrators (or technology 
demonstrations, this term often can be found in literature), focus on aspects that 
facilitate this evaluation, such as performance and market acceptance (Stelvaga and 
Fortin, 2022).  

In turn, designers come to the development of demonstrators intuitively. Thus, 
exemplars that are found in portfolios of design studios are rarely called that. Design 
demonstrators (we introduce this term to distinguish another facet of the concept) often 
contain a complex story to tell. L'Artisan Électronique, a virtual pottery wheel designed 
by studio Unfold proposes a solution for digital making as well as explores the 
intersection between craft and industry (Figure 4) (Unfold Design Studio, 2010). Not 
only keep a beginner their hands clean while making a beautiful vase, but also they 
can ponder if this technology enhances craftsmanship or detracts from it. 

 
Figure 4. The facade (left) and the actuators' room (middle) of D1244 by the University of Stuttgart and l'Artisan 
Électronique by Unfold (right). 
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Demonstrators as sources of experiential knowledge 

Chow and Jonas highlight a second order cybernetic perspective in research methods, 
which represents a shift from an analytical perspective towards an experiential one 
(Table 1)(2008). However, to position themselves inside the design system, the 
researcher needs a skill set that differs from their usual non-interventional approach 
and includes empathy and intuition. With empathy, designers can connect to the 
design system, and collect and incorporate experiential data into the research process 
(Gasparini, 2015), while intuition navigates them through complex dynamic factors of it 
(Badke-Schaub and Eris, 2014).  

Design practice here plays both exploratory and confirmatory roles. Prototypes can 
give direction to new scientific knowledge (Stappers and Giaccardi, 2017), be a vehicle 
for theory building (Koskinen et al., 2011), and help establish critical areas of concern 
and judgment (Gaver, 2012). Due to their complex nature, demonstrators can be used 
as sources of tacit knowledge (Sviridova et al., 2022a). 

  
Table 1 The concepts of research in design according to the observer position (see Chow and Jonas, 2008). 

Prototypes are undoubtedly important parts of the process of developing a 
demonstrator. In our experience, though, the conditions and needs of making them are 
also intuitive. Probably, it happens due to the lack of knowledge of how to make a 
demonstrator. Fortunately, this lack of information can potentially lead to insights into 
the development of demonstrators if properly reflected. Schön talks about reflection on 
action that should happen after something was made to track intuitively made 
decisions and try to study their reasons and potential scenarios that were rejected 
during the thinking process (Schön, 1984). In other words, every time we make a 
prototype while working on a demonstrator, we should stop for a moment to ask 
ourselves what we are struggling with or what we are trying to test. 

Developing tools for conducting such research can potentially unlock access to the 
designer’s state of mind during the design process and the decision-making process 
that usually happens intuitively (Albers and Wiedner, 2011). These tools can reconnect 
designers with their experiential knowledge and bridge the gap between practice and 
theory (Figure 5). As this area is highly ambiguous, we look towards introspective 
practices and methods used in psychology that focus on subjective experience and 
can support the understanding of tacit aspects of creativity. Autoethnography can be 
helpful to track the design process and reflect on the connection that this process 
establishes with the designed object (Triantafylli and Bofylatos, 2019).  
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Psychology, in turn, offers a variety of methods, unorthodox for design research yet 
potentially helpful as they help people communicate with their inner voice. For 
example,  designers use empathy during the design process to consider the 
perspectives of different stakeholders to come up with an optimal solution. Methods 
that help designers reconnect with these perspectives such as Internal Family Systems 
(Schwartz, 1995; Sviridova et al., 2022a) can uncover implicit guiding principles, value 
systems, and enablers. 

 
Figure 5. Areas of design research that demonstrators might enhance. 

Without a clear understanding of what can be called a demonstrator and what cannot, 
it was impossible to collect enough exemplars for analysis and develop appropriate 
questions to interview designers who have worked on demonstrators intuitively. 
Therefore, to resolve the problem of a chicken and an egg, it was decided to first gain 
personal knowledge through design practice (Mäkelä, 2007). The authors of this paper 
were involved in the creation of a demonstrator for a client that has been already 
introduced to this notion. They developed an original optimization algorithm and 
wanted to explain its benefits to their potential customers, mostly chief officers in 
related companies, during the annual expo. Since the algorithm is pure mathematics 
and the audience was no experts in this area, the designers decided to focus on the 
application of the algorithm in several scenarios. To show the benefits and downsides 
of using their advanced method of optimization in comparison with the current one, the 
designers depicted both of them as competing cars. The result was a stand of two 
parts: a cabinet with a projector and a wall with physical relief, that resembled a 
famous local race track. The animation projected onto it demonstrated how the 
process of optimization depends on a possible scenario and how it influences the 
speed of the car and the distance it can cover. An expert from the client side would 
give more details during the animation (Figure 6, Figure 7). 

 
Figure 6. The process of adjusting the projection (left), the finished stand (middle), and the process of milling the 
relief (right). 
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Figure 7 The animation that was projected on the relief (left) and the source video (right). 

While working on the project, the designers made the decisions regarding this project 
intuitively. They have obtained expert knowledge on what a demonstrator should and 
should not be like, however, they could not articulate it. Unrolling back their design 
process, they noticed that they learned about the processes of sending and receiving 
messages as well as the role of tangible, visual, and audial aspects of them (Sviridova 
et al., 2021). Through this subjective experience, the researchers were able to 
formulate a working hypothesis that experts from research labs and independent 
design studios (not only working for client projects) obtain tacit knowledge of the 
characteristics of demonstrators that are sufficient to distinguish them from other 
design outcomes. In addition, they obtained a lens that allowed the selection of the 
experts for an interviewing. 

Finding common ground 

Being involved in the process of making an artifact gave a great boost to the research, 
providing it with experiential rich knowledge. This knowledge was implicit and 
subjective, therefore, hard to translate and generalize. In other words, the knowledge 
obtained was based on recognition and perception (knowing) without static knowledge 
(knowledge) (Mareis, 2012). However, when knowledge is internalized, it can be 
perceived as ‘intuition’ and can be demonstrated. According to Polanyi, we 
comprehend the entity by relying on our awareness of its particulars. Thus, if 
something has joint meaning to us, it is possible to detect its parts, for example, by 
methods of observations or associations (Polanyi, 1974). 

Thus, the next step was interviews with three experts, people who use the word 
“demonstrator” in their design practice. As they also bore only tacit knowledge of what 
a demonstrator is, repertory grid interviews were chosen to extract it. This method is 
used to get a description of how a person views the world, in their own terms. It is 
especially efficient in capturing professionals’ realm of discourse without contaminating 
it with the interviewer’s viewpoint (Jankowicz, 2003). 

Participants were asked to form a set of projects that they considered to be 
demonstrators. They were then presented with three randomly selected elements from 
their chosen sets and asked to describe what the first two elements had in common, as 
opposed to the third element. Based on their responses, the remaining elements were 
then rated according to the identified constructs. This approach is based on the 
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Personal Construct Theory by Kelly, which posits that a person’s reality is built upon 
contrasts rather than absolutes (1991). 

Each set consisted of 8-10 elements based on examples suggested by the interviewer. 
However, most of the elements were added by the participants. Surprisingly, the sets 
only partially overlapped and there was not a single element that was present in all 
three sets. The analysis showed that each participant’s repertoire — a list of constructs 
— highlighted a different aspect of what a demonstrator is (Table 2). These aspects 
were: technology, aesthetics, and communication. The only thing all three experts 
talked about was the tangibility of a demonstrator, although, each of them meant a 
certain aspect of it: the physicality of the object itself, the interaction it provides, or the 
tangibility of the message demonstrator conveys. 

Although it was still difficult to formulate direct questions for further interviews, the 
results of repertory grids provided insights for further steps of the research. The 
researchers were able to narrow down the area of interest by focusing on certain 
aspects, which were used as lenses to explore the importance of sensual and spiritual 
experience, appearance, and storytelling in designing demonstrators. 

 
Table 2. Examples of constructs elicited by the experts. 

Perspectives and directions of demonstrators 

Finally, a unified set of proposed demonstrators was analyzed, leading to the 
formulation of the four characteristics of a demonstrator, namely: 1) they convey a 
message; 2) they are designed for exposure; 3) they reflect the present, and 4) they 
are finished products (Sviridova et al., 2022b). These characteristics portray a very 
broad scope of demonstrators, including those that are closer to art objects, 
technology demonstrations, or advertisement projects (Figure 8). For research 
purposes, we narrow it down to product development and industrial design and will 
refer to it as ‘design demonstrators’. 

 
Figure 8 A set of demonstrators with subsets of art objects, advertisement projects, technology demonstrators, 
and demonstrators in product development. 
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Demonstrators can support designers in reflecting on their design activities and 
exploring new design spaces; furthermore, they are used as boundary objects during 
the development process to mediate communication between stakeholders (Smulders 
et al., 2008). Although, the understanding of boundary objects vastly differs from a 
material object to a word or even the Beatles(Star, 2010), on an organizational level 
even design can be considered as an interactive boundary object (Tharchen et al., 
2020). There is a discrepancy regarding their nature: when social sciences believe that 
boundary objects cannot be created, they only become ones when they establish a 
shared knowledge or context among different social groups (Carlile, 2002); other 
disciplines believe they can be made during participatory research (Groot and Abma, 
2021). We believe boundary objects can be built as a result of design activity and a 
particular way of facilitation is established during the design process, meaning, 
demonstrators can be designed in a particular way to serve as efficient boundary 
objects. 

Definition 

Making a demonstrator may be the best way to understand the notion, but we still need 
to develop a common language to have a constructive discussion. Thus, in product 
development and industrial design, we define a demonstrator as at least a partially 
physical one-off design object that facilitates the interests of designer, client, user, and 
technology, and communicate them to the audience in an interactive way.  

In this definition, the designer is someone who designs a demonstrator, which involves 
responsibility for both its appearance and functionality; the client is the individual who 
initiates the creation of a demonstrator, providing a reason or purpose for it (the client 
and the designer can be one person); the user is someone who is supposed to be 
interacting with a demonstrator, someone who designer has in mind when designing 
the ergonomics, usability, use case scenario, etc.; technology in its broadest 
understanding plays a crucial role in ‘thingifying’ an idea and transforming it to an 
object; the audience is those people who will eventually interact with the demonstrator 
and are the target of its message (such as visitors of the exhibition, policymakers, or 
fundraisers); finally, interaction refers to the dialogue created between a person and 
the demonstrator. This dialogue is both physical and emotional and is manifested 
through the interplay between form, function, and technology over time. 

This combination of actors is very similar to those in prototypes, however, there is a 
difference. First of all, prototypes are mere milestones on the way to the final result. 
They manifest a certain aspect of a design solution with a certain detailing. High-
resolution prototypes resemble a finished product and may serve more as a means of 
communication. In the case of novel technology, they would also address intangible 
aspects of it, such as user experience, social acceptance, or temporal effects. This is 
where the difference between the two notions becomes blurry and causes confusion. 

However, there is a very important actor in this scheme (Figure 9) that brings 
demonstrators closer to social sciences than engineering. Prototypes can be made 
solely for the designer, if they quickly need to test an idea, or explore possible forms, 
while demonstrators are always presented to the audience. Moreover, the message 
that this audience should be able to receive and interpret, often can be transferred in a 
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form of a presentation slide or an explainer interview. However, clients and designers 
choose a more interactive tangible representation, which connects demonstrators with 
the definition of New media given by Rice. He claims that studying new hardware 
technologies is necessary to study ‘interpersonal, intercultural, organizational’ and 
other types of communication (Rice, 1984). He also argues for empiric and experiential 
investigations of behaviors and impacts, building upon McLuhan’s idea that 
‘understanding of social and cultural range is impossible without a knowledge of the 
way media works as environments’ (McLuhan and Fiore, 1967). In this regard, 
studying demonstrators is another step in joining the worlds of communication and 
engineering research. 

 
Figure 9. Actors, involved in the development process and the process of use of demonstrator. 

Demonstrators are material implementation of stories that could happen right now, at 
the current technological level. They are objects of design fiction, described by 
Bleecker as “a conflation of design, science fact, and science fiction” (Bleecker, 2009). 
Demonstrators bring real experience, such as a ride on a 3d-printed metal bike 
(Boruslawski, 2016), assembling parts in augmented reality (ground-eight.com, n.d.), 
or demining a region with a large wind toy (Minekafon.org, n.d.) even if they are, in 
fact, fictional: 3d-metal printers are far from domestic use, the range of details one can 
assemble is limited, and a giant tumbleweed is highly ineffective (Figure 10). Yet, 
designing allows us to imagine the future, criticize and reflect on what we have now, 
and suggest desirable scenarios. Demonstrators unite speculation with pragmatism, 
stimulating discussion that applies to a wide audience and opening up diverse 
communication, technological, and societal problems. 

 
Figure 10. Arc Bike by MX3D (left), AR Headset by Ground Eight (middle), and Mine Kafon by Massoud and 
Mahmud Hassani (right). 
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We find demonstrators to be in-between the space between “proto” and “real” as they 
resemble an idea yet do not aim to become an industry standard. A boundary object 
that can be designed, unlike the common interpretation of Star’s concept, to decrease 
the distance between the user and the innovation and start a discussion about how we 
can benefit from it. 

Demonstrators as design representations 

Unlike prototypes, demonstrators are conceptual in their focus. They are designed for 
a general audience and aim to draw attention to a certain topic, although, in a quite 
broad sense. That said, they can be studied as an alternative practice to traditional 
industrial design, in line with critical design practice. Introducing the notion of critical 
design, Dunne argues how it is different from art, yet dependable on it, because “to 
bring object function as criticism, one must move closer to the world of fine art” 
(Dunne, 1999), just like demonstrators are different yet dependable on prototypes. He 
attributes it to the difficulty of conducting such research within the design profession. 
Indeed, at that time design research was trying to find its way within a scientific 
paradigm, denying designerly ways of knowing through making until Jones admitted 
that it needs professionals with developed skills of intuition and informed knowledge to 
challenge the increasing level of complexity of problems (1992). 

Malpass identifies three categories of critical practices: associative, speculative, and 
critical (2017). They differ in what they focus on, the method they use to tell the 
narrative, and how far they look into the future. Critical design focuses on present 
social, cultural, and ethical implications and through mechanisms of defamiliarization 
extends the distance from the designer to the viewer, leaving him a space for 
interpretation. Speculative design puts scientific and technological trends in everyday 
context to explore the role industrial and product design plays in bringing innovations 
to our houses. Lastly, associative design is directed towards design as a discipline in 
order to challenge current design norms by questioning their methods, traditions, and 
values. 

Design for demonstrators focuses on a message to convey to the audience. Unlike 
critical and speculative design, this message is not a critique but rather a proposal. 
While both practices look into the distant future and warn of potential consequences, 
demonstrators focus on the present tools available and offer practical solutions for 
discussion. Malpass ranges critical practices by the type of satire they use to better 
convey the proposed scenario from a subtle Horatian to a strong Juvenalian. The first 
operates through mild humor and parody while the latter is more contemptuous and 
allegorical (Malpass, 2017). Putting demonstrators at the beginning of this row, we 
would say they use optimistic provocation since their goal is to shorten the distance 
between the problem and the audience through the proposed solution (Figure 11). 
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Figure 11. Demonstrators on the timeframe of critical design practices. Based on Dunne and Raby (2013). 

Not surprisingly, the research of critical practices comes from practice to theory. It is 
necessary to have a critical number of objects to develop a theoretical underpinning. 
Needless to say, it was essential to formulate a preliminary definition of demonstrators 
to start forming a valid repository. Thus, in the future other aspects of demonstrators 
could be identified. 

Discussion and conclusions 

While the notion of ‘demonstrator’ has historically developed from that of the 
‘prototype’, it is important to formulate the difference. The demarcation line between 
them lies where the expected outcome shifts from focusing on one aspect of the 
design solution to the conceptual environment around it. In between lays the spectrum 
of ‘technological demonstration’, which may be too general to be called a prototype yet 
not interactive and storytelling-driven enough to be considered a demonstrator. While it 
is important to recognize the difference between these concepts, we believe it is also 
important to study demonstrators from the perspective of conceptual design practice, 
in line with associative, speculative, and critical design. 

To understand how demonstrators can address complex design problems and 
contribute to design research, it is first necessary to frame them within the design 
research context through insights gained by personal experience, expert knowledge, 
and analysis of a set of examples. They were defined as at least partially physical one-
off design object that facilitates the interests of designer, client, user, and technology, 
and communicate them to the audience in an interactive way. 

Prototypes and demonstrators aim to assert about the future: prototypes materialize ‘a 
thing’, demonstrators — ‘about a thing’. Both concepts are rather mysterious as they 
try to depict something that never existed before and will never exist in exactly the 
same as the depicted way in the future. However, designers use empathy and intuition 
to establish the necessary actions, which, if carefully followed, make their design a 
reality. Researchers can follow their lead to study these not-yet-made steps resulting in 
not-yet-existed objects. Demonstrators and prototypes can both be tools for it, 
replacing and complementing each other depending on whether the research scope 
needs to be focused or expanded. 
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The use of prototypes in design research narrows the scope down, while 
demonstrators open it up. The potential use of both notions in the development of the 
second generation of design research methods, namely ‘research THROUGH design’ 
and ‘research AS design’, lies in studying the experiential and intuitive knowledge 
obtained by designers during the process of developing demonstrators. To develop 
appropriate tools for this, we believe the research should advance in studying how to 
apply methods of introspection. In addition to that, in our future research, we will try to 
identify and study the components of demonstrators and their design process based 
on the given definition.   
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