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Abstract

Shape-changing interfaces (SCIs) are challenging to prototype due to the wide va-
riety of actuators, materials, and fabrication techniques involved. Although nu-
merous SCI toolkits have been proposed to lower this barrier, little is known about
their adoption within the research community. We conducted an initial survey of
SCI researchers (𝑛 = 73) and found that toolkit adoption is uncommon: only 15
respondents had used an existing toolkit, and only three had rebuilt one. Partici-
pants primarily attributed this to the time required to reproduce toolkits and their
application-specific designs. Motivated by these findings, we present Craftables, a
paper prototyping-inspired toolkit for the early-stage development of SCIs. Crafta-
bles is designed to be easy to manufacture and supports the rapid construction of
actuated interface prototypes for both experts and non-experts. A workshop-based
evaluation indicates that participants were able to rapidly assemble the toolkit and
create functional actuated prototypes while identifying opportunities for further
refinement.
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Überblick

Die Entwicklung von Shape-Changing Interfaces (SCIs) ist aufgrund der großen
Vielfalt an Aktoren, Materialien und Fertigungstechniken mit hohem Aufwand
verbunden. Obwohl zahlreiche SCI-Toolkits entwickelt wurden, um diese Hürde
zu senken, ist über deren Verbreitung innerhalb der Forschungsgemeinschaft bis-
lang wenig bekannt. Daher führten wir eine erste Umfrage unter SCI-Forschenden
(𝑛 = 73) durch und stellten fest, dass bestehende Toolkits nur selten genutzt wer-
den: Lediglich 15 Befragte hatten bereits ein bestehendes Toolkit verwendet, und
nur drei hatten eines nachgebaut. Als Hauptgründe nannten die Teilnehmenden
den hohen Aufwand für den Nachbau sowie die starke Spezialisierung bestehen-
der Toolkits auf bestimmte Anwendungsfälle. Motiviert durch diese Erkenntnisse
stellen wir Craftables vor, ein an Papierprototyping angelehntes Toolkit für die frühe
Entwicklung von SCIs. Craftables wurde so konzipiert, dass es einfach herzustellen
ist und sowohl Expert:innen als auch Nicht-Expert:innen die schnelle Entwick-
lung aktiver Interface-Prototypen ermöglicht. Eine workshopbasierte Evaluation
zeigt, dass die Teilnehmenden das Toolkit schnell zusammenbauen und damit
funktionsfähige aktorische Prototypen erstellen konnten. Gleichzeitig konnten
Verbesserungspotenziale für zukünftige Versionen des Toolkits identifiziert wer-
den.
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Conventions & Tools

Throughout this thesis we use the following conventions:

• The thesis is written in American English.

• The first person is written in plural form.

DEFINITION:
A definition is a precise statement of what something is.

DESIGN GOAL:
This thesis should be as comprehensible as possible.

EXCURSUS:
The word excursus comes directly from the Latin excur-
sus, meaning "a running out" . It is derived from: ex-,
"out of" and currere, "to run".

KEY TAKEAWAYS:
There are colored boxes, with text in it.

Where appropriate, paragraphs are summarized by one or This is a summary of a

paragraph.two sentences that are positioned at the margin of the page.

Use of Software and AI Tools: In this thesis AI tools where
used for writing support, translation and proof reading.
Furthermore we used FreeCAD 1.1 to design CAD models.
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Chapter 1

Introduction

“The hands are the instruments of
man’s intelligence.”

—Maria Montessori
(referring to all humans)

Humans interact with and understand the physical world
through direct manipulation of three-dimensional objects,
yet many everyday interactions with digital systems re-
main confined to two-dimensional displays.

Despite this mismatch in dimensionality, screen-based in- Displays dominate

Human-Computer-

Interaction (HCI) as

they are versatile and

dynamic.

terfaces remain the dominant interaction paradigm [Zuck-
erman and Gal-Oz, 2013]. Their versatility, combined with
input devices such as keyboards, mice, and touchscreens,
enables users to create, manipulate, and access a wide
range of digital content. While screen-based systems can
represent a wide range of dynamic states and affordances,
they can only simulate material properties such as texture
or weight rather than provide direct physical interaction
with them.



2 1 Introduction

EXCURSUS | AFFORDANCES:
The term affordances in HCI describes perceived ac-
tion possibilities that an object offers to an actor [Nor-
man, 2013]. For example, a small ball might afford being
thrown. Affordances depend not only on the properties
of the object, but also on the actor. For instance, a small
ball may afford kicking for a soccer player, while it may
afford throwing for a baseball player.

To bridge the gap between digital information and theTangible User

Interfaces couple digital

information with

physical artifacts.

physical world, Ishii and Ullmer [1997] introduced Tangi-
ble User Interfaces (TUIs) as an alternative to the Graphical
User Interfaces (GUIs). TUIs aim to couple digital informa-
tion with physical artifacts, enabling interaction through
the direct manipulation of physical objects, which was
shown to provide cognitive and perceptual benefits [Klem-
mer et al., 2006] and often be prefered by users [Zuckerman
and Gal-Oz, 2013].

Shape-changing interfaces (SCIs) extend this line of workShape-changing

interfaces combine the

dynamic nature of

screens with the haptics

of tangible user

interfaces through

physical shape change.

by combining the dynamic nature of GUIs with the physical
embodiment of TUIs [Rasmussen et al., 2012; Sturdee and
Alexander, 2018]. Rather than relying solely on visual out-
put, these interfaces can dynamically alter their shape, tex-
ture, orientation, or size to communicate information and
provide dynamic physical affordances. Examples include
shape-changing displays [Follmer et al., 2013; Leithinger
and Ishii, 2010; Yehoshua Wald and Zuckerman, 2021],
shape-changing mobile phones [Gomes et al., 2013; Hem-
mert et al., 2010a,b; Roudaut et al., 2013], and room-
sized installations [Oosterhuis and Biloria, 2008; Suzuki
et al., 2020]. Similar to virtual and augmented reality, SCIs
broaden the ways in which users can interact with digital
information, moving beyond the purely graphical interac-
tions characteristic of traditional WIMP (Windows, Icons,
Menus, Pointer) interfaces [Fechter et al., 2022; Rasmussen
et al., 2012].

Although SCIs offer significant potential, they remain chal-SCIs are challenging to

design. lenging to design and develop [Alexander et al., 2018].
Unlike GUIs, which benefit from established prototyping
workflows ranging from sketches and paper prototypes to
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high-fidelity digital mockups, SCIs often require functional
physical artifacts even in early design stages. The inte-
gration of various actuation technologies such as shape-
memory alloys, pneumatic systems, hydraulic systems,
and electromechanical actuators makes development time-
consuming and technically demanding. To lower this bar- Shape-changing toolkits

lower the barrier of

implementation of SCIs.

rier of implementation, researchers have proposed a va-
riety of prototyping toolkits [Coelho et al., 2008; Hardy
et al., 2015; Nakagaki et al., 2016; Yehoshua Wald and Zuck-
erman, 2021; Zhou et al., 2025]. Once acquired, such toolk-
its enable experts and, in many cases, non-experts to build
SCIs more rapidly [Alexander et al., 2018]. Existing ap-
proaches range from rapid prototyping toolkits such as
ShapeClip [2015] to toolkits which enable more sophisti-
cated prototypes like XStrings [2025].
Given the diversity of SCIs, no single toolkit can address
all application scenarios. Consequently, the development
of versatile prototyping tools has been identified as a key
challenge for the field [Alexander et al., 2018]. Despite But the conducted

survey indicates that

toolkits are rarely used

in the SCI community.

broad agreement on the importance of prototyping toolk-
its, little is known about their adoption in practice. While
these toolkits are intended to reduce the effort required to
prototype SCIs, reproducing and implementing the toolkits
themselves may present technical and practical challenges.
To better understand their role in the design process, we
conducted a survey of SCI researchers prior to the develop-
ment of Craftables. Our results indicate that existing toolkits
are used only to a very limited extent. Participants reported
that many toolkits are highly specialized and require con-
siderable time to implement, suggesting that the replication
of the toolkits themselves may constitute a significant bar-
rier to their adoption.

Motivated by these findings, we developed the easy-to- Craftables is easy to

manufacture and allows

crafting of SCIs.

replicate shape-changing toolkit Craftables. Craftables en-
ables rapid prototyping of SCIs providing the same practi-
cal advantages that paper prototyping offers for GUIs: fast,
widely available, and low-cost exploration of early-stage
design ideas. It enables experts and non-experts to rapidly
iterate on and compare different design implementations
in a hands-on, crafting-like workflow. Dynamic behavior is
realized purely mechanical, enabling interactive prototypes
without electronics or specialized technical expertise. The
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tools and materials needed to build Craftables (3D printers,
TPU filament, and PTFE Bowden tubes used in 3D print-
ers) are typically available in most research labs or maker
spaces, allowing initial trials without the need to order
components. Similar to paper prototypes for GUIs, Crafta-
bles supports quick construction and modification of early
designs in a crafting-like workflow. This early-stage ex-
ploration also helps define requirements for later systems,
such as actuation type, size, speed, and form factor, thereby
guiding the selection of appropriate actuation mechanisms
in subsequent implementations.

KEY TAKEAWAY | INTRODUCTION:
This thesis contributes (1) Craftables, a rapid, widely
available, and easily reproducible paper prototyping-
like toolkit designed to support early-stage exploration
of SCIs and (2) an initial investigation of current toolkit
adoption within the SCI community.

1.1 Outline

The remainder of this thesis is structured as follows. Chap-
ter 2 “Related Work”, reviews existing research on SCIs,
SCTs, and early-stage prototyping of SCIs. Based on this
review, a potential research gap is identified. Chapter 3
“Survey on Use of Toolkits”, presents the results of a survey
conducted to further motivate the development of Crafta-
bles and to investigate the extent to which existing SCIs are
adopted by researchers and designers, as well as the barri-
ers that limit their adoption.

Chapter 4 “Presentation of Craftables”, introduces the
Craftables toolkit, describing its components, functionality,
workflows, and example applications. Chapter 5 “Design
of Craftables”, discusses the underlying design principles
and concepts that guided the development of the toolkit
and may support future extensions by researchers and de-
signers.
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Chapter 6 “Evaluation Workshop” evaluates Craftables
through small workshops involving pairs of participants.
The findings are used to assess the toolkit’s strengths and
limitations and to identify opportunities for future im-
provements.

Finally, Chapter 7 “Conclusion” summarizes the contribu-
tions and limitations of this work, and discusses future
directions for the field, including the potential value of a
centralized knowledge base for SCI research and actuation
technologies to support researchers and designers.
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Chapter 2

Related Work

2.1 Shape-Changing Interfaces

Following the brief introduction of SCIs in Chapter 1 “In-
troduction”, this chapter provides a clear definition of SCIs,
explains the taxonomies used, and illustrates the diversity
of interfaces through examples. Furthermore, the current
state and challenges of the research field are presented, in
particular its complex and slow development and manu-
facturing processes. In the last two sections, we refer to
two complementary solutions to improve and simplify the
development process of SCIs: toolkits and Kintetic SketchUp
[Parkes and Ishii, 2009].

2.1.1 Definition and Characteristics of SCIs

An informal definition of shape-changing interfaces is al-
ready given by the name itself: interfaces that are able to
change their shape.1 A more precise definition was formu-
lated by Alexander et al. [2018].

1 As "naming things" is allegedly one of the hardest things to do in
computer science, this is quite an accomplishment.
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DEFINITION | SHAPE-CHANGING INTERFACES:
Alexander et al. [2018] define a SCI as:

1. using physical changes in shape or materiality as
input and/or output,

2. being interactive and computationally controlled,

3. being self-actuated and/or user-actuated,

4. conveying information, meaning, or affect.

By proposing this definition, Alexander et al. [2018] explic-
itly expanded earlier definitions. Poupyrev et al. [2007]
compiled an overview of actuated tangible interfaces,
primarily early shape-changing displays, and used an
actuation-based definition corresponding to criterion (3).
Rasmussen et al. [2012] understood SCIs mainly as mov-
ing, changing input and/or output devices, corresponding
to criterion (1). However, it is important to note that prior
work before Alexander often implied the remaining crite-
ria. For example, criterion (4) was not explicitly mentioned
but was generally assumed.

In addition to Alexander et al. [2018], other importantSeveral important

comprehensive reviews

have been published

over the past fifteen

years.

overview work has been conducted. Coelho and Zigel-
baum [2011] investigated existing shape-changing materi-
als, such as shape memory alloys, shape memory polymers,
and Terfenol-D, and listed their relevant properties, includ-
ing input stimulus, number of memory states, reversibility,
speed, and resolution.

EXCURSUS | SHAPE-CHANGING MATERIALS:
As an alternative to mechanical actuation, smart mate-
rials are being investigated for SCIs. Such smart mate-
rials change their physical form in response to external
stimuli. While these materials enable compact and of-
ten silent actuation, they typically require specialized
fabrication.

Two years later, Rasmussen et al. (2012) categorized exist-
ing SCIs and defined eight different kinds of shape change



2.1 Shape-Changing Interfaces 96 2 Theoretical Background

Figure 2.1: The figure shows the taxonomy that categorizes the different types
of shape change. Image taken from Rasmussen et al. [2012]. The examples in
the figure are from the following sources (from left to right): Togler et al. [2009];
Horev [2006], Kim et al. [2008]; Leithinger and Ishii [2010]; Jansen [2010]; BMW
Museum; Blob Motility; Coelho and Maes [2009].

wide range of possible physical transformations and inter-
action purposes. Their work mapped different types of de-
formation and interaction characteristics, while also high-
lighting open challenges and research gaps within the field.

One important aspect of this taxonomy is the identificationDifferent deformation

types imply different

prototyping

requirements.

of distinct deformation types. These include orientation,
form, volume, texture, viscosity and spatiality. These types of
shape change are illustrated in Figure 2.1.

Such distinctions are not only descriptive categories. Each
type of transformation implies different mechanical re-
quirements, material properties, and actuation strategies.
A system designed to change curvature requires flexible
substrates and distributed force application, whereas a sys-
tem for volumetric expansion may rely on pneumatic or in-
flatable mechanisms. In this sense, design taxonomies al-
ready reveal technical implications that directly influence
implementation and prototyping decisions.

Figure 2.1: Eight types of shape change proposed by Rasmussen et al. [2012]. Later
work by Sturdee and Alexander [2018] refined this taxonomy by merging several
categories, e.g. spatiality and texture merged together as resolution.

(orientation, form, volume, texture, viscosity, spatiality,
adding/subtracting, and permeability), which can be seen
in Figure 2.1 (from the original publication).

More recent work by Sturdee and Alexander [2018] an- Recent work slowly

converges previous SCI

taxonomies.

alyzed the evolution of taxonomies in SCI research and
proposed a convergence of prior work into five kinds of
shape-change: spatial, orientation/path, resolution, mate-
riality, and divisibility. Additionally, they listed and cat-
egorized existing 84 prototyping as actuated, liquid, mal-
leable, paper & cloth, bendable, elastic & inflatable, and
hybrid prototypes, together with characteristics such as in-
put/output capabilities, number of users, control mecha-
nisms, and much more, providing a valuable overview of
the current state of the research field.

2.1.2 Diversity of Shape-Changing Interfaces

The breadth of existing taxonomies already suggests the di-
versity of SCIs. However, the variety of developed systems
becomes even more apparent when considering the range
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of scales, application domains, and shape-change mecha-
nisms represented in the literature.

SCIs span several orders of magnitude in size. At theExisting prototypes of

SCIs are extremely

divers regarding size,

application domains

and underlying

mechanisms.

architectural scale, the Aegis Hyposurface [2001] is an in-
teractive wall installation measuring approximately eight
by seven meters, capable of dynamically deforming its
surface in response to environmental stimuli. Origami-
Walls [2026] represents shape change at a human scale, ex-
ploring robotic partition systems that can physically recon-
figure workspaces through large-scale folding transforma-
tions. At a smaller scale, systems such as Relief [2010]
or inForm [2013] employ tabletop shape displays consist-
ing of actuated pin arrays that physically represent dig-
ital information. At the handheld scale, Shape-Changing
Mobiles [2010a] explores the use cases of a tilting mobile
phone. Examples for unconventional interaction concepts
are Claytric Surfaces [2012] a malleable interface capable of
dynamically controlling stiffness, and Fl.UIs [2015] a liquid
unpowered touch surface, using computer vision to indi-
cate small changes in the fluid surface to detect touch.

These examples represent only a small fraction of the sys-Diversity of SCIs comes

with challenges. tems explored by the SCI community. Together with the
taxonomies presented in the previous section, they illus-
trate the remarkable breadth of the field, encompassing a
wide range of scales, materials, technologies, interaction
techniques, and application domains. This breadth makes
SCIs powerful as they explore not one new way of interac-
tion; but also comes with some challenges.

2.1.3 Prototyping Challenges in SCI Research

The influential works of Rasmussen et al. [2012] andIn 2018, 12 grand

challenges of SCI

research were

identified.

Alexander et al. [2018] summarize several key challenges
within the field of SCIs. Some of these challenges can be
informally paraphrased as: "What are the applications of
SCIs?" [Rasmussen et al., 2012], "How can SCIs be regulated
to ensure safety without hindering innovation?" [Alexan-
der et al., 2018], and "How do users experience SCIs?".
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As Alexander et al. [2018] identify twelve grand challenges
across the four areas of society, user behavior, design, and
technology, this thesis focuses on the latter area, which is
most relevant to the presented work.

Research in interactive computing typically requires exper- Developing SCIs

requires skills beyond

the typical strengths of

HCI researchers.

tise in software development and basic electronics [Alexan-
der et al., 2018]. However, due to the highly technology-
driven nature of SCI research, prototyping often becomes
considerably more complex and may require knowledge
of actuation technologies, materials, fabrication techniques,
and embedded systems. Although works such as Taher
et al. [2017] provide comprehensive overviews of actua-
tor technologies and their properties, building SCI proto-
types remains challenging, time-consuming, and resource-
intensive.

Two complementary approaches have emerged to address Toolkits and a focus on

early-stage

development could

ease SCI development.

these challenges. The first is the development of toolkits
that lower technical barriers and simplify implementation.
The second draws on established early-stage design prac-
tices from HCI, such as sketching and paper prototyping,
to facilitate ideation and concept exploration before invest-
ing in fully functional prototypes. Both approaches are dis-
cussed in the following sections.

2.1.4 Toolkits for SCIs

For Greenberg [2007], the common and defining feature of
a HCI toolkit is that it packages interface design concepts
in a way that helps programmers or designers implement
their ideas. This broad definition includes software devel-
opment kits, APIs, widget sets, interface builders, and de-
velopment environments. A more recent definition by Ledo
et al. [2018] incorporates the diverse purposes that toolkits
can serve:
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DEFINITION | HCI TOOLKIT:
Toolkits are "generative platforms designed to create
new interactive artifacts, provide easy access to com-
plex algorithms, enable fast prototyping of software
and hardware interfaces, and/or enable creative explo-
ration of design spaces." [Ledo et al., 2018]

While these definition was developed for HCI toolkitsShape-changing toolkits

(SCTs)are generative

platforms designed to

enable fast prototyping

and enable exploration

of design space.

in general, it also helps understanding toolkits devel-
oped specifically for SCIs. As SCI research is inherently
hardware-oriented and prototyping remains challenging,
shape-changing toolkits (SCTs) aim to facilitate the devel-
opment process by enabling fast prototyping and/or cre-
ative exploration of design spaces. Alexander et al. [2018]
summarizes the essence of such toolkits as their ability to
"dramatically lower the barrier to implementation".

As a consequence of the diversity of SCIs, a similarly di-SCTs are as diverse as

SCIs, varying in scale,

actuator technology,

and other

characteristics.

verse ecosystem of SCTs has emerged. Some dimensions of
diversity are directly inherited from the interfaces they sup-
port. For example, SCTs span a wide range of scales and ac-
tuation technologies. At one end of the spectrum, Robotec-
ture [2025] provides self-lifting actuated beams that enable
the construction of room-scale shape-changing structures
using motorized actuation. At the other end, bioLogic [2015]
employs living Bacillus subtilis natto cells as humidity-
sensitive nanoactuators to create responsive structures at
scales below a few centimeters.

The diversity of SCTs is also reflected in the actuator tech-
nologies they employ. Bosu [Parkes and Ishii, 2010] explores
the use of shape-memory alloys as smart materials for cre-
ating SCIs with playback functionality and remote manipu-
lation. Pneumatic actuation is used in systems such as Mor-
pheesPlug [Kim et al., 2021], which enables the creation of
soft pneumatically actuated SCIs that can be fabricated as a
single TPU print on a standard 3D printer.

Beyond scale and actuation technology, SCTs differ alongSCTs differ regarding

workflow and

fabrication effort.

several additional dimensions that are specific to SCTs not
SCIs in general. In the following, we identify two comple-
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mentary dimensions that characterize SCTs: the workflow
paradigm and the fabrication effort required replicate.

Workflow paradigm. We introduce a useful distinction We distinguish between

physical and

digital-to-physical

toolkits, depending on

whether the design

process takes place in

the physical or digital

world.

between two common workflow paradigms in SCTs: phys-
ical toolkits and digital-to-physical toolkits. To the best of our
knowledge this distinction has not been used explicitly in
the existing SCI literature, although related differences are
often implicitly present.

This distinction describes where the primary design activ-
ity takes place. In physical toolkits, designers construct and
modify SCIs directly in the physical world using reusable
components. In digital-to-physical toolkits, the design is
first created in a digital environment and then realized
through fabrication. While both approaches result in phys-
ical shape-changing artifacts, they differ in how and where
design decisions are made.

WORKFLOW PARADIGMS IN SCTS:
Physical toolkits support SCI design through direct
manipulation of reusable physical components in the
physical world.
Digital-to-physical toolkits support SCI design in a
digital environment, where the final artifact is fabri-
cated as a dedicated physical implementation.

Examples of physical toolkits include Topobo [2008], Robo- Examples of toolkits

categorized under the

proposed taxonomy.

tecture [2025], Shape-Clip [2015], LiftTiles [2020], and
Bosu [2010], where modular or semi-modular components
are assembled into reconfigurable shape-changing systems.
Digital-to-physical toolkits include MorpheesPlug [2021],
ElectriPop [2022], and X-Strings [2025], where the design
process takes place digitally and results in a fabricated ar-
tifact that is not intended for reuse or reconfiguration. Ex-
amples are shown in Figure 2.2

It must be noted that this classification is not strict as there The categorization is

not strict, as some

toolkits span both

groups.

exist exceptions. Otaran et al. [2025] presented a toolkit
which can be designed digitally and then be printed; but
the printed artifacts can then be reconfigured and reused.
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Fabrication effort. A second dimension along whichFabrication effort of

toolkits differ

significantly.

SCTs differ is the effort required to fabricate toolkit. This
effort can be understood as a spectrum ranging from low-
effort systems, which rely on readily available components
and minimal fabrication, to high-effort systems that require
custom manufacturing, specialized tools, and technical ex-
pertise.

At the high-effort end of the spectrum, ChainForm [2016]
requires custom PCBs with flexible hinges, LED matrices,
multiple conductive surfaces, small servo motors, and 3D-
printed parts for each module, in addition to non-trivial
modifications of the servo motors themselves. Similarly,
NURBSforms [2020] depends on the fabrication of custom
flexible circuit strips combined with shape memory alloy
elements, including circuit etching, soldering, and assem-
bly of thermally active components.
LiftTiles [2020] lowers the fabrication effort but still requires
specific components such as springs, motors, and access
to tools like a laser cutter and air compressor, despite re-
ported assembly times of approximately 15 to 30 minutes.
ShapeKit [2025] further reduces complexity, as most struc-
tural elements are 3D-printable, although it still requires
additional components such as specific Bowden cables,
springs, magnets, and a tracking camera.
At the lower end of the physical fabrication spectrum,
ThreadTessel [2025] requires only standard 3D-printed parts
and a motor module, but still involves electrical wiring.
The digital -to-physical toolkit MorpheesPlug [2021] repre-
sents the lowest fabrication effort, requiring only the abil-
ity to 3D print flexible materials such as TPU. Once the de-

A B C D E
Figure 2.2: Examples of physical and digital-to-physical toolkits. Physical:
(A) Robotecture [2025], (B) Shape-Clip [2015], (C) LiftTiles [2020]. Digital-to-physical:
(D) digital simulation suite of ElectriPop [2022], and (E) physical artefact of Elec-
triPop.
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sign is completed digitally, fabrication is reduced to a single
print process without additional assembly or modification.

Relationship between workflow and fabrication effort.
While workflow paradigm and fabrication effort are con- As fabrication is part of

the designed workflow

of all digital-to-physical

toolkits, they tend to be

easier to fabricate.

ceptually independent dimensions, they are often related in
practice. Digital-to-physical toolkits, such as the previously
mentioned MorpheesPlug [2021], are frequently designed
with fabrication as an integral part of the workflow, and
therefore tend to reduce or streamline the manufacturing
process for the end user. Physical toolkits, in contrast, of-
ten prioritize flexibility and recombination of components
over minimizing fabrication effort, as their primary focus
lies in enabling rapid physical exploration and manipula-
tion of design ideas.

However, this relationship is not strict. Both physical
and digital-to-physical toolkits can occupy different po-
sitions along the fabrication effort spectrum depending
on their design goals and implementation choices. Con-
sequently, SCTs can be understood as existing within a
multi-dimensional design space defined by their workflow
paradigm and fabrication effort.

2.1.5 Early-Stage Prototyping

Following Buxton’s design process in HCI, ideas are ini- Low-fidelity prototypes

in early stages of the

HCI development cycle,

saves time and

resources.

tially explored through sketches, which support rapid
ideation and low commitment. These sketches can then
evolve into paper prototypes that allow early interaction
testing and user feedback before progressing to medium-
and high-fidelity prototypes for refinement and validation.
This iterative development process is widely adopted in
HCI research and practice [Buxton, 2007; Snyder, 2003].
Its primary advantage lies in enabling substantial design
changes during low-fidelity stages, before significant time
and resources have been invested into implementation.

Transferring this process to SCIs is not straightforward. Low-fidelity prototyping

for SCI is difficult as

movement is often not

easy to implement.

Unlike GUIs, SCIs fundamentally rely on movement and
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physical transformation, making even low-fidelity proto-
types difficult to realize. While sketching remains a com-
mon practice during ideation and concept development in
SCI research [Jung et al., 2010; Nørgaard et al., 2013], re-
searchers have also investigated how movement itself can
be sketched and communicated [Buxton, 2007]. Neverthe-
less, a gap remains between static sketches and fully func-
tional SCI prototypes.

Several approaches have attempted to bridge this gap.Some toolkits aim at

this low-fidelity gap, but

they themselves require

non-trivial

manufacturing process.

ShapeClip [2015] supports rapid exploration of shape-
changing concepts through modular hardware compo-
nents, but still requires electronics and physical assembly.
AutoGami [2013] explores low-fidelity shape-changing arti-
facts using paper craft structures actuated through induc-
tively powered shape-memory alloys. Similarly, ClothSur-
face [2019] investigates shape-display concepts through a
box-based setup covered by a stretchable surface. The sys-
tem allows users to physically deform and interact with the
surface of the box, while the underlying actuation is simu-
lated using a Wizard-of-Oz approach, enabling designers to
explore interactions without implementing the underlying
technology2.

EXCURSUS | WIZARD OF OZ TECHNIQUE:
The Wizard of Oz technique derives its name from the
Wizard in The Wizard of Oz, who appears powerful and
autonomous but is ultimately revealed to be a human
operating behind a curtain. Similarly, in a Wizard of
Oz study, users interact with what appears to be an
autonomous system while key functionality is secretly
performed by a human operator [Schlögl et al., 2015].

Perhaps the work most closely aligned with this thesis is Ki-Ishii and Park also

highlight the need for

more low-fidelity

prototyping in SCI

research.

netic Sketchup by Parkes and Ishii [2009] as they identified a
similar gap in SCI development then we did and proposed
a modular system of playback-capable building blocks in-
tended to support early-stage exploration of movement.
In addition, they introduced a design language that com-
bines material, mechanical, and behavioral elements to de-
scribe movement capabilities and prototype requirements

2 Pay no attention to the man behind the stretchable surface.
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in a unified manner. An overview of this language can be
seen in Figure 2.3. This language can be combined to de-
scribe various base modules, for example a rigid, telescope
module, which enable high speed movement in both direc-
tions.

However, while the conceptual framework was extensively Ishii and Park’s work

was limited to the

implementation of one

module.

developed, the toolkit itself remained limited and not triv-
ial to reproduce. The publication presents only a single
fully realized movement module, whereas additional mod-
ules mentioned by the authors were not published in sub-
sequent work to the best of our knowledge.

All attempts to bridge this gap between sketching SCIs and Using toolkits to create

low-fidelity artifacts is

only valid if toolkit are

easy-to-manufacture or

already available.

building them, by introducing toolkits may enable the cre-
ation of low-fidelity prototypes, assuming the toolkit is al-
ready available. However, the fabrication of the toolkit
itself could often remain a barrier, as it may require cus-
tom components, electrical wiring, or other technical ex-
pertise. When this initial manufacturing effort is taken into
account, the overall effort is no longer low and becomes
comparable to other technically demanding prototyping
approaches, unlike paper prototyping in GUIs. However,
once a toolkit is available, systems such as ShapeClip en-
able rapid, low-fidelity prototyping comparable to paper
prototyping in GUI development. This observation moti-
vates the survey presented in 3 “Survey on Use of Toolk-
its”, in which we investigate the extent to which existing
SCI toolkits are adopted, reused, and rebuilt within the re-
search community.

Craftables is conceptually aligned with aspects of Kinetic Craftables aims to

enable low-fidelity

prototypes including its

own manufacturing

process.

sketchup, although this relationship was not an explicit de-
sign influence and was recognized only after development.
Similar to paper prototypes in traditional HCI, Craftables
aims to provide a low-fidelity, modular prototyping system
for SCIs, but taking its manufacturing process into account.
The toolkit can be combined with common prototyping ma-
terials such as paper, cardboard, or textiles to support early-
stage exploration of movement and interaction concepts
before committing to specific actuator technologies, move-
ment mechanisms, scales, force requirements, or manufac-
turing processes.
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with physical intuition and material assumptions as tacit 
knowledge, much as the children did in the design of walking 
creatures with Topobo, easing and expanding the process 
of designing transformation. Through this process, the 
system continuously undergoes user evaluation in the form 
of implementations and documentation of the designers’ 
projects. We hope to discover how the design process of 
the user is altered by use of a new physically programmable 
tool, in terms of functional characteristics, affordances, 
collaborative thinking, and the capacity for supporting a 
creative, expressive and inspirational user experience. In 
turn, this iterative process inspires, informs and evolves 
our own process of tool design. We believe this offers a 
appropriate approach to evaluation, for a system that should 
be constantly evolving and expanding as we look to establish 
functionality and usability in a base line set of tools for an 
emerging design paradigm. 

Figure 5 shows a deconstruction of the basic motion design 
parameters. While many of the parameters can be created by 
changing/utilizing/combining with others, we have chosen to 
dissect them out as perceptually different.  This is important 
to note as we are creating  a tool to stimulate design thinking 
in a domain that is potentially unfamiliar. For example,   
presenting a designer with a rigid rotating shaft conjures up 
very different design possibilities than a telescoping pole or a 
collapsing fan, although technically they could all be created 
from the first.  As Braitenberg suggested [1], it is important 
to isolate the perceptual response a motion can trigger, 
simplifying the mental leap and engineering knowledge 
necessary to arrive at a potentially new and innovative design 
solution. 

Design Parameters: 

Mechanical 

Rotational - motion moving around a central axis
Linear - motion expanding outwards in a telescoping 
Radial - motion expanding outward and inwards from a      
   central axis

Material
Rigid - solid structural material 
Layered - mixture of  rigid and flexible materials
Skeletal  - structure of rigid interior with malleable 
   exterior (like the skin, muscles and bones of our bodies)
Amorphous - entirely malleable

Behavioral
Speed - basic velocity control
Direction - basic directional control
Acceleration- increase or decrease in velocity, can be 
Twitter - addition of ‘noise’ into the motion playback, 
adding a randomized variability to playpack
Delay- creates an intention pause in playback
Pattern- allowing a motion composition, of combined 
changes in the first 5 parameters

As a reference, each module can be seen as constructed as 
a ‘motion phrase’. For example, following is the phrase a 
module of skeletal construction moving radially with simple 
directional control: 

Like Topobo each of the modules in initially programmed 
to move through gestural recording, with additional 
playback functionality programmed as sequenced ‘double 
clicks’ through the single button interface. Technically, the 
current modules are built with the hardware system used 
in Topobo Active, including a custom PCB, custom servo 
motor and gears, with custom  codes for varying behavior 
functionality. Each module is also outfitted with locations to 
attach additional parts and materials as necessary in a model 
prototype (such as threaded holes for screws on the rigid 
modules. The aesthetic design of each module is meant to be 
‘minimal’, lending itself be incorporated and disappear into 
the design aesthetic of the structure being prototyped.

Fig. 5 Kinetic deconstruction into material, mechanical and 
behavioral properties

Fig. 6 Combining basic mechancial elements of rotational (left) 
linear (center) and radial (right) offer expansions into different 
base modules 
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Figure 2.3: Parkes and Ishii [2009] introduced the kinetic deconstruction into mate-
rial, mechanical, and behavioral properties. For each mechanical category, descrip-
tive properties are defined by the authors, which can be combined to create base
modules.

Unlike Kinetic Sketchup [2009], Craftables does not aimCraftables adopts a

fully mechanical

approach to minimize

fabrication effort and

enable easy fabrication.

to provide playback functionality or electronically actu-
ated movement. Instead, it prioritizes ease of fabrication
and hands-on exploration over functional fidelity, reducing
technical barriers typically associated with existing phys-
ical toolkits. As discussed in the previous section, this en-
ables a more paper prototyping-like experience for SCIs, al-
lowing rapid assembly and exploration of concepts before
committing to specific actuator technologies or manufac-
turing constraints.

KEY TAKEAWAY | RELATED WORK:
We identify a need for toolkits that support early-stage
low-fidelity prototyping of SCIs, similar to paper pro-
totyping in GUI development. While some existing
toolkits aim to enable low-fidelity prototyping, most
do not adequately consider their own fabrication pro-
cess. Under the assumption that toolkits are not readily
available and must first be built, they do not fully en-
able low-fidelity prototyping in practice. Craftables is
designed to minimize fabrication effort, enabling truly
low-fidelity prototyping closer to what HCI researchers
are familiar with from GUI development.
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Chapter 3

Survey on Use of
Toolkits

Within the scientific community working on SCIs, there ap- Toolkits are widely

recognized as essential

for SCI research.

pears to be a broad consensus that toolkits are essential for
advancing the field. This consensus is reflected implicitly in
the large number of SCTs that have been published over the
past years. In a recent literature review conducted at our
chair by a thesis student, we found that since 2012, at least
one SCT has been published every year, with local peaks of
5 publications in 2015 and 9 in 2022 [Gunchev, 2026]. Over-
all, at least 47 toolkits were published between 2008 and
2026 [Gunchev, 2026]. The importance of toolkits is also
explicitly emphasized in the influential work by Alexan-
der et al. [2018], who "see the need to develop toolkits that
help prototype [...] shape-changing interfaces" and identi-
fied this as one of the grand challenges of the field.

Despite this apparent consensus, there are indications that Despite widespread

recognition of their

importance, there are

indications that suggest

only limited adoption of

SCTs.

SCTs are rarely rebuilt or adopted by other research groups.
First, Alexander et al. [2018] note that prototype replica-
tions of SCI are uncommon, although their scientific value
is widely acknowledged. Since this observation applies to
shape-changing prototypes in general, it may also extend
to SCT. Second, follow-up developments of existing toolk-
its are rare. Notable exceptions include ShapeCanvas [2016]
and PolySurface [2017], which build on Shape-Clip [2015],
ChainFORM [2016] as an extension of LineFORM [2015],
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and jamSheets [2014] as a derivative of Jamming UI [2012].
However, in all of these cases, at least one researcher was
involved in both projects. Consequently, these examples
do not represent independent adoption or further develop-
ment of toolkits by external research groups.

These observations motivated us to conduct a comprehen-We conduct a survey on

SCT adoption in the

research community.

sive survey to investigate whether SCTs are rebuilt by other
researchers and, if not, to understand the reasons behind
this lack of adoption.

3.1 Survey Design

As our goal was to identify the consensus within a researchOnline survey chosen

to reach the most

researchers, even

though the number of

participants will be

limited.

community, the number of researchers we needed to reach
was substantial. Consequently, an online survey was the
only feasible method of data collection. Potential partici-
pants were contacted via email, and the survey was admin-
istered using SoSci Survey 1, an open-source and free online
survey platform developed in Germany. From the outset,
we were aware that surveying a majority of all researchers
working on SCTs would be impossible for three reasons.

First, identifying relevant researchers posed a significant830 authors were

extracted via CHI/TEI

publications, but this

approach may not fully

represent the SCT

research community.

challenge. We classified a researcher as relevant if they had
published a paper related to SCIs at CHI2 or TEI3 since 2020.
We did not scrape the ACM Digital Library4, as this would
violate its terms of use. Instead, we downloaded all papers
returned by our search query (provided in Appendix A)
and automatically extracted author email addresses from
the PDF files. This process yielded 830 authors with iden-
tifiable email addresses. Determining precisely which au-
thors were relevant to our survey would have required
an extensive manual review and was therefore beyond the
scope of this work. Furthermore, this approach inevitably

1 www.soscisurvey.de
2 CHI: ACM International Conference on Human Factors in Comput-

ing Systems
3 TEI: ACM International Conference on Tangible, Embedded and Em-

bodied Interaction
4 https://dl.acm.org/
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excluded PhD candidates and other researchers working in
the field who had not yet published at either venue.

Second, achieving a high response rate was considered High response rates

were unlikely due to

email overload in

academia.

Spam-avoidance

strategies were used to

ensure messages

appeared legitimate.

unrealistic due to the large volume of unsolicited emails
academic researchers receive on a daily basis [Behdinan
et al., 2025; Grey et al., 2016; Wood and Krasowski, 2020].
Sending individually crafted emails to 830 researchers was
beyond the scope of this work. Consequently, an auto-
mated approach was required that would still appear per-
sonal and legitimate rather than spam-like. To better under-
stand how researchers distinguish legitimate emails from
spam, we asked multiple PhD candidates which character-
istics they used to identify spam messages and what should
be avoided. Based on this feedback, recipients were ad-
dressed by their full name rather than with a formal salu-
tation (e.g., "Dr."), and one of their publications was refer-
enced in the email. In most cases, publication titles were
shortened to make the message appear more natural (e.g.
"Craftables: a SCI toolkit" to "Craftables"). For approxi-
mately 200 recipiants, we manually created a more person-
alized wording, as this often appeared even more authentic
(e.g. "Craftables" to "your paper about your crafting-like
toolkit."). To remain transparent, the email also included
a disclaimer stating that it had been sent using SoSci Sur-
vey. The complete bulk email format can be found in Ap-
pendix B.

Third, even if our emails were not misidentified as spam by Short survey design to

reduce drop-off and

improve participation

rates.

either filters or recipients, we assumed that the likelihood
of participation would still be low due to the required time
investment. We therefore designed the survey to be com-
pletable in 2 to 4 minutes by limiting it to ten questions.
This decision was also motivated by feedback from PhD
candidates.

All questions and shortened, paraphrased versions of the Paraphrased version of

questionnaire, original

printed in appendix.

possible answers are listed below. The complete question-
naire can be found in the Appendix C. Indented questions
were displayed only if participants provided a positive re-
sponse to the preceding question. The numbers and letters
indicate the page and position of each question in the ques-
tionnaire (page 1 was a consent form).
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2A At which university or research institute are you cur-
rently employed?

2B Are you developing any kind of hardware prototype
in your research group?
(Yes / No)

2C Are you aware of any SC toolkits that could be useful
for your research that you have not yet rebuilt?
(Yes / No / Already rebuilt all)

6A Earlier, you mentioned useful SC toolkits that
you have not rebuilt. What are the reasons?
(Time constraints / Too specific / Cost / Insufficient
documentation / Lack of tools or skills / Unavailable
parts)

3A Have you ever used an SC toolkit developed by an-
other research group?
(Yes / No)

4A What was the name of the SC toolkit?

4B How did you acquire the SC toolkit?
(Purchased / Rebuilt / Gifted / Loaned)

4C At which university or research institute did you
use the toolkit developed by someone else?

5A Which of the following tools and capabilities are
available within your research group (i.e., someone
in your group can use them upon request)?
(3D printing / Soldering / CAD / Vector design / Laser
cutting / Microcontrollers / Textile fabrication / Silicone
casting)

5B Which of the following tools do you personally have
access to and can operate yourself?
(Same options as Question 5A)

To minimize the survey completion time, we collected onlySingle background

variable collected;

duplicate toolkit reports

controlled via institution

+ toolkit name,

assuming one SCT

group per university.

a single background variable: the participant’s current in-
stitutional affiliation. A potential issue when surveying
members of the same research group is that a single toolkit
adoption may be reported by multiple participants. To
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avoid counting the same adoption multiple times, we iden-
tified responses referring to the same toolkit usage instance
based on the reported toolkit name and the participant’s en-
coded institutional affiliation. This approach relies on the
assumption that only one research group working on SCIs
exists within a given university.

University affiliations were encoded using a predefined list Affiliations encoded

using a global university

list with search support;

manual entries were

possible but not

anonymized.

of 10,224 universities worldwide obtained from a GitHub
project5. Participants could search for and select their uni-
versity from this list. Because university domains were
included as searchable keywords, abbreviations were of-
ten supported in addition to official institution names. For
example, RWTH Aachen University could be found both
by searching for its official name ("Rheinisch-Westfälische
Technische Hochschule Aachen") and by searching for
"RWTH", which is reflected in its domain name, "rwth-
aachen.de". If an institution was not included in the list,
participants could manually enter the name of their in-
stitute. Participants were explicitly informed that manu-
ally entered institute names would not be anonymized and
could therefore be associated with their institution.

3.2 Survey Results

3.2.1 Survey Participants and Potential Nonre-
sponse Bias

EXCURSUS | NONRESPONSE BIAS:
Nonresponse bias occurs when individuals who choose
not to participate differ systematically from those who
do. For example, in a customer satisfaction survey,
highly satisfied or highly dissatisfied customers may be
more likely to respond than those with neutral experi-
ences, leading to a distorted view of overall customer
satisfaction.

5 List of universities and domains: https://github.com/Hipo/university-
domains-list
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A total of 830 researchers were invited to participate in theThe response rate of

8.8% (73 of 830) means

the results should be

interpreted as an

exploratory view rather

than a consensus of the

community.

survey. Of these, 73 completed at least part of the ques-
tionnaire, corresponding to a response rate of 8.8%. Given
this relatively low response rate, the survey should not be
interpreted as a consensus study of the research commu-
nity. Instead, the results provide an exploratory perspec-
tive on current experiences and practices among a subset
of researchers. Furthermore, five respondents terminated
the survey before completion. Consequently, the number
of responses varies slightly between questions.

Because the survey was fully anonymized and intention-
ally collected only limited background information, assess-
ing potential nonresponse bias is challenging. The available
data does not allow for a systematic comparison between
respondents and non-respondents. One possible source ofDue to anonymization

and limited available

data, nonresponse bias

cannot be

systematically

assessed. The only

plausible source is

email wording, for which

no clear indications of

bias were observed.

nonresponse bias concerns how the recruitment email ref-
erenced the recipient’s prior work. To explain how a partic-
ipant’s contact information had been obtained, the email
mentioned one of their publications. Depending on the
mailing list, this reference appeared either as the full paper
title, a shortened version of the title, or a manually writ-
ten, more informal description of the work (e.g., "I found
your email through your paper on tangible learning stud-
ies from TEI"). This information was not recorded within
the survey data and therefore cannot be linked to individ-
ual responses. However, 25 researchers contacted the au-
thors directly via email. Based on these interactions, no
obvious differences in engagement were observed between
researchers whose work had been referenced using differ-
ent title formats. Nevertheless, the available evidence is
insufficient to determine whether the wording used in the
recruitment email influenced participation or response be-
havior.

3.2.2 Participant Demographics

The respondents represented at least 18 countries and 51
research institutions (Q2A). The largest groups originated
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from Germany (10 participants)6, the United States (7), the Participants were

internationally

distributed across 18

countries and 51

institutions, with most

institutions represented

by a single respondent

and only a few

contributing multiple

participants.

United Kingdom (6), China (5), and Denmark (5). Addi-
tional participants came from Japan, Sweden, Canada, the
Netherlands, France, Australia, Türkiye, Finland, Israel, In-
dia, Hong Kong, New Zealand, and South Korea. One par-
ticipant did not provide sufficient information to determine
their country of affiliation. Most institutions were repre-
sented by a single participant. Ten institutions were repre-
sented by multiple respondents, with a maximum of four
participants from the same institution. Two respondents
were affiliated with companies rather than academic insti-
tutions. One of these organizations operates internationally
and could not be assigned to a single country. Twelve par-
ticipants chose not to disclose their institutional affiliation.

Fifteen respondents reported that their current research
group does not actively develop hardware prototypes
(Q2B). These participants were retained in the analysis be-
cause they may possess relevant experience from previous
institutions or may have used externally developed proto-
types without rebuilding them.

3.2.3 Use and Acquisition of Research Toolkits

Fifteen of the 73 respondents reported having used at least Only 15 participants

had used a toolkit from

other researchers, and

only 3 of those had

rebuilt one.

one toolkit developed by another research group (Q3A).
Figure 3.1 summarizes how these toolkits were acquired
(Q4B).

The total number of acquisition instances exceeds the num-
ber of respondents because some participants reported us-
ing multiple toolkits obtained through different channels.
Purchasing was the most common acquisition method.
Four toolkits had been received as gifts and two had been
borrowed from other groups. Only three respondents re-
ported rebuilding a toolkit developed elsewhere. Two par-

6 This may indicate a small but likely negligible source of bias. Re-
searchers affiliated with German institutions may be more likely to
recognize RWTH and therefore be more inclined to respond. How-
ever, as there is no reason to assume that German researchers differ
systematically from the broader SCI research community with respect
to the survey topic, no substantial bias is expected.
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Figure 3.1: Only participants who had affirmed to have
used a toolkit in the past were asked how they had ac-
quired it. From this already small portion of participants,
only three had ever rebuild a toolkit.

ticipants selected the category "Other", although no further
details were collected.

Question 4A asked the fifteen respondents who had usedReported SCT usage

was low, but highly

diverse, with only two

toolkits recurring and

some non-standard or

unclassifiable entries.

an SCT developed by another research group to identify the
toolkit. Reported examples included ShapeKit [2025], Shape-
Clip [2015], PneuDuino [2016], FlowIO [2021], Programmable
Air [2018], Morphees [2013], MorpheesPlug [2021], and Shape-
Changing Clay-Dough [2024]. The only toolkits mentioned
more than once was Programmable Air and Shape-Clip.
Furthermore, two mentioned tools are not standard SCTs
but may support SCI research, namely Vuforia7 (AR toolkit)
and Toio8 (swarm robotics platform). Three further entries
could not be clearly linked to any specific system, including
Decocrome, custom Rhino/Grasshopper plugins, and compliant
metamaterial structures from Thingiverse.

Overall, these findings suggest that the adoption of exter-
nally developed toolkits is relatively uncommon. Rebuild-
ing existing toolkits appears to be even less common.

7 Vuforia: https://developer.vuforia.com [Accessed: 2026-07-02]
8 Toio: https://toio.io/ [Accessed: 2026-07-02]
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3.2.4 Awareness of Existing Toolkits

Participants were asked whether they were aware of any Awareness of relevant

SCTs was split, but

responses show

inconsistencies that

suggest differing

interpretations of the

survey questions and

should therefore be

treated with caution.

existing toolkit that could have been useful for their re-
search (Q2C). Thirty-three respondents reported that they
were not aware of any such toolkit, while 32 indicated
that they knew at least one potentially useful toolkit. In-
terestingly, eight respondents stated that they had rebuilt
all toolkits they considered relevant. This response ap-
pears inconsistent with the earlier finding that only three
respondents reported rebuilding an existing toolkit. Even
under a broader interpretation, namely that respondents
had acquired rather than rebuilt all relevant toolkits, the
responses remain difficult to reconcile because seven of
these eight participants also reported never having used a
toolkit developed by another research group. This discrep-
ancy suggests that some participants may have interpreted
the questions differently. Consequently, these responses
should be interpreted with caution.

3.2.5 Reasons for Not Rebuilding Existing Toolkits

0 5 10 15
Number of respondents

Too Specific
Too Time Intensive

Faster Own Prototype
No Support

Missing Parts
Missing Tools

Not Skilled Enough
Too Expensive

15
12
12

8
5

3
3

2

Figure 3.2: Only participants who had affirmed to be aware
of a potential useful toolkit (Q2C), which they had not yet
rebuilt, were asked why not (Q6A).
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Respondents who were aware of potentially useful toolk-Existing SCTs were

mainly not rebuilt

because they were too

specialized and too

time-consuming to

rebuild.

its (𝑛 = 32) were asked why they had not rebuilt them
(Q6A). Figure 3.2 presents the distribution of responses.
The most frequently cited reason was that existing toolk-
its were too specific to the original research context (15 re-
sponses, 47%). Two additional reasons were reported al-
most as often. Twelve respondents stated that rebuilding a
toolkit would be too time intensive (38%), while another
twelve believed that developing a new prototype from
scratch would be faster than adapting an existing toolkit.
Less common barriers included a lack of support or docu-
mentation (8 responses, 25%), missing parts (5 responses,
16%), insufficient technical skills (3 responses, 9%), missing
tools or equipment (3 responses, 9%), and excessive costs
(2 responses, 6%). One participant additionally contacted
the authors via email and highlighted a factor that was not
captured by the predefined response options:

"Since I work at a corporate research lab, there may also be ad-
ditional factors, such as the time required to carefully investigate
and understand the rights, costs, and potential intellectual prop-
erty issues."

Taken together, the responses indicate that practical con-Main barriers are time,

rebuilding effort, and

contextual fit rather than

cost or resources.

cerns related to time, adaptation effort, and contextual fit
are substantially more important barriers than cost, techni-
cal expertise, or access to equipment.

3.2.6 Technical Capabilities of Research Groups

To better understand whether infrastructure limitationsMost technical

capabilities are widely

available in research

groups, suggesting that

tools or skills are

unlikely to be a major

barrier to SCT

rebuilding.

might contribute to the low rate of toolkit adoption, par-
ticipants were asked about the technical capabilities avail-
able to them personally and within their research groups
(Q5A, Q5B). Figure 3.3 summarizes the results.
Across all categories, capabilities available within the re-
search group were reported more frequently than capabili-
ties available to individual researchers. This pattern is ex-
pected as the research group always include the respondant
themselves. Capabilities such as 3D printing, microcon-
troller development, laser cutting, soldering, CAD design,
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Figure 3.3: To better understand the resources of the SCI community, we asked
researchers which tools they and skills have access to. At this point of the survey
the highest possible number of positive answers is 68.

and vector graphic design were available in the vast major-
ity of research groups. More specialized fabrication tech-
niques, including textile fabrication, silicone casting, and
nylon printing, were considerably less common. More gen-
erally, the results suggest that a lack of technical infrastruc-
ture or skill is unlikely to be a major factor limiting toolkit
rebuilding. This interpretation is consistent with the find-
ing that only three respondents identified missing tools as
a barrier.

3.2.7 Summary of Findings

Several consistent patterns emerge despite the limited re-
sponse rate.

First, the use of toolkits developed by other research groups Toolkits are rarely used.

appears to be relatively uncommon, and rebuilding such
toolkits is even rarer. Only a small proportion of respon-
dents reported having rebuilt an existing toolkit.

Second, the primary barriers to rebuilding are related to ef- Toolkits are too specific

and rebuilding them is

too time intensive.

fort and applicability. Existing toolkits are often perceived
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as too specific to the original research context, and many
respondents believe that adapting a toolkit would require
more time than developing a new prototype independently.

Third, the survey provides little evidence that a lack of fab-Fabrication capabilities

are not a barrier, as

most research labs are

well-equipped.

rication infrastructure is a major obstacle. Most research
groups reported access to a wide range of prototyping ca-
pabilities, while only a small number of respondents iden-
tified missing tools as a reason for not rebuilding existing
toolkits.

Finally, more than half of the respondents were unable toThere might be a

discoverability issue, as

many particpants were

not aware of any useful

toolkits.

identify a toolkit that would have been useful for their re-
search. This may partly reflect the survey reaching some
non-relevant researchers, but it may also indicate a broader
discoverability issue, where relevant toolkits are difficult to
identify within the growing body of published systems and
prototypes.

KEY TAKEAWAY | SURVEY:
In total, the survey collected responses from 73 inter-
national researchers across 18 countries, providing an
exploratory snapshot of current SCT-related practices
and adoption. The survey strengthens the assumption
that SCTs are rarely used in practice beyond their orig-
inal development context, as adoption and rebuilding
are uncommon and mainly hindered by effort and the
perceived specificity of existing toolkits rather than by
resource constraints.
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Chapter 4

Presentation of
Craftables

In Chapter 2.1.4 “Toolkits for SCIs”, we defined the term We motivate the

creation Craftables by

combining the findings

of the previous

chapters.

physical toolkits to describe SCTs consisting of reconfig-
urable physical modules, for which the design process
takes place in the physical world. This enables rapid it-
eration, as artifacts do not need to be re-fabricated from
scratch, when modified.
Furthermore, we presented the work of Parkes and
Ishii [2009], who highlighted the advantages of low-fidelity
prototyping in SCI research drawing a parallel to paper
prototyping in GUI development, and developed a design
language for this purpose.
In 3 “Survey on Use of Toolkits”, we found that toolkits
are rarely rebuilt. Participants identified limited generaliz-
ability and the time required for fabrication as the primary
reasons.
Combining these findings, we identify the need for an Design vision of

Craftables.easy-to-manufacture physical toolkit that serves as a pa-
per prototyping-like, early-stage development tool for
creating SCIs. To address this need, we present Crafta-
bles, which enables the creation of early-stage actuated
interfaces through a generalizable, crafting-like process1.

1 Strictly speaking, Craftables does not enable the construction of SCIs,
but rather simulates them. As it relies on the Wizard-of-Oz technique
to realize movement, it does not satisfy Condition 2 (interactivity or
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Figure 4.1: Three movement modules and one controller module.

Craftables is almost entirely 3D-printable, significantly low-
ering the barrier of rebuilding the toolkit.

This chapter presents the components of Craftables and de-This chapter introduces

the toolkit and its

application; the next

chapter presents its

design rationale.

scribes how SCIs can be created using a crafting-like work-
flow. In addition, it presents examples of both existing
and novel prototypes developed with Craftables. While this
chapter focuses on the functionality of the individual mod-
ules and the range of possible applications, the following
chapter discusses the design goals and decisions under-
lying Craftables in detail. The former enables the use of
the toolkit, while the latter provides the design rationale
needed to understand, modify, and extend it.
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4.1 Concept of Craftables

Craftables consists of three movement modules, control Movement Modules are

controller via a Bowden

cable connected to a

Controller Module.

modules, and Bowden cables. By moving the slider of a
control module, a linear force is transmitted through the
Bowden cables to the movement modules, generating dif-
ferent types of motion.

Figure 4.1 provides illustrations of each module, and an Movement Modules of

Craftables are then

embedded in your

crafted structure,

creating SCIs.

example of a connected system. The Controller Mod-
ule, shown on the left, is connected to one of the three
movement modules via a Bowden cable. When the slider
is actuated, the orange Rotary Gear Module moves ac-
cordingly. In addition to the Movement and Controller
modules, Craftables includes structural components and so-
called attachments, which further increase the versatility of
the toolkit. Using these components, users can craft SCIs
containing movement modules that are actuated through
Bowden cables connected to an externally positioned Con-
troller Module.

Examples of prototypes Figure 4.2 presents an overview
of prototypes created with Craftables, including both novel
and reference systems. The examples demonstrate differ-
ent application areas of SCIs, ranging from expressive ob-
jects such as interactive flowers and an owl to functional
applications such as texture-changing surfaces and low-
resolution shape displays. Established systems such as
Shutters (E) [2009] and ShapeKit (D) [2025] are included to
illustrate the broader design space and adaptability of the
approach. Notably, Shutters (E) does not use Movement
Modules, while ShapeKit does not use Controller Modules,
demonstrating that Craftables can also be applied beyond
its originally intended use case. The examples vary in com-
plexity and highlight the flexibility of Craftables across dec-
orative and functional applications.

computational control) of the SCI definition proposed by Alexander
et al. [2018].
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A B C D1 D2
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Figure 4.2: Overview of prototypes created with Craftables. (A) Interactive flower,
(B) texture-changing surface, (C) low-resolution shape display, (D) Early-stage ver-
sion of ShapeKit [2025], (E) Early-stage version of Shutters [2009], (F) interactive
owl, (G) second flower prototype.

4.2 Components of Craftables

Movement Modules. The three movement modules pro-
vide either linear or rotational motion. For the rotational
motion two different form factors and mechanisms are
available. Figure 4.1 depicts all movement modules. For
the purpose of this thesis we will reference the color of the
module, even though it is of course arbitrary.

All movement modules share a common mechanical inter-Many design elements

are shared across all

modules.

face: a cable-driven actuation system with a red Locking
Lever, an 8 mm Connector hole for attachments, and a top
cover secured via rubber bands. The housing also provides
small notches and holes for additional fixation using rub-
ber bands or zip ties. Additionally, they share the same yel-
low Tube Coupling (V2), which connects the Bowden cable
tube to the module. It is important to note that the original
white Tube Coupling (V1) was replaced by the completely
redesigned yellow Tube Coupling (V2) only after the work-
shop evaluation. As a result, many of the figures in this
thesis show the original white Tube Coupling (V1).
The three movement modules differ in their underlyingCraftables provides

three movement

module: 1× linear and

2× rotary movement

mechanisms, resulting motion patterns, and form factors.
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• Blue Linear Pin Module is the simplest movement
module, providing linear motion. It can be used to
modify form, size, and texture, and to prototype a
low-resolution 3D display (see Figure 4.1 B,C).

• Orange Rotary Gear Module transforms the linear
motion of the Controller Module into rotational mo-
tion via a master gear driven by the cable. It supports
attachments along and perpendicular to the rotation
axis (see Figure 4.1 F, G1).

• Violet Rotary Rack Module uses a rack-driven mech-
anism to generate rotational motion. This enables a
more compact footprint, but with axial extension dur-
ing actuation. This gives the users flexibility when
designing flatter prototypes.

Gray Controller Module. Inspired by mixing consoles Each Movement

Module can be

controller by a

Controller Module.

from the music industry, the gray Controller Module allows
the user to control their prototype. Using the slider, users
can actuate the connected movement module.
As the movement modules often provide only a limited
range of motion (typically less than 4 cm), the Controller
Modules incorporate a built-in transmission based on a
rack-and-pinion mechanism, visible in Appendix G. By ex-
changing the gear and rack components, different transmis-
sion ratios can be achieved. We provide print files for trans-
mission ratios of 2:1 and 3:1. This enables users to develop
custom movement modules while maintaining compatibil-
ity with the Craftables framework. To move the slider, it
must first be pressed down to unlock it. This locking mech-
anism prevents unintended movement caused by external
forces or movement of the prototype. To facilitate mark-
ing specific positions or the maximum range of motion, a
piece of masking tape can be attached next to the slider and
used as a writable label. Multiple controller modules can be
mechanically connected by snapping them together. Addi-
tional rubber bands can be added to further increase struc-
tural stability.
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Tube, cable and Tube Coupling As the toolkit is almostAs Bowden cable we

use widely available

3D-printer tubes and

TPU filament.

entirely 3D-printable, with the exception of the tube and
cable, standard components commonly used in 3D printers
were selected for these functions. Specifically, a standard
PTFE Bowden tube is used as the guiding tube, while TPU
filament (Shore hardness 68D) serves as the cable that trans-
mits force from the controller to the movement module. For
proper operation, the ends of the PTFE tube must be se-
curely fixed. This is achieved using the Tube Coupling (V2)
component, which is partly based on a design from Maker-
World2. The coupling can be used in two different modes,
depending on the expected workload. In many cases, it is
sufficient to simply insert the tube into the coupling. How-
ever, if higher forces are expected, a cap can be screwed on
to secure the tube more tightly. An illustration of the yel-
low Tube Coupling (V2) and its cap can be found at the top
of Figure 4.1.

8 mm Connector and Attachments. To support a wideA standardized

connector enables a

wide range of

interchangeable

attachments

range of shape-changing prototypes, all movement mod-
ules feature a standardized 8 mm Connector. By inserting
interchangeable Inlays (white and brown), the connector
accommodates PTFE tubes, wooden dowel rods, or custom
attachments. This common interface simplifies attaching
moving elements while enabling application-specific end
effectors. We provide several example attachments that
demonstrate the connector’s flexibility, including an 8×8 cm
texture plate for creating texture changes with Linear Pin
Modules (Figure 4.3), paper clip pins for securing paper el-
ements (Figure 4.3), and circular plates for attaching card-
board or connecting additional modules using hot glue.
Two inlay variants support 4,mm PTFE tubes and 5,mm
wooden dowel rods, paper clips, and circular plates. Since
the inlays are generated from parameterized OpenSCAD3

models, they can be easily adapted to different rod diame-
ters, enabling custom attachments.

2 Phi: ttps://makerworld.com/de/models/2172876-pc4-m10-and-
pc4-m6-bambu-ptfe-tube-connector [Accessed: 2026-07-03]

3 OpenSCAD is a free and open-source script-based CAD modeller that
enables easy modification of design parameters, even for users with
little CAD experience.

ttps://makerworld.com/de/models/2172876-pc4-m10-and-pc4-m6-bambu-ptfe-tube-connector
ttps://makerworld.com/de/models/2172876-pc4-m10-and-pc4-m6-bambu-ptfe-tube-connector
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A B C D E
Figure 4.3: More components of Craftables. (A) Circular plate, (B) Structural joints,
(C) Inlays, (D) Structure, and (E) Texture plate and paper pin.

Structural System. While the movement modules can be As structure we provide

a 3D printed solution

but also point to

cardboard or building

bricks (LEGO).

integrated into structures made from a wide range of ma-
terials, including cardboard and LEGO bricks, we also pro-
pose a lightweight structural system that is almost entirely
3D-printable. The system consists of joint elements, the
same PTFE tube used as the Bowden guide, and 5 mm
wooden dowel rods. The joint elements are based on a
model found on MakerWorld4 and was then modified.
The PTFE tube can be manually bent to create curves with
different radii. The joint elements are available with dif-
ferent numbers of connection arms and connection angles.
In addition, we provide fully parameterized OpenSCAD
models that allow users to generate custom joint geome-
tries.
The joints use the same interchangeable 8 mm Connector as
the movement modules. By inserting the appropriate Inlay,
either PTFE tubes or wooden dowel rods can be securely
connected.

4.3 Workflow with Craftables

Figure 4.3 illustrates the workflow for creating an interac-
tive prototype with Craftables. While simplified, it covers
all essential steps of the prototyping process. Throughout
this section, a running example, a plant that reminds the
user to water their real plants, is used to demonstrate each
step.

4 Koolm: https://makerworld.com/de/models/1166433-connector-
generator-parametric-connectors [Accessed: 2026-07-03]

https://makerworld.com/de/models/1166433-connector-generator-parametric-connectors
https://makerworld.com/de/models/1166433-connector-generator-parametric-connectors
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1 2 3 4 5
Figure 4.4: Example workflow for building the plant reminder prototype with
Craftables. From left to right: (1) concept sketch, (2) construction of the physical pro-
totype, (3) preparation of the Movement Module, (4) mounting the module inside
the plant pot, and (5) connecting the Movement Module to the Controller Module.

1. Develop your idea. Sketch your concept and the in-
tended movement. It is often helpful to draw multi-
ple positions of the moving parts, create a small sto-
ryboard, or use arrows to indicate the motion. Decide
which Movement Module(s) will be required and in-
clude them in your sketch.

Example: Our example is an artificial plant that gently
reminds the user to water their real plants. Rather
than displaying a notification on a screen, the flower
itself moves, providing a subtle reminder that could
be triggered by a calendar or smart-home system.

2. Build the physical prototype / structure. Construct
the static structure and decide where the Movement
Modules will be mounted. Plan how the moving
parts will be attached and how the cables will be
routed to the Controller Module.

Example: The prototype consists of a flower and a
plant pot. It is built using cardboard, hot glue, adhe-
sive tape, pipe cleaners, and craft foam. The Move-
ment Module will be mounted inside the pot such
that its secondary gear is centred. The flower stem
will be inserted into a short PTFE tube connected via
the 8 mm connector, while the cable exits through a
small hole in the back of the pot.

3. Prepare the Movement Modules. Insert and secure
the cable in each Movement Module. Ensure that the
cable is long enough to reach the Controller Module,
allowing some extra length as a safety margin. Fi-
nally, close the module and temporarily secure the
cover with rubber bands.
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1 2 3 4

Figure 4.5: Connecting a Movement Module to the Controller Module. The se-
quence shows cable insertion, locking, tube connection, and final connection to the
Controller. The full process is described more detailed in Section 4.3 “Connecting
Modules”.

4. Mount the Movement Modules. Fix the modules se-
curely to the prototype using hot glue, cable ties, rub-
ber bands, or other suitable fastening methods.

Example: In this prototype, cable ties are threaded
through the sides of the plant pot to securely hold the
Movement Module in place. This provides a robust
and reliable attachment.

5. Connect the Movement Module to the Controller
Module. Cut a PTFE tube to the required length so
that it reaches comfortably from the Movement Mod-
ule to the Controller Module. A detailed illustration
of this connection is provided in Figure 4.5 along with
a description in the next paragraph.

Connecting Modules. The connection process between a
Movement Module and the Controller Module is illustrated
in Figure 4.5 and consists of the following steps:

1. Insert the cable through the yellow Tube Coupling
(V2) into the Movement Module until it is visible
through the inspection hole (near the red Locking
Lever)

2. Secure the cable by pressing down the red Locking
Lever.
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3. Insert the PTFE tube into the yellow Tube Coupling
(V2) of the Movement Module. If heavier loads are
expected, screw on the yellow cap to hold the tube in
place.

4. Move the Controller slider to its lowest position, in-
sert the cable into the Controller Module, and push
it through completely until the PTFE tube reaches the
Controller Module.

5. Insert the PTFE tube into the Controller’s yellow Tube
Coupling (V2) and secure the cable by pressing down
the red Locking Lever.

The Movement Module and the Controller Module are now
fully connected and ready for operation. Note: The move-
ment range of each Movement Module is limited and may
be smaller than the travel range of the Controller slider. The
valid end positions should therefore be determined after as-
sembly and marked on the Controller using masking tape.

KEY TAKEAWAY | PRESENTATION OF Craftables:
We present Craftables, which supports the design of
early-stage, low-fidelity shape-changing prototypes. In
a craft-like process, users construct a structure from ma-
terials such as cardboard and paper, into which one of
three movement modules can be embedded. Connect-
ing these modules to the Controller Module enables ac-
tuation of the crafted artifact.
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Chapter 5

Design of Craftables

While the previous chapter described the functionality of This chapters explains

the design goals and

reasoning to enable

users to expand

Craftables.

Craftables, this chapter will dive deeper into the design
goals and rules followed during the development of Crafta-
bles. Understanding those allows motivated users to ex-
pand the kit to fit their needs while maintaining consistency
with the original design philosophy. Sharing specific de-
sign decisions and the reasoning behind them will prevent
unnecessary iteration when expanding the toolkit.

In Chapter 2 “Related Work”, we identified the need We define two design

goals as direct

consequences of the

results of the survey.

for toolkits that enable early-stage, low-fidelity shape-
changing prototyping. Within this overarching purpose of
Craftables, we define two design goals, directly informed by
the results of our survey, which highlight a significant gap
between the development of SCTs and their adoption by
other researchers. Participants identified the time and ef-
fort required to rebuild toolkits, as well as the specificity
of existing systems, as the primary barriers to rebuilding.
Based on these findings, we derive the main and secondary
design goals of Craftables.

DESIGN GOAL 1 | REPRODUCIBLE EVERYWHERE

WITH MINIMAL EFFORT:
Craftables should be reproducible with minimal effort
using equipment and materials commonly available to
research labs and makerspaces worldwide.
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DESIGN GOAL 2 | TRANSPARENCY AND MODIFIA-
BILITY TO ENSURE BROAD APPLICABILITY:
Craftables should be easy to understand, modify, repair,
and extend without requiring specialized knowledge
or proprietary components, ensuring their applicabil-
ity beyond the specific requirements of the original use
case.

To achieve these design goals, we formulate a set of de-
sign rules derived directly from Design Goal 1 and 2. These
rules operationalize the goals and serve as concrete mech-
anisms to ensure that they are reflected in the design of
Craftables. The following paragraphs describe these rules
and explicitly show how they influenced the development
of the system.

5.1 Design Goal 1: Reproducible Every-
where with Minimal Effort

The primary goal of Craftables is to lower the barriersWe chose 3D printing

as manufacturing

process as its widely

available and requires

little effort.

to replication for researchers around the world. By this,
we primarily mean reducing the effort required to rebuild
Craftables, as our survey indicated that neither access to
equipment nor technical skills are the factors that most
strongly hinder toolkit adoption. While participants re-
ported access to a broad range of fabrication equipment, ex-
tending well beyond 3D printers, we nevertheless chose 3D
printing as the primary manufacturing method for Crafta-
bles. Compared to many alternative fabrication techniques,
it typically requires little effort beyond obtaining and print-
ing the necessary files.

The goal of worldwide effortless reproducibility motivates
the following design rules.

I. Components should be fully 3D-printable whenever
possible.

II. Designs should be compatible with standard print-
ing settings (e.g., a 0.4 mm nozzle and a 0.2 mm layer
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height) to maximize compatibility across printers and
minimize the need for customization.

III. The need for support structures should be avoided
whenever possible to reduce printing time and post-
processing effort. If supports are required, they
should be integrated into the model to ensure inde-
pendence from the slicer software used.

IV. The use of printer-dependent features, such as snap-
fits, should be minimized.

V. Standard printing materials should be used when-
ever possible, and specialized filaments should be
avoided. The survey showed that only 28% of re-
search labs have access to nylon printing. Further-
more, the use of standard PLA enables researchers
to create an initial implementation without requiring
additional material purchases.

VI. If non-printed components are required, they should
be standardized and globally available.

These design rules guided the development of Craftables, as
illustrated by the following examples.

Bowden Cables. Since Bowden cables cannot be 3D As bowden cables

materials were chosen

which are already

available at most

research labs.

printed, we chose to use TPU 3D-printing filament as the
cable and standard PTFE tubing as the guide tube. Both
materials are readily available to users of 3D printers,
meaning that, in many cases, no additional components
need to be ordered before testing parts of the kit. This low-
ers the barrier to replicating and experimenting with the
toolkit. Another reason for choosing TPU filament over
steel cable is its smaller minimum bending radius enabling
more compact module designs.

Screws and Springs. The use of screws could have en- No springs or screws

are used as they might

not be globally

available.

abled a more compact module design. In earlier iterations,
filament securing was achieved using screws instead of
the current locking lever mechanism, which requires more



44 5 Design of Craftables

space. Since a locking mechanism is necessary in every
module, its size determines the minimum module dimen-
sions. Despite this potential advantage, the use of screws
and springs in the locking mechanism was ultimately re-
jected. These components follow either metric or imperial
standards, and their availability may vary by region, poten-
tially limiting accessibility and compliance with Rule VI.

Rubber Bands. In accordance with the guideline to min-Rubber bands are used

to secure the covers of

the modules to avoid a

snap-fit.

imize printer-dependent features (Rule IV.), the module
lids were designed without snap-fit mechanisms. Instead,
commonly available household rubber bands (Rule VI.) are
used to secure the lids while still allowing rapid access and
reconfiguration.

Connectors with Inlays. Although snap-fit mechanisms
were generally avoided in the design, they were neces-
sary for the structural joints and connector interfaces of the
modules. To address the variability in printer tolerances,
we introduced interchangeable inlays: small components
that can be printed quickly and whose dimensions can be
easily adjusted through its OpenSCAD model. By printing
and testing a few inlay variants, users can identify the opti-
mal fit for their specific printer with minimal material and
time investment. Additionally, the inlay system enables the
components to be printed in their optimal orientation with-
out support structures (Rule III.), as the orientation of the
inlays is independent of the main module geometry.

Assembly and Print-in-Place. Without supports and
brims the 3D printed the components can be assembled di-
rectly in only a few intuitive steps without the use of tools.
Each module consists of no more than nine parts, enabling
straightforward assembly. Furthermore, the larger gear of
the waver module is implemented as print-in-place compo-
nent, therefore requiring no additional post-print assembly.
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5.2 Design Goal 2: Transparency and
Modifiability to Ensure Broad Appli-
cability

Craftables is designed to be easy to understand, modify, and
extend. Users should be able to inspect a module, under-
stand its functionality, and adapt it to their own require-
ments with minimal effort. Examples of this design goal
are shown below.

Connector opening. The standardized 8 mm connector
opening allows users to easily extend the toolkit. New com-
ponents can be attached using simple custom connectors
without modifying existing modules.

Proposed Structure. Although we provide a fully 3D-
printable structural system, modules can also be attached
to alternative structures such as cardboard, laser-cut wood,
or LEGO bricks. As attachments zip ties, tape or even hot
glue can be used.

Movement Modules. All movement modules partially
expose their internal mechanisms or can be opened within
seconds, making their functionality easy to inspect, modify,
and repair.

KEY TAKEAWAY | DESIGN OF Craftables:
The main design goal of Craftables was to minimize fab-
rication effort and enable easy reproduction across dif-
ferent contexts. This was achieved by relying primarily
on support-free 3D-printed components that require no
post-processing after printing.
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Chapter 6

Evaluation Workshop

Before presenting the evaluation strategy, we briefly re-
iterate the purpose of Craftables.Craftables is a toolkit de-
signed to support the rapid prototyping of actuated SCIs in
early-stage development. It follows a craft-oriented, paper
prototype-inspired approach intended to make the creation
process accessible to both experts and non-experts.
To evaluate the toolkit, we conducted three small craft-
ing workshops, each with two participants. In addition,
we used the toolkit ourselves to construct example SCIs
(Figure 4.2), which provided further iterative insights into
its design and usability. The evaluation focused on two as- Workshop evaluation

focused on assembling

and using the toolkit to

create a prototype.

pects. First, we examined how easily the modules can be as-
sembled without extensive prior instruction. Since all com-
ponents are fully 3D-printable, most of the manufacturing
process is straightforward and external to the user. We
therefore focused specifically on the assembly process, as it
represents the primary remaining barrier between fabrica-
tion and use of the toolkit. Second, each participant group
was asked to build a single actuated interface using the
toolkit. During this process, the experimenter observed po-
tential limitations in the components and the overall work-
flow.
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6.1 Workshop Design

After a brief introduction to SCIs and toolkits, the work-
shop consisted of two parts: Assembly and Crafting. In
addition, participants completed a demographics question-
naire at the beginning of the workshop and a feedback
questionnaire at the end (Appendix D, E).

Participants A total of six participants took part in the
workshop (ages: 20, 24, 24, 30, 30, 33; gender: three male,
three female). Four participants had a background in HCI,
three of whom also had experience with SCIs. The remain-
ing two participants had a physics background and were
therefore considered non-experts.

Part I: Assembly Participants were instructed to assem-Participants had only

one image to guide the

assembling process.

ble each module using only a single printed instruction
image (Appendix F). The order of the modules was ran-
domized. After assembling the individual modules, partic-
ipants were instructed to connect a Controller Module to a
movement module using the Bowden cable. For this task,
they were provided with an additional instruction image
and a short explanatory text (Appendix F).

Part II: Crafting In the second part of the workshop, par-Participants were

instructed to create a

shape-changing

prototypes using the

toolkit.

ticipants were presented with a selection of 10 sketches as
inspiration for their prototype (Appendix F). They were
free to decide what they wanted to build. The experimenter
helped to define an appropriate scope for the prototype.
Before starting the implementation, participants sketched
their prototype and considered the placement of the move-
ment modules. The workshop had no time limit, and par-
ticipants were free to stop at any point, even if the proto-
type was not yet completed, as the goal was to observe the
workflow rather than the final result. All required tools and
materials were provided, including paper, cardboard, foam
paper, a hot glue gun, super glue, tape, zip ties, scissors,
utility knives, pliers, and tweezers.
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6.2 Constructed Prototypes

During the workshops, participants created three interac-
tive artifacts (Figure 6.1): a penguin, a maritime-themed
carousel, and a slug.

The penguin is a two-dimensional cardboard prototype
that can move its arms and extend its tongue. The carousel
rotates by approximately 200° while simultaneously mov-
ing two figures, a seahorse and an octopus, up and down.
The slug can move its eyes independently while rotating its
shell. All of them could be used as non-intrusive notifica-
tion system at home.

The carousel did not function reliably during the workshop Craftables can also be

combined with

commercially available

pneumatic tube

connectors.

because the Tube Coupling (V1) repeatedly detached un-
der the weight of the rotating structure. After the work-
shop, the Tube Coupling was replaced with pneumatic fit-
tings, which provide higher resistance. With this modifica-
tion, the carousel operated as intended. This demonstrates
that Craftables can be extended with commercially available
components when required.

The slug further demonstrates that Craftables is not limited Craftables is not limited

to cardboard and paper.to cardboard and paper, but can be readily combined with
other materials, such as laser-cut wood. In this example,
the slug’s shell was fabricated from laser-cut wood. The ex-
perimenter assisted with the fabrication using a laser cutter.

The penguin illustrates how a prototype constructed within
approximately one hour can already provide valuable de-
sign feedback. Colleagues described the penguin as visu-
ally appealing but found the human-like tongue unsettling
in combination with the absence of a beak. This suggests
that this particular design would not be well suited as a
non-intrusive notification device.
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A B C D E
Figure 6.1: In three workshops, three artifacts were created. (A)-(C) showing the
creation of the moving penguin, (D) the maritime carousel, and (E) the spinning
slug. The images are digitally enriched, illustrating movement and the position of
the movement modules inside the prototypes.

6.3 Participants Feedback and Analysis

The feedback presented in this section was collected ei-
ther through observations and notes taken during the
workshops or through the post-study questionnaire (Ap-
pendix E). The findings are grouped thematically and pro-
vide an overview of the participants’ experiences with the
toolkit.

Crafting-like Workflow Overall, participants responded
positively to the crafting-oriented workflow. They reported
enjoying the workshop (e.g., "I had a lot of fun.") and were
generally satisfied with the prototypes they created. This
is reflected in the questionnaire, where all participants
agreed or strongly agreed with the statement "I am satisfied
with my prototype." (2 × Agree, 4 × Strongly Agree), see
Figure 6.2.

Participants also reported that the movement modules sub-Participants responded

positively to the

crafting-like workflow,

reported increasing

familiarity over time,

and were able to make

meaningful design

decisions with the

toolkit, despite some

added complexity from

actuation.

stantially simplified the creation of movement within their
prototypes. At the same time, one participant remarked
that the workflow "felt much more clunky than just crafting"
(German: "hat sich mehr ’hacky’ angefühlt"), indicating that
the integration of the actuated components introduced ad-
ditional complexity compared to traditional crafting.
A recurring observation was that working with the toolkit
became easier over time. All participants agreed that they
became more comfortable using the toolkit as the workshop
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0 1 2 3 4 5 6
Number of participants

I am satisfied
with my prototype.

My prototype already allows
me to make design decisions

Using the toolkit became
easier over time.

1

2

3

4

4

2

2

Strongly disagree Disagree Neutral Agree Strongly agree

Figure 6.2: Results of post-hoc questionnaire about crafting
experiences.

progressed (4 × Agree, 2 × Strongly Agree), see Figure 6.2
Since Craftables is intended as a paper prototyping-like
toolkit for actuated interfaces, it was encouraging that par-
ticipants generally felt their prototypes already enabled
them to make design decisions. One participant responded
neutrally to this statement, while the remaining partici-
pants agreed (3 × Agree) or strongly agreed (2 × Strongly
Agree). A summary of the questionnaire responses is
shown in Figure 6.2.

Weaknesses of Components Several weaknesses of indi- Multiple usability issues

were reported for

individual components,

particularly the Tube

Coupling (V1) and

assembly of the

Controller Module.

vidual components were identified, often by multiple par-
ticipants. The white Tube Coupling (V1, redesigned af-
terwords), which connects the Bowden tube to the mod-
ule, was the most frequently criticized component. Par-
ticipants reported that the tube disengaged under higher
loads, while the bayonet connector on the opposite end of-
ten failed to remain attached, disconnecting under its own
weight or due to the stiffness of the Bowden tube. The stiff-
ness of the tube itself was also perceived as cumbersome
during prototyping, as it tended to move components out
of position until permanently fixed.
Another frequently mentioned issue was inserting the ca-
ble into the modules, particularly the gray Controller Mod-
ule. One participant commented, "Inserting the cable into
the module makes me aggressive." Participants reported
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that the cable frequently became caught on small edges
within the locking mechanism, making insertion unneces-
sarily difficult.
Several participants also encountered difficulties during as-
sembly of the Controller Module. The push-down mecha-
nism was often assembled in the wrong orientation because
its asymmetry was not sufficiently apparent. Similarly, the
correct orientation of the red Locking Lever and its cover
was not always obvious.
Finally, several participants suggested improving the color
coding of the modules by matching the color of the white
circular plates to the corresponding brown 5 mm inlay.

Assembly of Modules Overall, participants perceivedAssembly was generally

perceived as easy, but

varied across modules,

with the Controller rated

as most difficult.

the assembly of the modules as relatively easy, although
the perceived difficulty differed between modules. As
expected, the blue Linear Pin and violet Rotary Rack
modules were rated as the easiest to assemble. All six
participants strongly agreed that the blue Linear Pin was
easy to assemble, while the violet Rotary Rack received
five Strongly Agree and one Agree rating. The orange Rotary
Gear was perceived as moderately difficult (3 × Neutral, 2
× Agree, 1 × Strongly Agree), whereas the gray Controller
was considered the most challenging module to assemble
(1 × Strongly Disagree, 3 × Disagree, 2 × Agree), see
Figure 6.3.

0 1 2 3 4 5 6
Number of participants

It was easy to assemble
the orange Waver module.

It was easy to assemble
the light-blue Pin module.

It was easy to assemble
the gray Controller module.

It was easy to assemble
the purple Rotate module.

1 3

3 2

2

1

1

6

5

Strongly disagree Disagree Neutral Agree Strongly agree

Figure 6.3: Results of post-hoc questionnaire about assem-
bling each of the four modules.
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Participants frequently commented that the quality of the Participants reported

unclear and incomplete

instructions as the main

barrier during assembly,

leading to

trial-and-error, but also

noted a clear learning

effect over time.

instruction images presented the main barrier during as-
sembly. In particular, the orientation of the red lever was
difficult to recognize, and some parts were either occluded
or not shown at all (e.g., the rubber bands and the second
gear). When information was missing from the instruc-
tions, participants reported relying on a trial-and-error ap-
proach to determine the correct placement of parts. Since
most parts fit in only one position, the correct configuration
was eventually found, although this process was described
as “frustrating” by one participant.
Several participants also noted the lack of clear feedback
when parts had been positioned correctly, as many compo-
nents remained slightly loose after insertion. Consequently,
participants were often uncertain whether a part had been
assembled correctly. One participant with long fingernails
additionally needed to use tweezers to assemble some of
the smaller components. Despite these difficulties, all par-
ticipants stated that they would be able to assemble the
modules significantly faster the second time. This observa-
tion is also reflected in the post-study questionnaire, where
all participants agreed that using the toolkit became easier
over time (4 × Agree, 2 × Strongly Agree), see Figure 6.2.

6.4 Improvements of Craftables

Due to the scope of this thesis, it was not possible to address Workshop feedback led

to a partial redesign of

key components,

improving robustness,

assembly feedback,

and instruction clarity.

all issues identified by the workshop participants. How-
ever, we were able to improve one of the two main con-
cerns, as well as several smaller issues.

As described previously, the workshop evaluated an ear-
lier implementation of the Tube Coupling, which exhibited
two main problems: (1) the tube disengaged under higher
loads, and (2) the bayonet connector could disengage from
the movement module. Although the latter issue could be
mitigated using hot glue, participants still perceived it as
"annoying". Figure 6.4 compares Version 1 and Version 2 of
the Tube Coupling.
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V1 3 4V2
Figure 6.4: The Tube Coupling was redesigned after the
workshop evaluation increasing the strength of the connec-
tion both to the modules, and to the tube.

To address these issues, we completely redesigned both the
Tube Coupling and the movement modules. The resultingThe Tube Coupling was

redesigned to improve

load resistance and

prevent unintended

disconnection, with

trade-offs in print

settings and fabrication

constraints.

second version of the Tube Coupling (presented in 4 “Pre-
sentation of Craftables”) was inspired by an early design ex-
ploration that had previously been discarded because of its
larger size and the requirement for a printing layer height
of 0.12 mm instead of 0.2 mm. We were able to reduce its
size; however, the threaded component still requires re-
searchers reproducing the toolkit to adjust the printing set-
tings when printing this component. Although this is not
ideal, the additional printing requirement is limited to this
single part.

Similar to the previous design, the new Coupling grips the
tube using teeth. For applications requiring higher load re-
sistance, a threaded cap can be screwed onto the connec-
tor, significantly increasing its holding strength. In addi-
tion, the bayonet connector was replaced by a fixed T-bar
connector, which is permanently assembled as part of each
movement module and held in place by the redesigned
tops/covers.

The redesign of the covers also improved the tactile feed-
back of the assembled parts. Workshop participants re-
ported that the original covers could still move after being
attached to the movement module, resulting in an unsatis-
factory feel. This issue has been significantly reduced.
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Since the printing colors are arbitrary, researchers can
choose any desired color coding. To maximize versatility,
all parts can also be printed in the same color, as several
components share identical parts, including the secondary
gears, locking levers, Tube Coupling (V2), and the lever
cover.

We also addressed feedback regarding instructions and il- Instruction

improvements focused

on clearer visual

representations using

hand-drawn and

exploded-view

illustrations.

lustrations by replacing them with hand-drawn illustra-
tions. These provide a clearer view of the relevant compo-
nents and are complemented by exploded views of all parts
in the appendix.

The second major issue identified during the workshop,
namely that the cable does not pass through the mechanism
easily, can also be addressed. However, doing so would
require extensive iteration, as the clicking mechanism de-
pends on very precise dimensions to securely fixate the ca-
ble. Consequently, even small modifications would require
repeated design iterations. While this is entirely feasible, it
was beyond the scope of this thesis.

KEY TAKEAWAY | EVALUATION WORKSHOPS:
The workshops demonstrated that the toolkit can be
easily assembled and therefore easily manufactured.
The craft-like process was perceived as engaging and
also enabled non-experts to prototype SCIs. Partici-
pants provided feedback on specific components and
their usability, informing potential improvements for
future iterations.
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Chapter 7

Conclusion

7.1 Limitations

7.1.1 Limitations of Survey

This thesis provides an initial investigation into the current
adoption of toolkits within the SCI community. Its results
reinforce the suspicion that the actual adoption of toolkits is
considerably lower than the number of published toolkits
might suggest. However, the findings of this survey should
not be interpreted as conclusive evidence due to two impor-
tant limitations.

First, the exact composition of the participant pool is un- The survey results

should be interpreted

with caution, as the

composition of the

participant pool could

not be fully verified.

known. We contacted 830 researchers who had published
papers at CHI or TEI related to SCI. However, we do
not know how many contacted researchers were not part
of the intended target group (i.e., false positives) or how
many relevant researchers were not reached (i.e. false neg-
atives). Additionally, some responses indicate that partici-
pants may not have belonged to the intended audience. For
example, several participants reported having rebuilt toolk-
its with which we are unfamiliar or that are not directly
related to SCIs. Furthermore some survey responses were
internally inconsistent. Eight participants stated that they
had rebuilt all toolkits they found interesting. However,
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when asked whether they had ever used a toolkit, seven of
these participants answered negatively. From our perspec-
tive, these responses are contradictory and further suggest
that the survey includes false positives.

Second, the sample size of the study is limited to 73 re-The survey results are

limited also by the small

sample size and

unknown nonresponse

bias.

sponses, which is too small to support robust generaliza-
tions. In principle, if no nonresponse bias was present, the
sample could potentially be a representative subgroup of
the target population, and there is no a priori reason to as-
sume systematic nonresponse bias. However, because we
do not have information about who responded and who
did not, nonresponse bias cannot be assessed. The results
must therefore be interpreted with caution.

7.1.2 Limitations of Craftables

The evaluation workshops highlighted several limitationsCraftables remains

limited by deliberate

design trade-offs and

the scope of this thesis,

not allowing another

design iteration.

of Craftables. One consequence of the design goal of en-
abling worldwide manufacturability was the decision to
avoid snap-fit mechanisms. As a result, assembled parts
do not provide the satisfying tactile feedback typically as-
sociated with snap-fit designs. While this was perceived
negatively by participants, introducing snap-fits would re-
duce printer compatibility and therefore conflict with the
primary design goal.

Furthermore, redesigning all components based on the us-
ability feedback collected during the workshops was be-
yond the scope of this thesis. Although the Tube Cou-
pling was redesigned and its force resistance significantly
improved, the achievable force and precision remain lim-
ited.
These limitations also affected the development of a fourth
movement module, the Linear Lift, based on a scissor mech-
anism. Compared to the Linear Pin, it would have pro-
vided a substantially larger range of motion while main-
taining a flatter profile. However, its development was dis-
continued because the original Tube Coupling could not
withstand the required forces. Although the redesigned
Tube Coupling addresses this issue to a large extent, con-
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tinuing the development of the Linear Lift was beyond the
scope of this thesis.

Finally, although workshop participants did not express a Craftables is currently

limited to three

movement modules.

need for additional movement modules, Craftables is cur-
rently limited to three movement modules. Using the
movement language proposed by Parkes and Ishii [2009],
these modules cover only a subset of the possible combina-
tions of movement, material, and rigidity.

7.2 Future Work

To address the limitations of this thesis, we outline future
work for both the survey and the Craftables toolkit.

7.2.1 Follow-up Survey

We propose a comprehensive follow-up study within the A follow-up survey

should improve

participant

identification,

recruitment, and

response tracking to

obtain more

representative results.

SCI community as a continuation of this initial investiga-
tion. The 830 contacted authors would need to be manually
screened to ensure their relevance to the field. Addition-
ally, further SCI researchers should be identified, including
those who may have published in other venues or not pub-
lished at all.

Furthermore, it would be necessary to establish direct par-
ticipant tracking to determine who responded and who did
not, in order to assess nonresponse bias and gain a more
accurate understanding of the participant pool. In addi-
tion, stronger measures would be required to reduce the
likelihood of survey responses being classified as spam, for
example by distributing the survey via a university server
rather than SoSci Survey’s infrastructure. It may also be
beneficial to collaborate with established researchers in the
field to reduce the risk of survey invitations being ignored
or discarded.

Our initial investigation provides a starting point for such
efforts, offering a list of potentially relevant researchers to-



60 7 Conclusion

gether with preliminary results that may help motivate col-
laboration and increase participation.

7.2.2 Expanding Craftables

Craftables itself can be further developed by adding addi-Craftables can be

extended with additional

movement modules and

electronic actuation

while preserving its

modular architecture.

tional attachment and movement modules, following the
terminology of Parkes and Ishii [2009] with respect to kind
of motion, material, and rigidity.

Furthermore, electronic Controller Modules could be de-
veloped. 3d printing filament as cable was partly chosen
because mechanisms already exist that can precisely handle
filament transport through PTFE tubes, as used in many 3D
printer systems. Such electronic modules could therefore
potentially be implemented with relatively limited effort,
for example by using a Bowden extruder1 and connecting
it to a stepper motor accordingly.

7.2.3 Community-wide Knowledge Platform

Craftables was designed with paper prototyping in mind,
as commonly used in GUI development cycles. It enables
designers to iterate quickly with relatively little effort while
still obtaining useful information.

The next step after prototyping with Craftables is to considerA shared knowledge

base would allow faster

development of SCIs by

utilizing the variety of

toolkits, fabrication

methods and

prototypes already

published.

which actuation types may be appropriate, as well as suit-
able fabrication methods. At this stage, a shared platform
could support researchers and designers by providing a
comprehensive database of prior work in SCI research, cat-
egorised by properties such as size, actuation type, speed,
force, and other relevant dimensions.

Alexander et al. [2018] already emphasised the need for
“a platform that enables the sharing of knowledge and
code across the whole community,” while also noting that

1 https://www.roboter-bausatz.de/p/mk8-bowden-extruder-links
[Accessed 20026-06-29]
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it was still too early for such an effort. First, a better un-
derstanding of requirements based on existing prototypes
and taxonomy work would be necessary. Since then, sev-
eral relevant contributions have been made, for example,
by Sturdee and Alexander [2018], who classified 83 proto-
types and their properties, and by Taher et al. [2017], who
provided a comprehensive overview of actuators and ma-
terials and their associated properties for SCI research.

Eight years after the proposal by Alexander et al. [2018], Such a knowledge base

was already proposed

eight years ago; it might

be time.

it may now be appropriate to revisit this idea in light of
the accumulated body of work, and to explore the feasibil-
ity of developing such a platform to better connect the SCI
community and support the reuse of existing toolkits and
fabrication methods, potentially making the field more ac-
cessible to designers.

However, this would likely not fundamentally change the
fact that SCI research remains strongly technology-driven,
as also suggested by our survey. One main reason for
not rebuilding toolkits is that they are considered too spe-
cific. This may also indicate that researchers continue to de-
velop entirely new materials and systems that cannot easily
be represented or simulated within existing toolkit frame-
works.

7.3 Closing Remarks

We presented Craftables, an easy-to-manufacture toolkit
that supports both expert and non-expert users in creating
low-fidelity SCIs. Inspired by paper prototyping in HCI, it
is designed to enable rapid iteration in the early stages of
SCI development.

The workshop evaluation suggests that this approach can
support iterative exploration of design ideas in SCI. In par-
ticular, participants were able to engage with the system in
a lightweight crafting-like process.

A survey conducted in this thesis indicates that toolkit
adoption within the SCI research community remains lim-
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ited, despite toolkits being considered an important chal-
lenge in the field. A key barrier appears to be the time and
effort required to rebuild existing systems. Craftables ad-
dresses this by prioritising manufacturability, being almost
entirely 3D-printable and requiring no post-processing.

Overall, Craftables extends the landscape of SCI toolkits by
directly addressing one of their main challenges: their repli-
cability.
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Appendix A

Search Query of the
ACM Digital Library

This appendix provides the search query [Gunchev, 2026]
used to retrieve relevant publications from the ACM Digital
Library.

As described in 3.1 “Survey Design”, we identified and ex-
tracted email addresses of 830 researchers relevant to the
field of SCI by querying the ACM Digital Library for pa-
pers published since 2020 in the CHI and TEI venues. The
corresponding search was conducted using the following
query:

AllField:(("shape-changing interface*" OR "shape
changing interface*" OR "shape-change interface*"
OR "shape-changing display*" OR "shape changing
display*" OR "shape display*" OR "deformable
display*" OR "morphing interface*" OR "morphable
interface*" OR "organic user interface*" OR
"kinetic interface*" OR "actuated interface*" OR
"tangible user interface*" OR "graphical-tangible
user interface*" OR GTUI OR "shape-changing
surface*" OR "shape changing surface*"))

The query was originally designed by Gunchev [2026] as
part of his master’s thesis.
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Appendix B

Bulk Email Format

In 3.1 “Survey Design”, we explained how we reduced the
risk of a spam-like appearance in our outreach emails. This
included avoiding overly formal salutations (e.g., “Dr.”)
and using shortened publication titles or more informal,
personalized descriptions.

Examples of personalization: full title “Craftables: A
modular toolkit for rapid prototyping of SCIs”, short title
“Craftables”, custom description “about your crafting-like
toolkit”.

Email:

From: Paul Gilles <mailer@soscisurvey.de>
To: %mail%
Subject: Outreach from RWTH Aachen - About using
Shape Changing Toolkits

Hello %firstname% %lastname%,

I am from the Human-Computer Interaction
chair (i10, Media Computing Group) at RWTH
Aachen (Germany). My name is Paul, and I am
doing research on shape-changing interfaces.
I found your email through your paper
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%papertitle_or_description%.

I am currently conducting a quick survey about
shape-changing toolkits: even though there
already exist many toolkits, we don’t really know
whether those toolkits are actually rebuilt and
used—and if not, why.

The survey only takes 2–4 minutes (depending on
how long you think about the questions :)). You
can click the link below or copy it (clicking on
random links in emails is not always a great idea)
or visit sosci and type /sctoolkits/ after the web
address.
https://www.soscisurvey.de/sctoolkits/

I would really appreciate it if you participate.
Even though there are no incentives :( hopefully
we get some insight into how toolkits are actually
used. If you have any questions, feel free to
reach out.

Best,
Paul Gilles

Disclaimer: This email was sent via SoSci Survey,
which helps us organize the survey. You do
not get a personalized link, so everything is
anonymous. This also means you can forward the
email if you like. We found you by looking at
papers published at CHI or TEI in recent years.
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Appendix C

Survey

The survey was conducted using SoSci Survey and con-
sisted of six pages. A paraphrased version of all questions
and answer options has already been provided in 3.1 “Sur-
vey Design”. The following five full-size pages present a
comprehensive export of the questionnaire generated by
SoSci Survey.



02.07.2026, 09:55sctoolkits → base

Page 01

How are Shape Changing (SC) Toolkits used and rebuild? 
Welcome, and thank you for participating in our survey. 

This survey takes approximately 2 to 4 minutes and focuses on the use of shape-changing toolkits in research. All
responses are collected anonymously and will be used solely for scientific purposes. Your participation is voluntary,
and you may stop the survey at any time without providing a reason. 

We appreciate your participation.

I consent to the use of my anonymous data for research purposes.

Ok

Galley-proof base (sctoolkits) 02.07.2026, 09:55 https://www.soscisurvey.de/sctoolkits/?s2preview=ekLz5Gn88jS6Bg...
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Page 02

Throughout the survey, we use SC toolkits as abbreviation of shape-changing toolkits, meaning toolkits that
can be used to develop shape changing interfaces.

At which university or research institute are you currently employed?
This information will be encoded and only used for identifying multiple submissions from the same research groups. If
your institute is not automatically shown, you can still just type it in, but then it will not be encoded.

Are you developing any kind of hardware prototype in your research group?

Yes

No

Are you aware of any SC toolkits that could be useful for your research, which you have not yet rebuild?

Yes, there are useful SC toolkits which we did not rebuild

No, there are no useful SC toolkits for us

No, we rebuild all useful SC toolkits

1 Active Filter(s)
Filter T006/F1
If any of the following options is selected: 3
Then display question/text T005 placed later in the questionnaire (otherwise hide)

Prefer not to answer

Galley-proof base (sctoolkits) 02.07.2026, 09:55 https://www.soscisurvey.de/sctoolkits/?s2preview=ekLz5Gn88jS6Bg...
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Page 03

Throughout the survey, we use SC toolkits as abbreviation of shape-changing toolkits, meaning toolkits that
can be used to develop shape changing interfaces.

Have you ever used a SC toolkit developed by another research group?

Yes

No

3 Active Filter(s)
Filter T001/F1
If any of the following options is selected: 1
Then display question/text T002 placed later in the questionnaire (otherwise hide)
Filter T001/F2
If any of the following options is selected: 1
Then display question/text T003 placed later in the questionnaire (otherwise hide)
Filter T001/F3
If any of the following options is selected: 1
Then display question/text T004 placed later in the questionnaire (otherwise hide)

Page 04

What was the name of the SC toolkit?
Please type in the names of the toolkits you used, separated by a semicolon, e.g. ShapeKit; XStrings.

How did you acquire the SC toolkit?
(Multiple selections possible)

Rebuilt it yourself

Purchased it

Received it as a gift

Received it as a loan

Other

At which university or research institute did you use the toolkit developed by someone else?
This information will be encoded and only used for identifying multiple submissions from the same research groups. If
your institute is not automatically shown, you can still just type it in, but then it will not be encoded.

Prefer not to answer

Galley-proof base (sctoolkits) 02.07.2026, 09:55 https://www.soscisurvey.de/sctoolkits/?s2preview=ekLz5Gn88jS6Bg...
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Page 05

Which of the following tools and capabilities are available within your research group (i.e., someone in your
group can use them upon request)?

3D printing (standard materials, e.g., PLA, PETG, TPU)

3D printing nylon

Laser cutting

Silicone casting

Soldering

Textile fabrication (e.g., sewing, embroidering)

CAD modelling (e.g., FreeCAD, Fusion360)

Microcontroller prototyping and wiring

Vector-based design and editing

None

Which of the following tools do you personally have access to and can operate yourself?

3D printing (standard materials, e.g., PLA, PETG, TPU)

3D printing nylon

Laser cutting

Silicone casting

Soldering

Textile fabrication (e.g., sewing, embroidering)

CAD modelling (e.g., FreeCAD, Fusion360)

Microcontroller prototyping and wiring

Vector-based design and editing

None
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Page 06

Earlier you said that useful SC toolkits exist, which you did not rebuild. What are the reasons why you did not
rebuild the toolkit?
(Multiple selections possible)

Not all needed tools are available (e.g., missing 3D printer, laser cutter)

Not skilled enough (e.g., soldering, 3D modeling)

Specific parts were not available (e.g., specific screws, rods, ...)

Toolkit seemed useful but still too specific for our use case

Toolkit does not provide sufficient support (e.g., no instructions, no software)

Rebuilding seemed too time intensive

Rebuilding was too expensive

It seemed faster to just develop our own protoype

None of the above

Last Page

Thank you for completing this questionnaire!
We would like to thank you very much for helping us.

Your answers were submitted, you may close the browser window or tab now.

Paul Gilles, RWTH Aachen – 2026
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Appendix D

Workshop
Questionnaire I

Demographics

Participant ID:

Date:

D1. Age: years

D2. Gender:

□ Female

□ Male

□ Diverse

□ Prefer not to say

D3. Highest Educational Qualification:

□ Secondary School
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□ Vocational Training

□ Bachelor’s Degree

□ Master’s Degree

□ Doctorate (PhD)

□ Other:

D4. Academic/Professional Background (optional):

Experience and Interests

Please rate the following statements.

Scale: 1 = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 =
Agree, 5 = Strongly agree

No. Statement 1 2 3 4 5
E1 Experience with maker projects. □ □ □ □ □

E2 I enjoy crafting and creative making. □ □ □ □ □

E3 Experience with hardware prototyp-
ing.

□ □ □ □ □

E4 Worked with Shape-Changing Inter-
faces before.

□ □ □ □ □

E5 Familiar with research on Shape-
Changing Interfaces.

□ □ □ □ □

E6 Confident using new technical tools. □ □ □ □ □
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Workshop
Questionnaire II

Questionnaire – Evaluation of the Modular Prototyping
Toolkit

Participant ID:
Date:

Use of the Modules

Scale: 1 = Strongly disagree, 2 = Disagree, 3 = Neutral, 4 =
Agree, 5 = Strongly agree
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Statement 1 2 3 4 5
Easy to assemble orange Waver
module.

□ □ □ □ □

Easy to assemble light-blue Pin mod-
ule.

□ □ □ □ □

Easy to assemble gray Controller
module.

□ □ □ □ □

Easy to assemble purple Rotate
module.

□ □ □ □ □

Easy to connect orange Waver mod-
ule.

□ □ □ □ □

Easy to connect light-blue Pin mod-
ule.

□ □ □ □ □

Easy to connect gray Controller
module.

□ □ □ □ □

Easy to connect purple Rotate mod-
ule.

□ □ □ □ □

Crafting your Prototype

Statement 1 2 3 4 5
Satisfied with my prototype. □ □ □ □ □
Prototype allows design decisions
(size, speed, motion).

□ □ □ □ □

Toolkit became easier over time. □ □ □ □ □

Weaknesses

Did any components perform poorly?

(orange Waver, purple Rotate, light-blue Pin, gray Con-
troller, white structural parts, inlays, bayonet connector)

Anything else?



77

Appendix F

Workshop Instructions

The instruction text was: "First, connect the cable to the
module by inserting it into the cable clip and pressing
down the locking lever. The inspection hole in the cable
clip can be used to verify that the cable has been inserted
sufficiently. Next, prepare the tube by attaching a tube cou-
pler to each end. Slide the tube over the cable, insert the
tube coupler into the module, and rotate it by 45° to se-
cure the connection. Before connecting the control module,
move its slider fully backward to provide easy access to the
cable clip. Insert the cable into the control module and pull
it through completely; any excess cable can remain inside
the control module. Adjust the module position by gen-
tly pulling on the cable, then secure the cable by pressing
down the locking lever. Finally, connect the remaining end
of the tube to the control module. The module is now fully
connected and ready for operation."
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Figure F.1: Instructions workshop participants used to assemble the modules
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Appendix G

Instructions

All files are uploaded to RWTH Gitlab: https://git.rwth-
aachen.de/i10/thesis/thesis-paul-gilles-craftables
Assembling instructions are given on the next page.

https://git.rwth-aachen.de/i10/thesis/thesis-paul-gilles-craftables
https://git.rwth-aachen.de/i10/thesis/thesis-paul-gilles-craftables
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