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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 (= = 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-speci�c designs. Motivated by these �ndings, 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
re�nement.
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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
(= = 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 identi�ziert wer-
den.
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Conventions & Tools

Throughout this thesis we use the following conventions:

• The thesis is written in American English.

• The �rst person is written in plural form.

DEFINITION:
A de�nition 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 con�ned 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 bene�ts [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 signi�cant potential, they remain chal-SCIs are challenging to

design. lenging to design and develop [Alexander et al., 2018].
Unlike GUIs, which bene�t from established prototyping
work�ows ranging from sketches and paper prototypes to
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high-�delity 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 identi�ed as a key
challenge for the �eld [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 signi�cant bar-
rier to their adoption.

Motivated by these �ndings, 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 work�ow. 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 �lament, 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 modi�cation of early
designs in a crafting-like work�ow. This early-stage ex-
ploration also helps de�ne 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 identi�ed. 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,
work�ows, 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 �ndings 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 �eld, 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 de�nition of SCIs,
explains the taxonomies used, and illustrates the diversity
of interfaces through examples. Furthermore, the current
state and challenges of the research �eld 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 De�nition and Characteristics of SCIs

An informal de�nition of shape-changing interfaces is al-
ready given by the name itself: interfaces that are able to
change their shape.1 A more precise de�nition 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] de�ne 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 de�nition, Alexander et al. [2018] explic-
itly expanded earlier de�nitions. Poupyrev et al. [2007]
compiled an overview of actuated tangible interfaces,
primarily early shape-changing displays, and used an
actuation-based de�nition 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 �fteen

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 de�ned eight different kinds of shape change
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Figure 2.1: Eight types of shape change proposed by Rasmussen et al. [2012]. Later
work by Sturdee and Alexander [2018] re�ned 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 �ve 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 & in�atable, 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 �eld.

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-
�gure 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 �uid 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 �eld, 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 in�uential works of Rasmussen et al. [2012] andIn 2018, 12 grand

challenges of SCI

research were

identi�ed.

Alexander et al. [2018] summarize several key challenges
within the �eld 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 �rst 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 de�ning 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 de�nition includes software devel-
opment kits, APIs, widget sets, interface builders, and de-
velopment environments. A more recent de�nition 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 de�nition 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 speci�cally 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 re�ected 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

work�ow and

fabrication effort.

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

Work�ow 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 work�ow 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
�rst 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 �nal 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 recon�gurable 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 recon�guration. Ex-
amples are shown in Figure 2.2

It must be noted that this classi�cation 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 recon�gured and reused.
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Fabrication effort. A second dimension along whichFabrication effort of

toolkits differ

signi�cantly.

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 �exible hinges, LED matrices,
multiple conductive surfaces, small servo motors, and 3D-
printed parts for each module, in addition to non-trivial
modi�cations of the servo motors themselves. Similarly,
NURBSforms [2020] depends on the fabrication of custom
�exible 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
speci�c 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 speci�c 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 �exible materials such as TPU. Once the de-

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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