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Abstract

In recent years, a growing number of toolkits, frameworks, and platforms have
been proposed to support the prototyping process of shape-changing interfaces.
However, there is still no clear overview of how these prototyping approaches are
structured, which parts of the work�ow they support, and where important gaps
remain. This thesis, therefore, reviews the literature on prototyping toolkits for
shape-changing interfaces.

To address this problem, a systematic literature review was conducted following
the PRISMA approach. The review combined backward and forward snowballing
from four seed papers with a structured database search in the ACM Digital Li-
brary. The �nal reviewed corpus of 47 publications was then analyzed using a
qualitative coding scheme developed around three research questions: how SCI
prototyping toolkits can be categorized, how they support the design-to-fabrication
work�ow, and how they are evaluated.

The review shows that SCI prototyping toolkits are primarily focused on three ac-
tuation approaches: smart materials, electromechanical systems, and pneumatic
systems. Most toolkits are designed for desktop-scale prototyping, whereas body-
scale and spatial systems are less common. The corpus also shows a strong orien-
tation toward designers and researchers, although some more recent work increas-
ingly addresses non-experts. In terms of work�ow support, many toolkits provide
useful support for early-stage design exploration through CAD tools, graphical
user interfaces, or simulations, but fewer offer integrated work�ows that connect
design, fabrication, and implementation seamlessly. Evaluation practices also re-
main uneven. Demonstrations are the most common strategy, while usage-based
and technical evaluations appear less consistently, and long-term studies are sel-
dom.

Overall, this thesis provides a structured overview of research on SCI prototyping
toolkits and identi�es remaining challenges for future work, particularly regarding
work�ow integration, broader accessibility, and stronger evaluation practices.
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Überblick

In den letzten Jahren wurde eine wachsende Zahl von Toolkits, Frameworks und
Plattformen vorgeschlagen, um den Prototyping-Prozess für Shape-changing In-
terfaces zu unterstützen. Dennoch gibt es bisher keinen klaren Überblick darüber,
wie diese Prototyping-Ansätze strukturiert sind, welche Etappen des Work�ows
sie unterstützen und wo weiterhin wichtige Lücken bestehen.

Um dieses Problem zu adressieren, wurde eine systematische Literaturrecherche
gemäß den PRISMA-Leitlinien durchgeführt. Das Review kombinierte rückwärts-
und vorwärtsgerichtetes Snowballing, ausgehend von vier Seed Papers, mit einer
strukturierten Datenbanksuche in der ACM Digital Library. Der �nale untersuchte
Datensatz mit 47 Publikationen wurde anschließend mithilfe eines qualitativen
Kodierschemas analysiert, das sich an drei Forschungsfragen orientierte: wie sich
SCI-Prototyping-Toolkits kategorisieren lassen, wie sie den Design-to-Fabrication-
Work�ow unterstützen und wie sie evaluiert werden.

Das Review zeigt, dass SCI-Prototyping-Toolkits vor allem auf drei Aktuierungsan-
sätze ausgerichtet sind: Smart Materials, elektromechanische Systeme und pneu-
matische Systeme. Die meisten Toolkits sind für Desktop-Scale-Prototyping aus-
gelegt, während Body-Scale- und räumliche Systeme seltener vorkommen. Der
Datensatz zeigt außerdem eine starke Ausrichtung auf Designer und Forschende,
auch wenn einige neuere Arbeiten zunehmend Nicht-Expert:innen adressieren. Im
Hinblick auf den Work�ow bieten viele Toolkits nützliche Unterstützung für die
frühe Designexploration durch CAD-Werkzeuge, gra�sche Benutzerober�ächen
oder Simulationen, doch nur wenige integrieren Work�ows, die Design, Ferti-
gung und Implementierung nahtlos miteinander verbinden. Auch die Evalua-
tionspraktiken bleiben uneinheitlich. Demonstrationen sind die häu�gste Strate-
gie, während nutzungsbasierte und technische Evaluationen weniger konsistent
angewendet werden. Insgesamt liefert diese Arbeit einen strukturierten Überblick
über die Forschung zu SCI-Prototyping-Toolkits und identi�ziert verbleibende
Herausforderungen für zukünftige Arbeiten.
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Throughout this thesis, we use the following conventions:

• The thesis is written in American English.

• The �rst person is written in plural form.

• Unidenti�ed third persons are described in female form.

Short excursuses are set off in colored boxes.

EXCURSUS:
Excursuses are set off in orange boxes.

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.

Fill in whatever other text conventions you might have
here.
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Chapter 1

Introduction

“Shape-changing user interfaces represent a
potential future direction for human-computer

interaction, aiming to bring the sense of touch and
physical manipulation back into the forefront.”

—Daniel Leithinger1

Shape change can be observed across biological systems as Shape change in nature

and how it helps

animals and plants.

a response to environmental conditions and adaptive pres-
sures. For instance, animals can adjust their posture or
body volume to regulate their temperature, while certain
plants can modify their form to match surrounding plants
for camou�age. These examples demonstrate that shape
change is rarely just cosmetic but often serves clear func-
tional applications [Ryding et al., 2021].

Humans also have a long history of interacting with shape- Shape change in

everyday life and how it

helps humans.

changing materials. Activities like pottery, sculpting, or
playing with soft materials like plasticine require physi-
cal contact. These interactions are intuitive and embod-
ied, and can be continuously adjusted with the hands. In
such contexts, shape change supports learning, creativ-
ity, and expression, often without the need for explicit in-
structions or abstract representations [Bell et al., 2024; Ishii
et al., 2004; Liang et al., 2021].

1 https://www.youtube.com/watch?v=Hw1qUn2wri4, last accessed
20.01.2026
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Inspired by the adaptive qualities of nature, researchersConnecting nature and

technology. have been exploring in the last years how computational
systems could similarly transform their physical form [Ras-
mussen et al., 2012]. Early papers on tangible and embodied
interaction emphasized the integration of digital informa-
tion with physical materials, which aims to "bridge the gap
between bits and atoms" [Ishii and Ullmer, 1997].

At the same time, advances in digital fabrication, actuationDevelopment of

material science

"opened the door" for

SCIs.

technologies, and smart materials have made it increasingly
practical to experiment with physical transformation in in-
teractive systems [Qamar et al., 2018]. These technological
developments have contributed to the emergence of shape-
changing interfaces (SCIs) as a distinct research area within
the �eld of Human-Computer Interaction (HCI) [Rasmussen
et al., 2012].

Rather than relying just on screens or static physical con-
trols, these interfaces communicate information and afford
interaction through movement, deformation, or changes in
texture. A commonly used de�nition describes SCIs as
physically tangible, interactive devices, surfaces, or spaces
that enable rich and organic experiences with computa-
tional systems [Sturdee and Alexander, 2018].

While several reviews have examined the design space ofOne of the grand

challenges of SCIs. SCIs [Rasmussen et al., 2012; Sturdee and Alexander, 2018],
researchers have also identi�ed grand challenges within
this space. One of them is related to prototyping [Alexan-
der et al., 2018]. Many SCI prototypes remain one-off
research artifacts that are dif�cult to reproduce, extend,
or transfer into other contexts. This implies that design-
ers without strong technical backgrounds may struggle to
explore shape-changing interaction concepts, and it may
be challenging for them to use their knowledge from one
project to another [Qamar et al., 2018; Sturdee and Alexan-
der, 2018].

Prototyping toolkits have been proposed to address theseSCI development

requires

multidisciplinary

expertise across

hardware and software.

limitations and to build a bridge among designers, non-
experts, and researchers [Dai et al., 2024; Kim et al., 2021].
The development of SCIs requires the integration of soft-
ware programming, complex electronics, actuation mecha-
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nisms, and mechanical design [Alexander et al., 2018; Qa-
mar et al., 2018]. This is a complex combination of compe-
tencies that differs from what is typically required in other
areas of interactive computing. The diversity of these tech-
nologies and the lack of standardized platforms make it
dif�cult to prototype and reproduce shape-changing sys-
tems ef�ciently. However, existing toolkits vary widely in
terms of their goals, supported technologies, and intended
users. Moreover, many toolkit papers provide limited eval-
uation, making it dif�cult to assess their practical useful-
ness [Alexander et al., 2018; Ledo et al., 2018].

Existing literature often discusses technical innovation or
interaction concepts, while questions related to work�ow
support, usability, and reproducibility remain neglected
[Qamar et al., 2018; Sturdee and Alexander, 2018].

Although several toolkits have been introduced to address
prototyping challenges, they differ considerably in terms
of technical scope, abstraction level, and intended user
groups. In addition, evaluation approaches for toolkits
are inconsistent, ranging from informal demonstrations to
small user studies, with little agreement on appropriate
metrics [Alexander et al., 2018; Ledo et al., 2018].

Thus, it remains unclear how effectively current prototyp- Existing SCI toolkits

lack systematic

comparison and

evaluation.

ing toolkits support the full design-to-fabrication process
and how transferable their solutions are beyond speci�c re-
search contexts. Despite the growing number of toolkits,
there is a lack of structured comparison regarding their de-
sign principles and methodological foundations. This gap
motivates this thesis, which offers a systematic examina-
tion focused speci�cally on SCI prototyping toolkits. The
unique contribution of this research is a comprehensive
analysis of the tools and frameworks that facilitate the cre-
ation of SCIs, thereby identifying both existing gaps and
ongoing challenges in the �eld. By clarifying the scope to
emphasize toolkit development and evaluation, this thesis
aims to advance understanding of how such resources sup-
port the multidisciplinary process of SCI prototyping.

We address these gaps by systematically reviewing proto-
typing toolkits for SCIs. For the literature review, we used
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the Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) Guideline as a base [Page et al., 2021].

The paper is guided by the following research questionsResearch questions of

the thesis. (RQs):

RQ1: What toolkits and frameworks have been proposed
for prototyping shape-changing interfaces, and how can
they be systematically categorized?

RQ2: How do prototyping toolkits for shape-changing in-
terfaces support the design-to-fabrication work�ow, and
what aspects of this work�ow are emphasized or con-
strained by existing tools?

RQ3: How are shape-changing interface prototyping toolk-
its evaluated in the literature, and what methodological
gaps and remaining challenges can be identi�ed for their
future development?

Our goal is to explore and re�ect on the current �eld ofThis thesis investigates

existing SCI prototyping

toolkits through a

systematic literature

review.

prototyping toolkits for shape-changing user interfaces via
a structured literature review, through which we would try
to provide clarity and structure to this area.

1.1 Outline

The thesis is structured in �ve chapters. Following this In-
troduction, Chapter 2 “Theoretical Background” introduces
relevant background concepts related to SCIs and prototyp-
ing. Chapter 3 “Methodology” presents the methodological
approach and explains the process of selecting and analyz-
ing the literature. Chapter 4 “Results” gives a summary of
the outcome from the conducted literature review. Chap-
ter 5 “Discussion” addresses the three research questions
by categorizing existing toolkits, analyzing work�ow sup-
port, and examining evaluation practices. Finally, Chap-
ter 6 “Summary and Future Work” discusses the identi�ed
challenges, implications for future research, and potential
directions for developing more accessible and reproducible
SCI prototyping frameworks.
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Chapter 2

Theoretical Background

This chapter provides the theoretical background neces-
sary to understand the prototyping of shape-changing in-
terfaces. It begins by introducing key de�nitions, tax-
onomies, and the design space that structures the �eld. It
then examines the material and actuation mechanisms that
make physical transformation possible, emphasizing the
multidisciplinary nature of SCI development. The chap-
ter also discusses prototyping within HCI and highlights
the speci�c challenges that arise when material properties,
mechanical actuation, sensing, and software control must
work together. Finally, it brie�y introduces the concept of
toolkits.

2.1 Shape-Changing Interfaces

DEFINITION:
Shape-changing interfaces are physically tangible, in-
teractive devices, surfaces or spaces which allow for
rich, organic and novel experiences with computational
devices [Sturdee and Alexander, 2018].

Rasmussen et al. [2012] provided an early and in�uential The design space of

shape change.overview of shape-changing interfaces, demonstrating the
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Figure 2.1: The �gure shows the taxonomy that categorizes the different types
of shape change. Image taken from Rasmussen et al. [2012]. The examples in
the �gure 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 �eld.

One important aspect of this taxonomy is the identi�cationDifferent 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 �exible
substrates and distributed force application, whereas a sys-
tem for volumetric expansion may rely on pneumatic or in-
�atable mechanisms. In this sense, design taxonomies al-
ready reveal technical implications that directly in�uence
implementation and prototyping decisions.
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Figure 2.2: The �gure shows the 8 suggested categories of shape-changing proto-
types. Image taken from Sturdee and Alexander [2018].

While Rasmussen et al. [2012] structured the �eld mainly
through deformation dimensions, later analyses expanded
on this perspective. Sturdee and Alexander [2018] ex- SCIs can also be

classi�ed by research

focus and application

context.

amined the literature to classify shape-changing inter-
faces according to research focus, distinguishing between
technology-driven contributions, interaction-driven explo-
rations, and application-oriented systems. There were sug-
gested 8 categories of SCIs, as shown in Figure 2.2.

This classi�cation demonstrates that SCIs operate simulta-
neously as material systems, interaction systems, and re-
search artifacts. Some projects emphasize novel actuation
techniques or fabrication processes, while others explore
experiential qualities, affordances, or use cases.

Taken together, these taxonomies show that SCIs cannot SCIs emerge from the

interaction of physical

transformation,

computation, and user

interaction.

be reduced to a single de�ning characteristic such as reso-
lution, responsiveness, or �delity. Instead, they are charac-
terized by the connection between physical transformation,
computational control, and human interaction. Before ad-
dressing prototyping, it is important to understand these
conceptual structures, because each dimension of the de-
sign space introduces speci�c technical and methodological
considerations.
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Unlike traditional graphical interfaces, where visual layout
can be modi�ed independently from the physical device,
SCIs bind form and function together. A modi�cation in
shape does not only change appearance, but it also alters
interaction affordances and user expectations. This tight
coupling between physical structure and interaction logic
is one of the fundamental reasons why prototyping in this
domain differs from more conventional interface design.

2.1.1 Affordances of SCIs

While Ishii and Ullmer [1997] emphasize making digitalAffordances describe

how users perceive

possible interactions

with an artifact.

information graspable through physical form, SCIs extend
this approach by enabling the physical form itself to change
dynamically in response to computational processes or user
actions.

In HCI, this is often discussed in terms of affordances .
Affordance is the action possibility that an artifact offers,
as it is perceived by a user in a particular context [Nor-
man, 2013].

For SCIs, affordances are not only about pressing, drag-
ging, or rotating, but also about whether and how an object
might physically transform. Petersen et al. [2020] analyzeTransformability through

material, structure, and

visible mechanisms.

shape-changing interfaces from this perspective and ask
how SCIs communicate their transformability potential, in-
cluding when the interface is not currently moving. They
argue that users pick up cues about possible transforma-
tions from several aspects of the artifact, such as its struc-
ture, material, visible mechanisms, and overall form. These
cues help users anticipate whether an object might bend,
fold, stretch, in�ate, rotate, or otherwise change shape and
whether this change is user-driven or actuated.

Based on a review of existing prototypes, Petersen
et al. [2020] identify four recurring design strategies that
designers use to communicate transformability, namely
structure, material, actuation mechanisms and form.
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These strategies illustrate that the static appearance of an
SCI is already part of its interaction design. Users rarely
see an object in its animated state alone. If transformability
is not legible, users may either fail to discover key interac-
tions or feel unsafe when unexpected motion occurs.

2.1.2 Applications

Shape-changing interfaces have the potential to be ap- SCIs have been

proposed for diverse

application domains.

plied across a wide range of domains. By enabling phys-
ical transformation as part of interaction, these systems
can support new forms of communication between users
and digital systems [Rasmussen et al., 2012]. Possible ap-
plication ideas have been suggested across multiple do-
mains, including entertainment, augmented living, medi-
cal devices, tools and utensils, architecture, and wearables.
Sturdee et al. [2015] conducted a public ideation study that
grouped 336 ideas into 11 application themes, illustrating
the breadth of possible use cases for shape-change. Some
of the SCIs are shown in Figure 2.3.

2.2 Materials and Actuation Mechanisms

The physical transformation of shape-changing interfaces Actuation technologies

determine how shape

change can be

physically realized.

is enabled through a combination of materials, mechan-
ical structures, and actuation technologies. While tax-
onomies describe what kind of transformations are possi-
ble, material and actuation systems determine how these
transformations can be realized in practice [Alexander
et al., 2018; Qamar et al., 2018].

Several categories of actuation approaches appear re-
peatedly in the literature.A practical distinction can be
made between electromechanical actuation, pneumatic actu-
ation, and smart-material-based actuation, each with char-
acteristic strengths and prototyping trade-offs [Alexander
et al., 2018; Qamar et al., 2018]. In the following subsec-
tions, an overview of the different actuation types is pro-
vided.
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