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Abstract

Shape-changing interfaces (SCIs) are an emerging technology with a variety of pos-
sible areas of application, including augmented living. They are interfaces that
utilize a physical change of shape or materiality as input or output to convey in-
formation, meaning, or affect. The bene ts of SCls can be utilized for smart home
devices. Smart homes offer customizable services to users and consist of linked
sensors, appliances, and controls. They have shown to have important potential
for the design of future homes. However, research so far has not focused on ap-
plication scenarios for SCls in smart homes. It is unclear which preferences users
have for using SCls in smart homes.

We therefore asked the following research questions: 1. Which application areas of
shape-changing interfaces can users imagine in a Smart Home? 2. Which charac-
teristics of shape changes can users imagine in these scenarios? 3. How do users
imagine interacting with shape-changing interfaces in smart homes? To answer
these questions, we conducted a co-design user study. Our participants created
storyboards that show possible application scenarios for SCls in smart homes and
their context.

We found four scenarios that were frequently imagined across participant groups
and a variety of additional ideas. Those common scenarios are Controlling the En-
vironment through Permeability, Preventing Injuries and Damage, Adaptable Objects and
Rooms, and Causing Behavioral Changes through Discomfort. With these scenarios, we
contribute inspiration for the construction of future SCls in smart homes and rec-
ommendations on characteristics of SCIs that t user preferences. We additionally
showed that our methodology can contribute to making smart home and SCI re-
search more user-centric. Our work reveals the potential of using SCIs in smart
homes instead of traditional smart home devices.






Xi

Uberblick

Shape-Changing Interfaces (SCI) sind eine neu aufkommende Technologie mit
einer Vielfalt von Anwendungsgebieten, einschlie3lich erweitertem Wohnen (aug-
mented living). SCls sind Interfaces, die eine physikalische Veranderung der Form
oder Stof ichkeit als Input oder Output benutzen, um eine Information, eine Be-
deutung oder einen Affekt mitzuteilen. Ihre Vorteile kénnen fur Smart-Home-
Gerate genutzt werden. Smart Homes bieten Nutzern personalisierbare Dienste
und bestehen aus verbundenen Sensoren, Geraten und Kontrollelementen. lhre
Vielzahl von Vorteilen hat wichtiges Potenzial fur das Design des Zuhauses der
Zukunft gezeigt. Jedoch hat sich die Forschung bis jetzt nicht mit moglichen An-
wendungsszenarien fir SCls in Smart Homes beschaftigt. Es ist unklar, welche
Praferenzen Nutzer bezuglich der Verwendung von SCls in Smart Homes haben.

Wir haben deswegen die folgenden Forschungsfragen gestellt: 1. Welche Anwen-
dungsgebiete von Shape-Changing Interfaces kdnnen sich Nutzer in Smart Homes
vorstellen? 2. Welche Eingenschaften von Shape-Changing Interfaces kénnen sich
Nutzer fur diese Szenarien vorstellen? 3. Wie stellen Nutzer sich die Interak-
tion mit Shape-Changing Interfaces in Smart Homes vor? Um diese Fragen zu
beantworten, haben wir eine Co-Design-Nutzerstudie durchgefiihrt. Unsere Teil-
nehmenden haben Storyboards entwickelt, die mdgliche Anwendungsszenarien
fur SCls in Smart Homes und ihren Kontext zeigen.

Wir haben vier Szenarien identi ziert, die in mehreren verschiedenen Teil-
nehmendengruppen vorkamen und eine Vielfalt an zusatzlichen Ideen. Diese ver-
breiteten Szenarien sind Kontrollieren des Umfelds mit Durchléassigkeit, Verhindern von
Verletzungen und Beschadigungen, Anpassungsfahige Objekte und Raume und Bewirken
einer Verhaltensveranderung durch Ungemdatlichkeit. Mit diesen Szenarien tragen wir
Inspiration zur Entwicklung zukiinftiger SCls fur Smart Homes bei. Auf3erdem
bieten wir Empfehlungen fur Eigenschaften dieser SCIs, die Nutzerpraferenzen
entsprechen. Wir haben aul3erdem gezeigt, dass unsere Methodologie helfen kann,
Smart Home und SCI Forschung nutzerzentrischer zu machen. Unsere Arbeit of-
fenbart das Potenzial der Nutzung von SCls in Smart Homes anstelle traditioneller
Interfaces.
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Conventions

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 neutrally.

Categories that were taken from taxonomies or emerged
from our ndings, as well as names of existing prototypes,
are written in italics.

Short de nitions are set off in green boxes.

DEFINITION:
De nitions are set off in green boxes.

Where appropriate, paragraphs are summarized by one or

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

This is a summary of a

paragraph.






Chapter 1

Introduction

Shape-Changing interfaces (SCI) are an emerging technol-
ogy with a variety of possible areas of application, such as
architecture, infrastructure, entertainment, or medical ap-
plications [Sturdee et al., 2015]. They make a multitude of
futuristic designs and innovative ways of interaction possi-
ble and will thus shape our way of living in the future.

1.1 Shape-Changing Interfaces and their
Application in Smart Homes

SHAPE-CHANGING INTERFACE:

Alexander et al. [2018] de ne SCls as interfaces that uti-
lize a physical change of shape or materiality as input
or output. This change is interactive or computationally

controlled and either self- or user-actuated. Further, it
conveys information, a meaning, or an affect.

Research on shape-changing interfaces has focused on dif-
ferent areas. Examples are developing toolkits to facilitate
prototyping and fabricating SCIs [Pardomuan, 2022] and
building artifacts, such as shape-changing curtains [Coelho
and Maes, 2009] or mirrors [Davis et al.,, 2013]. Addi-
tionally, taxonomies for the development and classi ca-

De nition:
Shape-Changing
Interface

Research on SCls
includes the
development of toolkits,
prototypes, and
frameworks.



1 Introduction

User-centric research
on SCls is rare.

SCls have many
bene ts that can be
utilized in smart home
devices.

De nition:
Smart Home

tion of those artifacts have been developed [Rasmussen

et al., 2016, 2012; Sturdee and Alexander, 2018]. How SCls
are perceived and their effect on users has also been inves-

tigated [Zhong et al., 2021; Nabil et al., 2018].

However, research so far has not focused on users'
preferences for application scenarios [Rasmussen
et al., 2012; Sturdee and Alexander, 2018]. As our goal
in designing interfaces for human-computer-interaction
(HCI) should always be to take users into account as much
as possible, this is an important research gap. There are
many open questions regarding the user experience and
usefulness of SCls. Speci cally, it is unclear when using
SCIs has benets over traditional non-shape-changing
interfaces and which aspects of SCls provide which precise
bene ts to users [Alexander et al., 2018].

Rasmussen et al. [2012] identi ed many potential bene-
ts of using SCls. They make communicating information
more ef cient, utilize dynamic affordances, provide hap-
tic feedback, and can be used to nd practical solutions to
problems. These bene ts can speci cally be used for smart
home systems, as communicating information about the
home environment and customizing users' homes are es-
sential parts of smart home technology [Alam et al., 2012].
Furthermore, Sturdee et al. [2015, 2019] have made an im-
portant step towards user-centric research on SCIs. They
identi ed possible application areas for SCls, including
augmented living, which describes the enhancement of
homes through technology. This indicates that users also
recognize the potential of integrating SCls into smart home
systems.

SMART HOME:

Smart homes are homes that provide tailored services
to users. They consist of linked sensors, appliances, and
controls, and offer the possibility of remote monitoring
and control of homes and their devices [Gram-Hanssen
and Darby, 2018].



1.1 Shape-Changing Interfaces and their Application in Smart Homes

Smart home systems offer a multitude of bene ts, such as
ef cient energy management, more convenient controlla-
bility, and assistance for accessible living and healthcare
[Sovacool and Furszyfer Del Rio, 2020]. Thus, they are an
important chance to improve daily life in the future. Addi-
tionally, many researchers have already developed specic
shape-changing artifacts that could be used in our homes.
Examples for such SCls are a shape-changing door [Econo-
midou and Hengeveld, 2021] or vacuum cleaners [Jakobsen
et al., 2016]. Some of those attempt to solve speci ¢ prob-
lems, for example, helping babies sleep in a safer position
[Zhao et al., 2021]. Others aim to provide an aesthetic value
with shape-changing decoration [Nabil et al., 2018] or nd
innovative ways to re ect users' emotions, such as stress,
with a textile mirror [Davis et al., 2013]. Yet, not only re-
search on SCIs but also on smart homes lacks when it comes
to taking user needs into account. For example, women
as users are underrepresented [Strengers et al., 2019] and
common user needs such as privacy are often neglected
[Samancioglu et al., 2024].

We therefore used a user-centric approach to nd applica-
tion scenarios for SCls in smart homes and formulated the
following research questions:

* Q1: Which application areas of shape-changing inter-
faces can users imagine in a smart home?

* Q2: Which characteristics of shape changes can users
imagine in these scenarios?

¢ Q3: How do users imagine interacting with shape-
changing interfaces in smart homes?

To answer these questions, we conducted a user study uti-
lizing co-design. With this method, the researcher facili-
tates the ideas of the user by guiding them through the rele-
vant steps of the design process. Co-design is bene cial for
user-centric research as it takes user needs and preferences
into account and pro ts from their knowledge about their
own speci ¢ experiences [Sanders and Stappers, 2008]. Al-
though users have different competencies from designers,

There are already
examples for SCls with
smart home

applications.

We formulated three

research questions.

We conducted a
user-centric co-design
study.



1 Introduction

Storyboarding is an
established method in
HCI and co-design.

We found multiple
frequent application
scenarios for SCls in
smart homes and
user-preferred
characteristics.

they can still offer valuable insight, depending on their
own creativity [Sanders and Stappers, 2008]. Co-design
has successfully been applied in research on applications
of shape-changing interfaces [Albarrak et al., 2023; Sturdee
et al.,, 2019] and smart homes [Fitton et al., 2018; Yao
et al.,, 2019]. However, it has not been used in this com-
bination and with our speci ¢ goals.

Storyboards have been used in co-design studies before, as
they allow participants to fast and easily sketch interactions
between interfaces and users [Hong et al., 2018; Lupton and
Leahy, 2019; Young et al., 2022]. They are also an estab-
lished method in HCI to characterize an interface and the
interaction with it. Therefore, we decided to ask partici-
pants to create storyboards of scenarios in which they could
imagine using shape-changing smart home interfaces.

To evaluate the results of our study, we used thematic anal-
ysis. We identi ed application scenarios for SCIs in smart
homes and common characteristics of SClIs in these sce-
narios. We found that users can imagine using SCIs in
smart homes for many different application areas. Some
of these, like environmental control, have been explored
in the literature on smart home interfaces before [Sova-
cool and Furszyfer Del Rio, 2020]. Others, including multi-
functional objects and furniture pieces, show bene ts that
are speci c to shape-changing smart home interfaces and
are not included in current smart home application tax-
onomies. Furthermore, we found differences in popular
SCI characteristics between users' preferences and exist-
ing artifacts. We constructed scenarios from our results
that connect application areas with user-preferred charac-
teristics. Our study showed the extensive potential of us-
ing shape-changing interfaces in smart homes to improve
users' lives.



1.2 Outline

1.2 Outline

After the Introduction to this thesis in Chapter 1, we will
proceed as described in the following paragraphs.

In Chapter 2 "Related Work", we will talk about the exist-
ing research relevant to this thesis. We will discuss shape-
changing interfaces with a focus on user-centric work and
smart home system bene ts and applications. Additionally,
we will address co-design studies, especially in the areas of
SCls and smart homes.

Chapter 3 "Co-Design User-Study" will focus on the plan-
ning, methodology, and execution of our co-design user
study, which aimed to nd possible application scenarios
for shape-changing interfaces in smart homes.

The results of our study will be evaluated and discussed
in Chapter 4 "Evaluation". There, we will apply existing
frameworks to the scenarios designed by the participants of
our study and also discuss new themes found through in-
ductive thematic analysis. We will construct scenarios that
describe the possible applications of SCls and their charac-
teristics. Finally, the limitations of this thesis will be elabo-
rated upon.

Chapter 5 "Summary and Future Work" contains the sum-
mary and contributions of this thesis as well as possible
directions for future work on shape-changing interfaces in
smart homes.






Chapter 2

Related Work

Much research on shape-changing interfaces has focused
on developing toolkits and artifacts. There have also been
attempts to categorize SCls and de ne design require-
ments. Additionally, application areas and bene ts not
only for SCls but also for smart home systems have been
reviewed from different perspectives. In both areas, it has
become apparent that user-centric research is still lacking.
Therefore, this chapter focuses on the recent work in the
mentioned areas. In the following, we will rst give an
overview of taxonomies to categorize SCls and open ques-
tions regarding user experiences and preferences. We will
go over existing shape-changing interfaces for smart homes
with various intended bene ts. Then we will review cur-
rent user-centric smart home research and taxonomies, and
lastly describe relevant co-design studies in the areas of
SCls and smart homes.

2.1 Shape-Changing Interface Frame-
works

Rasmussen et al. [2012] were one of the rst to conduct a
literature review on shape-changing interfaces. They ana-
lyzed different types of shape change, the interaction tech-
niques of SCls, and the aims of using shape change. The

An early literature
review on SCls

identi ed open
questions and bene ts,
and described the
design space.



2 Related Work

There are different
taxonomies that identify
speci c types of SCls.

Another framework
describes the levels of
control that users have

over SCIs.

three open questions they identi ed are concerned with
which purposes shape-changing interfaces manage to ful-
I, how to characterize the design space, and how users
experience shape-changing interfaces. Notably, they al-
ready found the need for research concerned with users
and their interaction with SCls. Additionally, key bene-
ts of shape-changing interfaces were described by Ras-
mussen et al. [2012]. These include communicating in-
formation more intuitively and ef ciently, communicating
changing possibilities to use the interfaces (dynamic affor-
dances), and providing haptic feedback. Furthermore, SCls
were found to be bene cial in creating practical solutions
to problems and making the construction and assembly of
different interfaces possible. Not only are the functional
bene ts of SCIs described, but also hedonic aims, such as
aesthetics, inducing emotion, and stimulating engagement
with materiality and space.

Multiple different taxonomies have been developed with

the aim of characterizing shape-changing interfaces. Ras-
mussen et al. [2012] themselves identi ed eight different
types of shape change: volume, form, orientation, texture, vis-
cosity, spatiality, adding/subtracting and permeability. These
types of shape change are illustrated in Figure 2.1 and are

de ned in Appendix C. We used these categories to clas-
sify the shape changes described by the participants in our
study and to explain the concept of shape change to the
participants. A different categorization by Sturdee and
Alexander [2018] divides shape-changing interfaces into
the categories enhanced 2D, bendable, paper and cloth, elastic
and in atable, actuated, liquid, malleable and hybrid. These cat-
egories focus more on the materiality of the interfaces but
have some overlap with the categorization of Rasmussen

et al. [2012] (e.g. bendable and orientation). This literature
review again came to the conclusion that application-based
and user-centric research is missing.

Another framework by Rasmussen et al. [2016] is con-
cerned with categorizing the levels of control that users
have over shape change. Directly-controlled refers to the
user directly causing the change of shape. Negotiated con-
trol means that the user in uences the shape change, but
also reacts to shape changes controlled by the system and
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Figure 2.1: The gure shows the taxonomy that categorizes the differ-
ent 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]; source not available anymore; source not available any-
more; Coelho and Maes [2009].

modi es their in uence accordingly. When shape change

is indirectly-controlled by the user, it is not intended by them
but indirectly caused by their actions. The least control
of the user is found in system-controlled interfaces, whose
shape change is only controlled by the interface itself.

2.2 Applications Areas for Shape-
Changing Interfaces

In a public ideation of applications for SCIs, Sturdee Multiple studies were
et al. [2015] found eleven different application areas. The concerned with possible
area that occurred the second most (after entertainment) application areas of
with 12.79% was augmented living, which describes the ap- SCls.

plication areas of smart home devices. Other popular ap-
plication areas found in this study were medical, utensils
and tools, research, and architecture. This framework was
also used to categorize application areas in a participatory



10

2 Related Work

Figure 2.2: The stack model of design requirements that emerged from a participa-

tory design study describes the different areas of the design space of SCls. It shows
the many different layers that are necessary to take into account for designing SCls.
Image taken from Sturdee et al. [2019].

Speculative scenarios
were used to discuss
risks and potentials of

SCls.

design study, again nding ideas that t the area of aug-
mented living [Sturdee et al., 2019]. Based on the same
study, Sturdee et al. developed a stack model that can be
seen in Figure 2.2. It further describes the design require-
ments of shape-changing interfaces and includes layers for
application, interactions and behavior, control systems, construc-
tion & assembly, input, output, and implications. To better de-
scribe the scenarios for the use of SCls in smart homes that
participants envisioned in our research, we used this model

for orientation.

In their exploration of speculative scenarios for the use
of SCIs in an imagined future, Rasmussen and Hem-
mert [2019] discussed possible challenges and potentials
of SCls. Among others, they mention safety and security
risks due to unexpected shape changes, researching how
to communicate possible shape changes to users, and the
prospects of making mass-produced products customiz-
able and thereby personal. Their exploration is based on
a workshop with other researchers familiar with SCls and,
therefore, not user-centric in its methodology. Still, the con-



2.3 Existing Shape-Changing Interfaces for Augmented Living

cerns and bene ts of SCls that are discussed are relevant to
creating SCls that ful | users' wishes.

Alexander et al. [2018] identi ed 12 main challenges in SCI
research in a literature review, with challenges relevant to
user preferences and design of SCIs among them. They
found a lack of research on user experience and the useful-
ness of SCIs, which they consider necessary to determine
which values and bene ts SCis offer to users. They also
relate this to a lack of structured user evaluations of SCI
prototypes, which we will elaborate on in the next section.
Therefore, Alexander et al. formulate the goal of predict-
ing user reactions to SCls and identifying robust scienti c
claims about their bene ts. Other challenges are related to
the design of SCls. These include developing tools to de-
sign interactions that are satisfying and understandable to
users, and determining the best-suited applications of SCls.
Alexander et al. state, that this remains unclear, although
a lot of prototypes for various applications have been de-
veloped (also see Section 2.3). Further, they identi ed that
it is necessary to determine when to apply which shape
changes. Challenges related to the technological feasibil-
ity and implementation of SCls are also found important,
to build SClIs once user preferences and design guidelines
have been clari ed.

2.3 Existing Shape-Changing Interfaces
for Augmented Living

A variety of shape-changing interfaces that would tinto a

home have already been developed with different bene ts
and aims in mind. In the following, we describe a selection
of examples.

An early example of a prototype of an SCI is the Thrifty
Faucet [Togler et al., 2009]. It changes its shape by bend-
ing into different directions. The intention of the shape
change is making users think about their energy consump-
tion. A textile mirror was built to re ect the emotions of
users through texture changes [Davis et al., 2013]. Both of

In a more recent
literature review, big
challenges in SCI
research were
identi ed, including
user-related ones.

Some prototypes of

SCls explore shape
changes as a novel
method of
communication of
information and

emotions.
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