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Abstract

Textile interfaces allow to be integrated into everyday items like furniture, but
permanently alter the object's aesthetic look and feel in the process. This the-
sis presents Foldlets: A novel approach to shape-changing textile interfaces using
string-actuation to create folds in the fabric that can be hidden when not needed.
Foldlets enable eyes-free interaction and can be actuated silently by making use of
shape memory alloys. This thesis introduces consistent methods and guidelines
for designing simple geometrical shapes, which can be combined to create indi-
vidual icons and composed interfaces. We demonstrate the creation of segmented
displays and pixel grids that enable the display of completely dynamic shapes. Ad-
ditionally, we present the fabrication processes of Foldlets as well as accompanying
structures that enable silent and automated actuation. Finally, �ve fully functional
prototypes are created, representing different application scenarios of Foldlets in a
smart home environment.
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Überblick

Textile Benutzerober�ächen können in Alltagsgegenstände wie Möbelstücke inte-
griert werden, ändern dadurch allerdings das ästethische Erscheinungsbild und
das haptische Emp�nden des Objektes. Diese Arbeit präsentiert Foldlets: Einen
neuartigen Ansatz für formverändernde textile Benutzerober�ächen, welcher
Fadenantrieb nutzt um Falten im Stoff zu erzeugen, die versteckt werden können,
wenn sie nicht gebraucht werden. Foldlets ermöglichen eine blickfreie Interaktion
und können geräuschlos durch die Nutzung von Shape Memory Alloys betätigt
werden. Diese Arbeit beschreibt konsistente Methoden und Richtlinien, um sim-
ple geometrische Formen zu kreieren. Diese können kombiniert werden, um indi-
viduelle Symbole und zusammengesetzte Benutzerober�ächen zu erschaffen. Wir
demonstrieren die Erstellung segmentierter Anzeigen und Pixelraster, welche die
Darstellung völlig dynamischer Formen ermöglichen. Zusätzlich präsentieren wir
die Herstellungsprozesse von Foldlets sowie die zugehörigen Strukturen, welche
eine lautlose und automatisierte Aktivierung ermöglichen. Schließlich werden fünf
voll funktionsfähige Prototypen hergestellt, die verschiedene Anwendungen von
Foldlets in einer Smart-Home Umgebung repräsentieren.
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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 in plural form.

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.
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Chapter 1

Introduction

In our everyday lives, we mostly interact with technology
using touch screens, keyboards, buttons, or remote con-
trollers that are made of glass, plastic, or metal. Those ma-
terials can seem rigid and cold, making them feel out of
place in comfortable environments like our living rooms.
Finding new and unique ways of interacting with technol-
ogy is becoming more important as time passes.

The research �eld of Textile Interfaces aims to integrate Textile Interfaces offer a

comfortable way to

interact with technology.

electronic components into fabrics, creating unique user
interfaces and new interaction techniques. Fabric allows
for being touched, stroked, grabbed, and deformed, en-
abling vast new and unique interaction possibilities to
be explored. The �eld has already produced a multi-
tude of applications for different use cases. By creating
clothing like sleeves that recognize arm gestures [Parzer
et al., 2017] or smart pants pockets that sense their con-
tent [Wu et al., 2021], textile interfaces have been applied
to the human body. They can also be put on furniture
pieces [Brauner et al., 2017], or everyday items like cush-
ions [Suzuki et al., 2020]. Interacting with textiles evokes
feelings of comfort and warmth. Therefore, textile inter-
faces can create a more personal connection when interact-
ing with technology.

But integrating textile interfaces into furniture creates a Most textile interfaces

are permanent and

always visible.

new challenge: The interface will change the object's aes-
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thetic look and feel, as textile interfaces often utilize visual
icons that are sewn, glued, or painted on to signify where
an interaction should take place. These additions to the
fabric are permanent. As a result, the interface is always
present and cannot, like a screen on a phone display, be
turned off and stored away when not needed. This is po-
tentially problematic, since the interface appearance may
clash with the furniture design and reduce the object's vi-
sual appeal. Additionally, applying changes to the interface
after its fabrication is not possible. Ideally, textile interfaces
could be activated when needed, seamlessly adapt to the
current state of the device, and hide when interaction is not
desired. This requires the interface to be able to change be-
tween states.

Physically altering the form or surface of an object has al-
ready been explored for application in user interfaces. Re-
search has produced shape-changing interfaces that dy-
namically transform in response to context [Alexander
et al., 2018]. When shape-changing textile interfaces haveThere are few

approaches to

dynamically changing

textile interfaces or

making them disappear.

been explored, it has been done for aesthetic purposes
[Haynes and Steimle, 2024] or to create haptic feedback
[Bau et al., 2009]. Dong [2019] presents a technique to acti-
vate and dismiss feedforwards on a textile interface. Their
prototypes include LEDs glowing in a pattern underneath
the fabric, as well as pulling parts of the fabric into the sur-
face to display convex shapes. But to date, this appears to
be the only research approach that has explored activating
and hiding textile interfaces. Their method also remains
relatively super�cial, as they did not investigate the tech-
nique in depth, and have not been following up on it since.

To explore disappearing textile interfaces we presentFoldlets are

string-actuated, silent,

eyes-free textile

interfaces that can be

hidden when not

needed.

Foldlets: A novel approach to displaying and hiding tex-
tile interfaces using string-actuation. Foldlets dynamically
create thin folds in a layer of fabric and make them disap-
pear completely when not needed. We use shape memory
alloys (SMAs) to actuate our prototypes completely silently,
making them suitable for relaxed home environments. Ad-
ditionally, Foldlet interfaces can be used eyes-free.

In this thesis, we introduce a consistent method to create
textile icons with Foldlets. We present the design process
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of different geometric shapes and give design guidelines.
Next, we demonstrate the fabrication of a Foldlet as well
as its actuation technique using Shape Memory Alloys. Fi-
nally, we present �ve prototypes that demonstrate different
application scenarios.
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Chapter 2

Related Work

In this chapter, we provide an overview on the research
�elds of textile and shape-changing interfaces. We espe-
cially focus on the integration of textile interfaces in per-
sonal spaces like the home, and later discuss related work
in shape-changing textile interfaces.

2.1 Textile Interfaces

Textile interface research has been an active �eld for nearly
three decades, and continues to present a multitude of ar-
tifacts, guidelines, and sensing techniques. The two main
research directions focus on interfaces positioned on the
user's body, or on non-wearable items present in our ev-
eryday lives.

Multiple concepts for wearable textile interfaces have been Wearable textile

interfaces enable novel

interaction methods like

arm gestures or fabric

deformation.

explored, employing different kinds of textile sensors. As
an example, Parzer et al. [2017] created a smart sleeve that
integrates a textile sensor, allowing real-time recognition of
touch gestures on the fabric surface as well as deforma-
tion gestures like twisting or folding. Similar approaches
have been done by Schneegass and Voit [2016], who dis-
cussed touch input on a sleeve to be used as an alternative
to smart watches. Xu et al. [2022] recognized arm gestures
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using a textile pressure sensor array. Wearable textile inter-
faces have received positive feedback in user studies [Zhao
et al., 2024].
The second research direction focuses on applying textile
interfaces to non-wearable everyday objects. As an exam-
ple, a user study has found that textile interfaces in cars
can reduce distractions while driving compared to a touch
display [Khorsandi et al., 2023]. But the largest area con-Textile Interfaces can

be applied to everyday

items in the home,

replacing traditional

remote controls.

centrates on textile interfaces in personal spaces like the
home environment. Research aims to replace common in-
terfaces like remote controls by integrating sensors into fur-
niture pieces that are already made from fabric. Suzuki
et al. [2020] propose interaction with smart cushions as an
alternative way to interact with smart home devices. Due
to its softness, deformation gestures like pushing or squeez-
ing can be used as input mechanisms. The authors recom-
mend such interfaces as bene�cial for the elderly, disabled,
or children, focusing on safety and comfort during inter-
action. Other approaches include smart curtains [Heller
et al., 2016] or larger furniture pieces like chairs [Brauner
et al., 2017]. In the latter case, the authors created different
textile sliders to control the reclining backrest of an arm-
chair. Afterwards, a user study was conducted to investi-
gate the acceptance of the interface in comparison to a con-
ventional remote control. The participants showed interest
in the different textile interfaces, and especially found the
subtlety and seamless integration in textile furniture pieces
attractive.

When designing a textile interface, the interaction needsTo create intuitive

interaction with textile

interfaces, design

guidelines give insights

into textile signi�ers.

to be effectively communicated to the user. As a conse-
quence, it is necessary to establish design guidelines. Re-
search has put forth general guidelines that can be applied
to all textile interfaces without depending on the context.
As an example, visual and tactile signals like the direc-
tion of the fabric, the combination of different materials,
or the size of icons can signify where and how an interac-
tion with a textile is possible [Mlakar et al., 2021]. Knowing
this kind of information is crucial. Similar guidelines have
been established by Mlakar et al. [2025], presenting three
categories of signi�ers that can be utilized for indicating in-
teractions. Additionally, more speci�c guidelines offer in-
sights for designing the interface based on its application
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purpose. In the context of smart home controls and furni-
ture, the focus is especially applied to the creation of textile Textile icons should be

designed by using

large, simple shapes

and employing some

kind of height

difference, like foam or

embroidery.

icons. Nowak et al. [2025] present haptic design guidelines
for textile interfaces. After conducting user studies, they
report their participants preferring larger sizes for textile
icons. Other research has found that users prefer textile
sliders with raised or recessed pro�les compared to com-
pletely �at shapes [Nowak et al., 2022]. A similar result
was reported for textile icons, where raised icons were pre-
ferred in a user study investigating recognizability of differ-
ent haptic icons, as seen in Figure 2.1 [Schäfer et al., 2023]. It
is important to know those guidelines when designing tex-
tile interfaces, as they allow users to interact with the icons
eyes-free. Mlakar and Haller [2020] also investigate design
guidelines for textile shapes. They name height differences
as an easy method to identify textile elements, and concave
shapes as being perceived as interactive.

The interfaces described in those contributions are all cre- Textile interfaces use

permanent methods like

embroidery and sewing

to display icons, or do

not use any signi�ers at

all.

ated by sewing or embroidering the icons directly onto fab-
ric. As a result, those interfaces are static and always vis-
ible. As a contrast, there have been approaches to tex-
tile interfaces that do not make any use of icons or other
kinds of signi�ers. Those interfaces are mostly created
to recognize touch input on a �at surface. As an exam-
ple, Lin et al. [2024] presented a textile interface enabling
tracking touch gestures with high resolution. Similar ap-
proaches to textile touch sensors have been done by Wu
et al. [2020], who developed a double-sided touch sensor
for smart clothing, or Zühlke et al. [2024], who aim at im-
proving textile sensor layout without disrupting the tex-
tile's look and feel. But in those cases, the system lacks
visibility. The user has to know exactly how and where
to interact, requiring the use of manuals or training. This
can also slow down productivity and increase errors if the
guidance is incomplete or unclear. In summary, textile in-
terfaces remain static by either adding permanent icons to
the interface or not making use of signi�ers at all. However,
a different research area in human-computer interaction fo-
cuses on creating dynamic interfaces.
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Figure 2.1: Schäfer et al. [2023] investigate haptic recogni-
tion of textile icons in different shapes and fabrication vari-
ants. Their participants preferred raised icons.

2.2 Shape Changing Interfaces

Shape-changing interfaces employ physical changes in
shape or materiality to create input and output in human-
computer interaction. Types of shape change include
change in form, volume, or texture, as described by Ras-
mussen et al. [2012]. Those techniques can be used to dis-
play or register data, but also to create aesthetics or evoke
emotion in the user.

2.2.1 Shape Displays

Shape Displays are user interfaces built from a 2-Shape displays actuate

individual pins on a 2D

array, offering dynamic

user input and output

with a high resolution.

dimensional array of individually controllable pins. Thus,
the surface of the interface can dynamically change to dis-
play output, or allows to be manipulated in order to re-
ceive input from a user. Poupyrev et al. [2004] present
Lumen, a shape display that uses colored lighting as well
as change in the interface surface to display information.
The individual pins are controlled using shape memory al-
loys, which are attached to the pins using strings. Similar
techniques have been presented by many authors, such as
Follmer et al. [2013], whose shape display additionally al-
lows for input by manipulating the individual pins. Their
interface allows for high-resolution dynamic output shapes
and enables new interaction techniques, as demonstrated in
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Figure 2.2. Shape displays also allow turning off the inter-
face by lowering all pins.

2.2.2 Shape Change in Textile Interfaces

Shape displays can allow the incorporation of textiles. Lei- Few approaches have

been made to create

textile shape displays,

and they do not offer to

dynamically display

icons.

thinger and Ishii [2010] created a shape display that can be
covered with fabric to display elevated landscapes. But this
interface is used on a wooden table instead of furniture that
is already made from fabric. The textile cover is also only
used for shape output. A similar technique has been ap-
plied in BubbleWrap by Bau et al. [2009], who proposed a
2-dimensional matrix of actuators covered in fabric in or-
der to create haptic feedback. They suggest their prototype
be used for creating textile keyboards that can be retracted
or hidden when not needed. This represents one of the
few approaches to hiding textile interfaces. Still, their in-
terface creates a relatively low resolution, where each pin
represents a single key on a keyboard. It is not aimed at
displaying shapes or icons on the interface, and markings
would still be required for visualizing the purpose of the
individual keys. Dong et al. [2023] approach to integrate
shape-changing buttons into leather surfaces, aiming to cre-
ate sensory feedback. While their design tries to seamlessly
embed the buttons into the surrounding fabric, they do
not focus on hiding the interface completely. Other shape-
changing textile interfaces have been explored, like Jiang
et al. [2024], who use machine embroidery to fabricate sur-
faces integrated in fabric that offer shape-changing abili-
ties. But again, their interfaces are permanently embroi-
dered into the fabric.

In another approach, Dong [2019] investigates feedfor- There has been an

approach to a

disappearing textile

interface, but there has

been no continuing

research since.

wards for textile interfaces to signify where the interac-
tion should take place. Their techniques allow the visual-
izations being turned off and disappearing into the fabric
surface when not needed. Three prototypes were created
for visual and haptic feedforwards, as seen in Figure 2.3.
Two of those prototypes utilize LEDs that shine through
the fabric. In a third example, the fabric of the interface
is pulled downwards into the furniture piece, creating a
convex shape. This describes a �rst attempt at physically
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Figure 2.2: Follmer et al. [2013] created a shape display
with a high number of pins, allowing for dynamic and
high-resolution input and output.

changing the interface surface to switch between activated
and deactivated interface signi�ers. But, to this date, this
appears to be the only approach to hiding textile interfaces.
It also remains relatively super�cial, as they did not inves-
tigate the technique in depth, and there has also been no
continuing research since. Furthermore, the author chose
to use a servo motor for pulling down on the fabric. This
does not create a suitable activation method to be employed
in the home, as the noise of a motor can quickly disrupt the
comfortable environment.

There have been approaches to shape-changing textile in-Shape memory alloys

allow lightweight

integration into textile

interfaces to actuate

shape change in subtle

ways.

terfaces that use different actuation mechanisms. A popu-
lar variant is to use shape memory alloys (SMAs). SMAs
are metal wires that, after being deformed, will return
to a pre-programmed shape when heated. Because of
their small size and low weight, SMAs are favorable for
wearable mechanisms. As an example, Muthukumarana
et al. [2021] use SMAs in combination with custom 3D
printed pieces. Their mechanism is used to actuate on-
body textile interfaces that, for example, generate haptic
feedback or convey information, such as text message no-
ti�cations. Other approaches in this direction have been
explored by Olberding et al. [2015], using SMAs for fold-
ing fabric into 3-dimensional bodies. Furthermore, Haynes
and Steimle [2024] create shape-changing textile surfaces
for aesthetic purposes by sewing SMAs into fabric and let-
ting them selectively contract to create smocking patterns.
In summary, shape memory alloys allow subtle and dy-
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Figure 2.3: Dong [2019] presents approaches to disappear-
ing textile interfaces. Two signi�ers (b, c) are created by
LEDs glowing through the surface fabric, and one proto-
type pulls down the fabric (d) in order to create a convex
shape.

namic change in the shape of fabric surfaces, which has
been employed, for example, to create aesthetic shapes and
generate haptic feedback. Applications of SMAs in textile
interfaces are motivated by their light weight and small
size. For this reason, most of those approaches have been
applied to wearable textiles. In this thesis, we make use of
SMAs to actuate our textile interface icons silently.
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