
by
Sören M. Schröder

Conveying
Emotions through
Movements and
Materials of Soft
Robots in the
Context of Smart
Jewelry

Master’s Thesis
submitted to the
Media Computing Group
Prof. Dr. Jan Borchers
Computer Science Department
RWTH Aachen University

Thesis advisor:
Prof. Dr. Jan Borchers

Second examiner:
Dr. Heiko Müller

Registration date: 15.06.2021
Submission date: 26.01.2022









v

Contents

Abstract xvii

Überblick xix

Acknowledgements xxi

Conventions xxiii

1 Introduction 1

2 Related work 3

2.1 Prior Theses . . . . . . . . . . . . . . . . . . . 3

2.1.1 SoRoCAD . . . . . . . . . . . . . . . . 4

2.1.2 Thesis on Shapes and Movements . . 5

2.2 Smart Jewelry . . . . . . . . . . . . . . . . . . 6

2.3 Soft Robotics . . . . . . . . . . . . . . . . . . . 10

2.3.1 Actuation Methods and Materials . . 11

2.4 Communication and Measurement of Emo-
tions . . . . . . . . . . . . . . . . . . . . . . . . 13



vi Contents

2.4.1 Measurement of Emotions . . . . . . . 14

2.4.2 Shape Change as Communication . . 15

2.4.3 Conveying Emotions with Material . 16

3 Soft Robots Design and Fabrication Process 19

3.1 Requirements . . . . . . . . . . . . . . . . . . 19

3.2 Validation of the Processes . . . . . . . . . . . 22

3.2.1 SoRoCAD . . . . . . . . . . . . . . . . 22

3.2.2 Fiber-Reinforced Actuators . . . . . . 25

3.2.3 Comparison of the Processes . . . . . 27

3.3 OpenSCAD Design Library for Soft Robot
Molds . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 3D Printing of Molds . . . . . . . . . . . . . . 34

3.5 Fabrication of Fiber-Reinforced Actuators . . 36

3.5.1 Silicone Processing . . . . . . . . . . . 36

3.5.2 Body . . . . . . . . . . . . . . . . . . . 38

3.5.3 Strain-Limiting Layer . . . . . . . . . 40

3.5.4 Skin . . . . . . . . . . . . . . . . . . . . 43

3.5.5 Sealing and Connector . . . . . . . . . 44

4 User Study on Conveyed Emotions 47

4.1 Aim of the Controlled Experiment . . . . . . 48

4.2 Independent Variables . . . . . . . . . . . . . 49



Contents vii

4.2.1 Material . . . . . . . . . . . . . . . . . 49

4.2.2 Shape . . . . . . . . . . . . . . . . . . . 50

4.2.3 Repetition and Frequencies . . . . . . 52

4.2.4 Amplitude . . . . . . . . . . . . . . . . 53

4.3 Experimental Design . . . . . . . . . . . . . . 53

4.4 Participants . . . . . . . . . . . . . . . . . . . 54

4.5 Apparatus . . . . . . . . . . . . . . . . . . . . 55

4.5.1 The Shape-Changing Necklace . . . . 55

4.5.2 Controller . . . . . . . . . . . . . . . . 56

4.5.3 Video Recording . . . . . . . . . . . . 59

4.5.4 Study . . . . . . . . . . . . . . . . . . . 60

4.6 Study Procedure . . . . . . . . . . . . . . . . . 62

4.7 Results . . . . . . . . . . . . . . . . . . . . . . 65

4.7.1 Manipulation Checks . . . . . . . . . 66

4.7.2 Material . . . . . . . . . . . . . . . . . 68

Valence . . . . . . . . . . . . . . . . . . 68

Arousal . . . . . . . . . . . . . . . . . 68

4.7.3 Shape . . . . . . . . . . . . . . . . . . . 69

4.7.4 Frequency . . . . . . . . . . . . . . . . 70

Valence . . . . . . . . . . . . . . . . . . 70

Arousal . . . . . . . . . . . . . . . . . 71

4.7.5 Amplitude . . . . . . . . . . . . . . . . 72



viii Contents

4.7.6 Associations . . . . . . . . . . . . . . . 72

Material . . . . . . . . . . . . . . . . . 74

Shape . . . . . . . . . . . . . . . . . . . 76

Frequency . . . . . . . . . . . . . . . . 76

Amplitude . . . . . . . . . . . . . . . . 77

4.8 Evaluation . . . . . . . . . . . . . . . . . . . . 78

4.8.1 The Effects of Movements . . . . . . . 78

4.8.2 The Effects of Material . . . . . . . . . 81

5 Discussion 83

6 Summary and Future Work 85

6.1 Summary and Contributions . . . . . . . . . 85

6.2 Limitations and Future Work . . . . . . . . . 87

6.2.1 Artifacts . . . . . . . . . . . . . . . . . 87

6.2.2 Additional Factors . . . . . . . . . . . 88

6.2.3 Study Design . . . . . . . . . . . . . . 89

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . 90

A Informed Consent 91

B Latin Square 95

C Questionnaire 97



Contents ix

D Interview 103

E Estimates 107

F Qualitative Analysis 113

Bibliography 117

Index 131





xi

List of Figures

2.1 SoRoCAD user interface . . . . . . . . . . . . 4

2.2 Soft robot examples that inspired our design 6

2.3 Kino units creating multiple shapes . . . . . 8

2.4 Multi-Wear Pins . . . . . . . . . . . . . . . . . 9

2.5 Soft robots of different materials and actua-
tion methods . . . . . . . . . . . . . . . . . . . 11

2.6 Circumplex Model . . . . . . . . . . . . . . . 15

3.1 Soft robot's initial and actuated shape . . . . 20

3.2 Issues encountered with SoRoCAD . . . . . . 23

3.3 Approximation of a twist movement with
the SoRoCAD approach . . . . . . . . . . . . 24

3.4 Comparison of �ber reinforcement visibility . 25

3.5 3D models of molds for �ber-reinforced soft
robots . . . . . . . . . . . . . . . . . . . . . . . 29

3.6 Inner structure of our soft robots . . . . . . . 31

3.7 Soft robot visualization . . . . . . . . . . . . . 33

3.8 3D-printed soft robot molds . . . . . . . . . . 36



xii List of Figures

3.9 The vacuum chamber used to degas the sili-
cone . . . . . . . . . . . . . . . . . . . . . . . . 37

3.10 Casting of the �ber-reinforced actuator's body 38

3.11 3D-printed strain-limiting material . . . . . . 41

3.12 Strain limiting layers for the different shapes 42

3.13 Cross section of the soft robots and molds
during sealing . . . . . . . . . . . . . . . . . . 43

4.1 The four soft robot surface materials . . . . . 50

4.2 De�nition of the amplitude based on the
shapes . . . . . . . . . . . . . . . . . . . . . . 51

4.3 The necklace as presented in the user study . 55

4.4 Controller for actuating the necklace. . . . . 56

4.5 Schematic representation of the controller . . 57

4.6 Setup for recording the videos of the necklace 59

4.7 Apparatus: Local and remote . . . . . . . . . 61

4.8 Results of manipulation checks . . . . . . . . 67

4.9 Material's valenceand arousalresults . . . . . 68

4.10 Shape'svalenceresults . . . . . . . . . . . . . 69

4.11 Frequency'svalenceresults . . . . . . . . . . . 70

4.12 Frequency'sarousalresults . . . . . . . . . . . 71

4.13 Amplitude's arousalresults . . . . . . . . . . . 72

A.1 Informed consent in English . . . . . . . . . . 92

A.2 Informed consent in English . . . . . . . . . . 93



List of Figures xiii

F.1 Participant coding comparison . . . . . . . . 114





xv

List of Tables

3.1 Raft settings for strain-limiting material . . . 40

4.1 Overview of categories and subcategories
used for analysis of association task . . . . . 73

4.2 Occurrences of associations by material . . . 75

4.3 Occurrences of associations by shape . . . . . 76

4.4 Occurrences of associations by frequency . . 77

4.5 Occurrences of associations by amplitude . . 78

B.1 Latin square for user study . . . . . . . . . . . 96

F.1 Breakdown of between-subjects factor and
subcategories. . . . . . . . . . . . . . . . . . . 115

F.2 Breakdown of within-subject factors and
subcategories. . . . . . . . . . . . . . . . . . . 116





xvii

Abstract

Humans have been wearing jewelry for thousands of years. We convey versatile
information to the environment by wearing jewelry, such as our position in soci-
ety or aesthetic preferences. Enhancing jewelry with movable parts could open
up new channels of communication, as previous research has shown that shape-
changing objects generally possess the ability to convey emotions to the observer.
Soft robots would be well-suited to giving jewelry the ability to change shape be-
cause of their organic movements. Moreover, they could be worn safely and com-
fortably on the body due to their soft and pliable nature. In our study, we present
a prototypical shape-changing necklace. It was presented to participants in a user
study, varying the outer material as well as the shape, frequency, and amplitude of
the movement, to investigate whether the necklace could convey discernible emo-
tions to the viewer. Our results show that speci�c shapes as well as variations in
frequency and amplitude determine how a movement is perceived. However, we
were not able to provide evidence that the material in�uences the emotions con-
veyed. Furthermore, we observed that the presented shape-changing necklace was
often associated with human-related concepts such as facial expressions, gestures,
and social interactions. Additionally, we provide a detailed description of the fabri-
cation process used for �ber-reinforced soft robots and improvements we made to
said process as well as a description of the controller used for actuation. Our results
can help designers establish shape-changing abilities in smart jewelry as a channel
for communicating emotions by utilizing soft robots. Furthermore, we believe that
our �ndings apply to other application areas, for example, social robots.
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Überblick

Menschen tragen seit Tausenden von Jahren Schmuck. Durch das Tragen von
Schmuck übermitteln wir der Umwelt vielfältige Informationen wie unsere Stel-
lung in der Gesellschaft oder ästhetische Vorlieben. Die Erweiterung von
Schmuck mit beweglichen Teilen könnte neue Kommunikationskanäle eröffnen,
da vorherige Forschung gezeigt hat, dass sich formverändernde Objekte grund-
sätzlich dazu eignen, dem Betrachter Emotionen zu vermitteln. Soft Robots wür-
den sich aufgrund ihrer organischen Bewegungen dazu eignen, Schmuckstücken
die Möglichkeit zu geben, ihre Form zu verändern. Außerdem könnten sie auf-
grund ihrer weichen und nachgiebigen Beschaffenheit sicher und angenehm am
Körper getragen werden. In unserer Studie stellen wir eine prototypische Kette
vor, welche in der Lage ist, ihre Form zu ändern. In einer Nutzerstudie wurde
diese Teilnehmern präsentiert, wobei das Außenmaterial sowie die Form, Frequenz
und Amplitude der Bewegung variierte, um zu untersuchen, ob die Halskette
dem Betrachter unterscheidbare Emotionen vermitteln kann. Unsere Ergebnisse
zeigen, dass Variationen in Frequenz und Amplitude und bestimmte Formen dazu
geeignet sind, unterscheidbare Emotionen zu kommunizieren. Darüber hinaus fan-
den wir heraus, dass die präsentierten Bewegungen oft mit menschenbezogenen
Konzepten wie Mimik, Gesten und sozialen Interaktionen assoziiert wurde. Wir
konnten jedoch nicht nachweisen, dass das Material die vermittelten Emotionen
beein�usst. Außerdem lieferten wir eine detaillierte Beschreibung des verwende-
ten und verbesserten Herstellungsverfahrens für Fiber-Reinforced Soft Robots und
der von uns für deren Betätigung verwendeten Steuerung. Unsere Ergebnissen
können Designern dabei helfen, sich in der Form veränderbare Schmuckstücke zu
entwerfen, welche in der Lage sind, Emotionen zu kommunizieren. Darüber hin-
aus sind unsere Erkenntnisse auch für andere Anwendungsbereiche wie beispiel-
sweise Social Robots hilfreich.
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Throughout this thesis we use the following conventions.

The whole thesis is written in American English.

The singular they is used to include people of any gender
identity. We also use it to prevent attribution to a speci�c
person.

All �les linked to the GitLab repository “thesis-digital-
appendix” were additionally handed in on a �ash drive to-
gether with the printed versions of this thesis.
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Chapter 1

Introduction

One of the main purposes of conventional jewelry like Wearing jewelry as a

way of

communication

rings, necklaces, brooches, and others is to adorn the
wearer. In addition, jewelry communicates with the en-
vironment by conveying certain information about the
wearer [Versteeg et al., 2016]. For example, it can tell some-
thing about the wearer's wealth, relationship to another
person, taste, or other aspects of their personality.

The communicative capabilities of jewelry increased vastly Electronic

components

complement smart

jewelry

over the past decade due to the incorporation of electronic
components, as shown by the research �eld of smart jewelry
(often also called computational jewelryor, in British English,
smart jewellery) [Silina and Haddadi, 2015; Jarusriboonchai
and Häkkilä, 2019]. The variety, capabilities, and miniatur-
ization of electronic components enabled designers to cre-
ate smart jewelry with novel output channels compared to
conventional jewelry [e.g., Fortmann et al., 2016; Pateman
et al., 2018; Inget et al., 2019; Buruk et al., 2021].

The changeability of its shape [Kao et al., 2017] and sur- Smart jewelry is

capable of changing

surface texture and

shape

face texture [Jarusriboonchai et al., 2020] are smart jewelry
capabilities that offer great potential for novel interactions.
Shape change allows for dynamic adjustment of the smart
jewelry's outer appearance. For example, a piece of jewelry
could adjust its appearance according to the situation or the
wearer's clothing.
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In other �elds, especially in the area of (social) robotics,Shape change can

convey emotions shape change has been researched as a way of communi-
cating emotions [e.g., Desai et al., 2019; Bucci et al., 2018;
Vekemans et al., 2021]. Strohmeier et al. [2016], Hu and
Hoffman [2019], Davis [2015b], and others have discovered
that modifying speci�c characteristics of an object's shape
change (such as frequency, amplitude and the shape itself)
can convey different emotions.

One way of achieving shape change in objects and surfacesSoft robots are well

suited for use in

smart jewelry

is through soft robots. Soft robots are a subgroup of robots
that are characterized by soft materials like silicone [e.g.,
Ilievski et al., 2011; Galloway et al., 2013; Gohlke et al., 2016;
Hu et al., 2018] or fabric [e.g., Davis, 2015b; Albaugh et al.,
2019] as a primary material. Furthermore, soft robots of-
ten move in an especially natural and organic manner. The
aforementioned properties of soft robots make them ideal
components for smart jewelry design.

We can conclude from prior work that shape change canCan emotions

conveyed by

shape-changing

smart jewelry be

controlled?

be utilized to communicate emotions, that it is in the na-
ture of jewelry to communicate, and that soft robots �t the
context of smart jewelry. However, the intersection of these
three �elds has not been well explored. Therefore, in this
work, we investigate whether the emotions communicated
by a shape-changing soft robot used in smart jewelry can
be controlled by manipulating the properties of the move-
ment.

The selection of the materials used for a piece of jewelry isDoes the material

in�uence the

conveyed emotion?

a crucial part of the design process [Koulidou and Mitchell,
2021]. When designing smart jewelry meant to convey cer-
tain emotions, the material likely in�uences the way a par-
ticular movement is interpreted [van Waveren et al., 2019].
Thus, our second point of interest is on whether the surface
material of a soft robot used in smart jewelry can in�uence
the emotions conveyed by its shape change.
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Chapter 2

Related work

In this work, knowledge primarily from three major re- This work aims for

contribute to existing

knowledge on the

intersection smart

jewelry, soft robotics,

and psychology

search �elds is combined and supplemented by new in-
sights. First, we combine approaches from the �elds of
smart jewelry and soft robotics. These �elds both have
their roots in human-computer interaction, and combining
knowledge from these areas allows us to create a prototyp-
ical shape-changing piece of smart jewelry. The third �eld,
psychology, equips us with methods to make well-founded
statements regarding emotions conveyed.

2.1 Prior Theses

This thesis builds on the work of prior research conducted
by our chair. Results presented in bachelor and master the-
ses are not considered of the same quality as peer-reviewed
work published in conference papers or journal articles.
Therefore, we want to distinguish these two types of re-
lated work. However, to show which prior work served as
a basis for this work, we have chosen to present the con-
nected theses in this Section.
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Figure 2.1: SoRoCAD consists of three stages. First, the air chambers are de�ned
(a). Second, the exterior (i.e., the wall thickness around the air chambers) is con�g-
ured (b). Finally, the molds are exported (c). The software is shown in the version
published in the thesis by Sahabi [2021].

2.1.1 SoRoCAD

In order to facilitate the process of manufacturing soft
robots actuated by compressed air, SoRoCAD, a soft-
ware for designing and generating molds, was developed.
The software was developed [Timchenko, 2019], evaluated
[Strüver, 2020], and improved [Sahabi, 2021] throughout
three theses.

SoRoCAD is a tool for creating silicone-based soft robots.SoRoCAD is a tool

for creating

silicone-based soft

robots

The software allows the user to design a soft robot in three
steps. First, the internal structure of the soft robot's air
chambers is de�ned (cf. Figure 2.1a). They de�ne which
inner part of the soft robot can later be in�ated. The second
step de�nes the soft robot's exterior around the air cham-
bers (cf. Figure 2.1b). The software allows the de�nition of
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different wall thicknesses for the soft robot. By varying the
thickness of the walls, the soft robot can be deformed in a
certain way when pressurized. For example, two opposing
walls with different thicknesses cause the soft robot to bend
toward the thicker wall. This principle also allows for more
complex designs. Before exporting the �nal molds, the user
can view a simulation of the expected movement of the soft
robot when it is pressurized.

The software is primarily focused on, but not limited to, Finger shaped

actuators with simple

air chambers are the

main target of

SoRoCAD

�nger-shaped actuators [Sahabi, 2021]. This focus is par-
tially due to the subsequent manufacturing process. The
exported molds are used to cast two halves of the soft robot
(cf. Figure 2.1c). This approach is simple, but it limits the
designs in their geometries. For example, fabricating a de-
sign that consists of air chambers that cannot be cut by a
plane into two convex shapes might be impossible.

The molds used to cast the silicone can be fabricated with
a 3D printer. The process for casting silicone is detailed in
Section 3.5.1). After the silicone is fully cured, the halves
are removed from the molds and glued together with liq-
uid silicone. By only using silicone on the edges, the cavi-
ties in the halves form a hollow air chamber. After curing
the added silicone, the soft robot can be punctured with a
cannula to be supplied with compressed air.

2.1.2 Thesis on Shapes and Movements

Nedorubkova [2021] investigated possible shapes and User study to explore

possible soft robot

designs

movements for soft robotic actuators made from silicone
in their thesis. They performed multiple brainstorming
sessions to let participants imagine possible shapes and
movements of soft robots. Their brainstorming sessions re-
sulted in 36 distinct shape ideas with corresponding move-
ments. They assigned each shape idea to one of six cate-
gories according to movement type (“Expanding and elon-
gation”, “Bending” , “Waving” , “Twisting and Rotating”,
and “Compression” [Nedorubkova, 2021]) and created vir-
tual 3D models of them (cf. Figure 2.2)
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Figure 2.2: In their study Nedorubkova [2021] categorized the soft robots from their
brainstorming session and created 3D animations (e.g., a-d). As inspiration for our
design, we used soft robots from the categories Waving (a), Twisting and Rotating (b),
Bending (c), and Expanding and elongation (d).

In the subsequent user study, Nedorubkova [2021] pre-Soft robots are often

associated both with

living beings and with

rigid objects

sented animations of the 3D models to participants and
asked them what they associate with the shapes, and
whether they could imagine real-world applications for the
shapes. They discovered that participants often associated
soft robots with living organisms and everyday objects.
Furthermore, they reported that the soft robots were also
often associated with rigid objects. Some �gures were ap-
parently perceived as more ambiguous than others, as Ne-
dorubkova [2021] reported some shapes were associated
with the same objects by nearly all participants. When be-Results from this

thesis are valuable

starting points for our

research

ing asked for real-world applications for the presented soft
robot, the participants reported jewelry as one potential ap-
plication for soft robots. This �nding supports our goal of
embedding soft robots into smart jewelry. The identi�ed
movement groups provide a valuable base for our study.

2.2 Smart Jewelry

Smart jewelry is used in human-computer interaction to
describe a subgroup of wearable devices. The spectrum
ranges from functionally driven smart jewelry [Pateman
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et al., 2018] to unique artistic pieces [e.g., Versteeg et al.,
2016; Koulidou and Mitchell, 2021]. In functional smart
jewelry, the pieces are often seen as an interaction surface
[Koulidou and Mitchell, 2021; Arora et al., 2019] to control
the jewelry itself (e.g., IlluminEar and Rhythm Shoesby Bu-
ruk et al. [2021], Kino by Kao et al. [2017], and the Tangible
Apps Braceletby Fortmann et al. [2016]), or other devices
[Kao et al., 2015; Patel and Hasan, 2018]. This area of smart
jewelry must still be distinguished from wearables. The line
distinguishing the concepts is not always clearly de�ned,
but for wearables, the focus usually lies exclusively on in-
teraction and not on external appearance [e.g., Chen et al.,
2013; Chan et al., 2013].

In the existing body of research, the terms Interactive Jew- Several terms

describe the fusion

of jewelry and

technology, focusing

on characteristics

typical of jewelry

elry [Versteeg et al., 2016],Digital Jewelry[Miner et al., 2001],
and Art Digital Jewellery[Koulidou and Mitchell, 2021] have
emerged. They often describe similar concepts but differ in
their focus and design approaches. They all share an em-
phasis on their delimitation from wearables by focusing on
properties associated with conventional jewelry. Versteeg
et al. [2016] de�ned Interactive Jewelrysimilarly to our de�-
nition of smart jewelryas a “crossing of wearable technology
and jewelry.” This is quite similar to the de�nition of Digi-
tal Jewelry, one of the earliest terms in this �eld. Miner et al.
[2001] describes it as wearable technology that does not ap-
pear futuristic or overloaded with technical components.
Instead, these objects should offer characteristics typical of
jewelry, like an attractive and aesthetic appearance. Art
Digital Jewellery[sic] is a relatively new concept that Kouli-
dou and Mitchell [2021] introduced. Their approach de-
scribes on-body jewelry crafted in an artistic process which
focuses on the wearer's personality and is enhanced by
electronics. Koulidou and Mitchell [2021] therefore offer a
narrower term focused on art to de�ne this smart jewelry
subsection.

Smart jewelry often provides an output either privately for Smart jewelry

incorporating

shape-change are

rare

the wearer [e.g., Fortmann et al., 2016; Versteeg et al., 2016;
Rantala et al., 2018; Inget et al., 2019] or perceivable for oth-
ers [e.g., Koulidou and Mitchell, 2021; Buruk et al., 2021;
Häkkilä et al., 2020; Inget et al., 2019]. However, not many
examples exist utilizing shape change as an output chan-
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Figure 2.3: “Kinetic wearables transitioning from brooch to necklace a”, by Jimmy
Day, licensed under CC BY-NC-SA 4.0b shows how multiple Rovables units [De-
mentyev et al., 2016] can be utilized to create a shape-changing composition by
moving from a necklace-like arrangement (left) to a brooch-like arrangement (right)
[Kao et al., 2017].

awww.media.mit.edu/projects/kino-kinetic-wearable/overview/
bcreativecommons.org/licenses/by-nc-sa/4.0/

nel. Kino by Kao et al. [2017] utilized Rovables [Demen-
tyev et al., 2016] to create other shape-changing jewelry at-
tached to the wearer's clothing. The Rovables enabled the
jewelry pieces to move around the cloth's surface to incor-
porate new shapes (cf. Figure 2.3).

Smart jewelry research on its connection with emotions hasEmotional bond to

smart jewelry

through personal

data or rituals

already been conducted. Most of this research is concerned
with the emotional bond or the meaning jewelry can pro-
vide for the owner. This is, for example achieved by storing
valuable personal data on the jewelry. This approach was
chosen for the jewelry pieces Pix, Memento, and Leth de-
scribed by Versteeg et al. [2016] and by Rantala et al. [2018].
Another approach is the communication of intimate infor-
mation between two people as done by Fibowhich commu-
nicates fetal movements to the partners jewelry [Patel and
Hasan, 2018]. Furthermore, an emotional bond to a piece of
smart jewelry can be established through habitually wear-
ing a piece of smart jewelry close to the body and using or
experimenting with it over an extended period [Koulidou
and Mitchell, 2021]. These examples all share a common fo-
cus on the emotional connection of the wearer to the object
or something it represents.
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Figure 2.4: Picture by Jarusriboonchai et al. [2020] show-
ing the multi-wear pinsthat can be used to communicate the
wearer's own emotional state to the partner's pin through
rotation of a dial

An example of communicating one's emotional state is pro- Multi wear pin allows

communicating

emotional state by

surface texture

change

vided by the multi-wear pinspresented by Jarusriboonchai
et al. [2020] (cf. Figure 2.4). Each pin consists of an elec-
trochromic display with a dial attached to the back. Multi-
wear pinsare intended to be worn by couples and provide
the ability to send visual patterns to one wearer that encode
the other wearer's emotional state. The patterns are sent
by turning the dial in a certain way. Jarusriboonchai et al.
[2020] did not state whether the patterns are prede�ned
or generated dynamically. In both cases, the communica-
tion involves two people who know each other well, which
likely does not require a universal language of emotion-
conveying patterns. Due to the intimate setting, wearers
may not want the meaning of the pattern to be deciphered
by others.

In addition, there is evidence that preferences for the place- Smart jewelry

intended to

communicate public

information can be

placed higher on the

body

ment of smart jewelry on the body are in�uenced by its
communication intentions. Inget et al. [2019] showed that
smart jewelry intended to be used in a social context is of-
ten placed on the head and neck or the arms and hands. In
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their workshop, they let participants place imaginary smart
jewelry on different parts of the body. Afterward, they per-
formed two rounds of relocating the jewelry.

In the �rst round, participants were to assume that the
previously imagined jewelry displayed public information.
With this assumption in mind, the participants were to then
relocate the pieces to appropriate positions on the body, or
remove them. The pieces that were left on the body were
mainly located on the upper part, most of which were al-
ready there initially. In the second round, Inget et al. [2019]
had the participants perform the same task again. This time
it was assumed that the jewelry displayed private informa-
tion. This resulted in jewelry being moved to the hands
and �ngers. Combining these two �ndings suggests that
jewelry intended to show public information is best placed
on the head and neck [Inget et al., 2019]. This is both for
visibility and to keep areas like the hands and �ngers free
for jewelry providing private information.

2.3 Soft Robotics

The �eld of soft robotics incorporates several disci-
plines, including robotics [e.g., Polygerinos et al., 2015],
elector mechanics [e.g., Suzumori et al., 1991], human-
computer/robot interaction [e.g., Hu and Hoffman, 2019;
Bucci et al., 2018], and material science [e.g., Narang et al.,
2018]. Soft robot designs are often based on models in na-
ture. Since the movements executed by soft robots mimic
those of living organisms, they appear smooth and natural.

As the name suggests, an essential factor shared among softSoft robots consist

mainly of soft

materials

robots is the absence of rigid materials. Instead, they are
made of soft materials like textiles or elastomers. These soft
materials constitute a substantial part of the soft robots to
ensure a �exible nature overall. However, soft robots also
combine these softer materials with stiffer ones to achieve
the necessary composition for the desired shape.

Soft robots, like conventional rigid robots, are pro-Soft robots are

allowed to be less

complex

grammable objects created to carry out speci�c, often com-
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