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Figure 1: We conducted two user studies to examine how motion parameters of wearable shape-changing jewelry influence 
conveyed emotions for both observers and wearers. Participants tested a necklace that featured a 3D-printed round pendant with 
two pneumatic actuators, capable of executing specific motions via compressed air. Study 1 investigated the motion parameters 
of cuboid-shaped actuators systematically using videos to observe five basic motions (bend up, bend down, wave, twist, elongate), 
showing that motion type, speed, repetition, and amplitude can be isolated as factors that deliberately convey an emotional 
state. Study 2 evaluated the most salient factors using combined basic motions that participants first rated while wearing it (part 
B image above shows the motion Up-Twist) and then observed it in real (cf. part A image above). Symmetrical actuations were 
identified more accurately and received higher valence and arousal ratings. The image depicts our shape-changing wearable 
necklace prototype. Top: The ten different movement combinations from Study 2. Participants first felt these themselves as 
wearers, then saw them on a mannequin as observers. Bottom: The necklace executing an Up-Twist shape change while worn 
by a person. The wearable consists of a 3D-printed round pendant and two pneumatic cuboid soft finger actuators, inflated 
via thin tubes that also hold the necklace in place around the neck. We provide details of our process to design and fabricate 
actuators that actuate consistently enough for such studies. 

Abstract 
Shape-changing wearables are known to convey emotions to wear-
ers and observers, and jewelry is commonly worn for self-expression 
and to be seen by others. But how do individual shape change pa-
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speed, amplitude and repetition, and exterior material to analyze 
emotions using Russell’s circumplex model. Additionally, we asked 
users what they associated with each shape change. We found some 
surprising relationships between shape change parameters and the 
valence and arousal levels of emotions wearers and observers per-
ceived. Symmetrical actuations were recognized more accurately 
and received higher valence and arousal ratings. Interestingly, even 
when wearers, who only felt motions, misidentified them, their 
ratings matched those from observers. Our findings support creat-
ing shape-changing interfaces that communicate emotions more 
precisely. 

CCS Concepts 
• Human-centered computing → User studies; Empirical stud-
ies in HCI; Displays and imagers; Haptic devices. 
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1 Introduction 
Wearable shape-changing interfaces are interactive devices that 
dynamically alter their physical shape for input or output. They 
pose numerous fundamental HCI research challenges regarding 
their design, implementation, and user experience [2]. They also 
expand our hardware design palette to create novel interactions, 
such as in haptics [5, 89] and personal fabrication [1, 5]. 

While one purpose of shape change is to convey information 
[2], research on communicating emotional states through it to the 
wearer and others is scarce. Shape-changing objects can convey 
an emotion [13, 88], and even different emotions [19, 32, 76, 85]. 
However, a detailed analysis isolating the various parameters on 
both sides of this effect is missing: the underlying fundamental 
parameters of shape change, such as repetition, amplitude, motion 
type, and visible surface material on the one hand, and the differ-
ent aspects of the resulting emotional state that the shape change 
communicates on the other hand. We also lack an understanding 
of how the modality (feeling vs. seeing the shape change) impacts 
these effects. 

We thus decided to investigate how fundamental design param-
eters of a shape-changing wearable influence valence and arousal 
levels of emotions conveyed to observers and wearers. To the best 
of our knowledge, this is the first study to address this question 
systematically. 

Hence, we conducted two studies to isolate the effects of individ-
ual parameters of a soft shape-changing actuator on these different 
aspects of emotions conveyed, and to explore the differences be-
tween these effects on wearers who only feel the shape change and 
observers who only see it. Note that this is not about the wearer’s 

or observer’s own emotions; we studied what kind of emotion they 
thought each shape change conveyed. We analyzed those emotions 
according to their valence and arousal levels following Russell’s 
established circumplex model [15, 74, 78]. It defines emotions by a 
linear combination of two dimensions: Valence describes whether 
an emotion is positive or negative, while arousal represents the 
range of the emotion from calm to excited. We also asked partic-
ipants what they associated with each shape change to help us 
interpret our quantitative findings. 

Isolating the impact of these characteristics helps researchers and 
practitioners understand how wearable shape-changing interfaces 
convey emotions and how perceptions differ between the wearer 
and the observer. This helps utilize shape change as an interpersonal 
communications layer for wearables. For wearable interfaces on 
the skin, comfortable, flexible, and safe mechanisms are crucial. 
Hence, we decided to use soft robot actuators to render motion, 
as those allow gentle and naturalistic [11] movements that can 
support subtle interpersonal communication. When integrated into 
wearables, they also tend to exhibit higher social acceptance than 
rigid alternatives, as their interaction with the environment is safer 
and more tolerant [45]. Our study focuses on finger actuators, a 
fundamental soft actuator of many shape-changing interfaces [7, 
73, 86] and frequently used for bending and gripping tasks [63, 99]. 
Our soft robots utilize cuboid finger actuators, whose non-rotation-
symmetric shape allows for all basic motions in our user study to be 
easily noticeable (cf. Sec. 3.1.1). Additionally, this should help others 
conclude what emotions more complex objects composed of such 
building blocks, like ChainForm [57], might convey when worn or 
seen. Choosing this basic shape also lets other researchers rebuild 
our actuators more easily for replication and follow-up research. 

To ensure our study treatments were comparable, we required 
soft actuators that could perform motions with high levels of consis-
tency. To this end, we developed a software toolkit for the paramet-
ric creation of design files and an associated fabrication workflow 
for our soft actuators, which we make available in the supplements. 

Our wearable serves as both display and haptic interface. Wear-
able displays often take the form of clothing or jewelry, yet neck-
worn artifacts have received comparatively little attention [98]. We 
chose a shape-changing necklace (Figure 1) as a form factor for our 
wearable interface[40, 55] because jewelry is commonly worn to 
be seen by others and already lets wearers express themselves [93], 
thus typically fulfilling an aesthetic and communicative rather than 
a functional goal. The neck has dense touch receptors, suitable for 
perceiving motion patterns via soft robot actuators [53, 98]. Since 
a necklace is worn on the neck, it is well-suited to display personal 
information such as emotions and can easily be seen by an observer. 
Even more, compared to other jewelry pieces such as bracelets or 
rings, a necklace is perceived as more personal [71]. 

In Study 1, we show participants videos of our physical pro-
totypes actuating. This ensured that participants saw consistent 
movement behavior, despite our early soft actuator prototypes lack-
ing closed-loop control [95]. By our second user study, we could 
control the actuators consistently, and participants experienced the 
actual necklace live, first by wearing it themselves to feel the actu-
ations, then as observers by watching it actuate on a mannequin. 
Study 2 also used the findings of Study 1 to select the most salient 
conditions and focus on those that promised particularly interesting 
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results. We report effect sizes and confidence intervals (CI) based 
on the estimation approach [17, 22] for a more complete picture in 
combination with the associations users reported. 

Our results from Study 1 show that the connections between mo-
tion parameters and valence and arousal of conveyed emotions are 
complex, although users’ associations help untangle them: Repeti-
tive movements particularly increased arousal and valence ratings, 
while movements without repetition were associated with human 
facial expressions, like a smile or lifted eyebrow. We found cate-
gories for both dimensions for the motion type. For example, the 
wave motion conveyed more excitement (higher arousal ratings) to 
the observer than all other movements. Associations also exhibited 
a grouping of motion types: up and down movements were asso-
ciated with humans, elongate and wave movements with concepts 
from nature. In contrast, twist was mainly associated with objects. 
Interestingly, motion repetition influenced the arousal level, but in a 
different order than what we had found in prior research. Also, high 
speed repetitions were often correlated with gestures. This explains 
their high arousal ratings, as gestures can indicate excitement quite 
well. Larger motion amplitudes correlated with the valence of a 
conveyed emotion, and participants associated larger amplitudes 
with social interactions. 

Study 2 confirmed that repetitive motion increases arousal rat-
ings, with live motion increasing ratings even more than videos. 
Participants observed the pendant and actuators as a whole when 
observing the necklace. They associated human beings more often 
with the motion when observing than when wearing the necklace, 
where motions were linked more often to emotions and actions. 
Symmetrical actuations were identified more accurately and re-
ceived higher valence and arousal ratings, both for observing real 
shape changes and when wearing the necklace. Remarkably, even 
when participants misidentified motions by touch alone, their rat-
ings were still similar to those of observed motions. 

We derive design implications, such as using repetition to convey 
a more exciting motion to the observer and the wearer, or symmetric 
and asymmetric motion when designing shape changes to convey 
specific emotions. In summary, our key contributions are: 

• Results of a first user study using videos of a shape-changing 
wearable to investigate the effects of shape-changing pa-
rameters (motion type, repetition, repetition, amplitude, and 
visible surface material) on the valence and arousal levels 
of emotions conveyed to observers. This includes analysing 
participants’ associations with each shape change. 

• Findings of a second user study letting participants wear the 
shape-changing necklace first to report what motion they 
felt and what emotion(s) each motion conveyed to them, and 
then observing it actuate live on a mannequin. 

• The design process and software for creating our soft actua-
tors to support replication and further research. 

In the remainder of this paper, we review related work before pre-
senting our two user studies on observing and wearing the necklace. 
We conclude with limitations and future research directions. 

2 Related work 
We review related work on communicating emotions, shape change 
and communication, shape-changing actuators, and smart jewelry 
in the context of shape change. 

2.1 Communicating Emotions 
Research into the communication of emotions is ongoing in HCI. 
Measuring emotions is not trivial, but we can benefit from measure-
ment models that have evolved in behavioral science [15, 74, 78]. In 
particular, due to its reliability and simplicity, the circumplex model 
by Russell [74] is used widely in HCI research [69, 83, 85, 92]. It 
places emotions into a two-dimensional space created by the two 
orthogonal axes of valence and arousal. Valence describes whether 
an emotion is positive or negative, while arousal ranges from calm 
to excited [18]. Compared to other categorical approaches (e.g., 
[15]), the circumplex model better represents the emotional state 
[14]. 

Particular interest in communicating emotions can be found 
in social robots [8, 32, 83]. These are frequently equipped with 
anthropomorphic features to convey emotions to others, though 
researchers have also explored more abstract forms, such as textiles 
[19] and tactile displays [92]. Similarly, van Waveren et al. [91] 
investigated how different materials used for the exterior design of 
a social robot affect the extent to which users perceive it as positive 
and warm. Adding technology to fashion and garments turns them 
into communicating elements that can also embody emotions [90]. 
For example, Neidlinger et al. [61] created technology-enhanced 
clothes that let the wearer display inner states via shape change. 
Tan et al. [88] found that shape-changing objects can communicate 
basic emotions to humans. In two online surveys, Davis et al. [20] 
explored how to design a textile panel capable of changing shape 
based on a person’s emotion, envisioning it as a means to support 
adapting emotions. 

These studies suggest that further research into how the exte-
rior appearance and motion of shape-changing objects influence 
emotions—compared to static objects—could position them as a 
medium for emotional communication. We aim to examine these 
characteristics in detail. 

2.2 Shape Change as Communication 
Shape-changing objects can change their physical form, dimensions, 
or other physical characteristics. Human interpersonal communi-
cation uses gestures and facial expressions, which are motions that 
communicate something to your partner. The emotion conveyed 
by a shape-changing textile depends on the observers’ associations, 
their personal experience towards these associations, and the shape 
itself [19]. Davis [19] found that the valence and arousal ratings in-
crease if the shape is moving vs. being still. Textile textures moving 
with a higher frequency are perceived to convey a higher level of 
arousal [19, 32]. Vekemans et al. [92] confirmed that low-frequency 
tactile stimuli on the wrist evoke calm, sleepy, and sad emotions. 
Strohmeier et al. [85] found that participants used symbolic shapes 
(e.g., hearts) to convey emotions, with shape reflecting valence 
and motion properties (speed, amplitude, area) reflecting arousal. 
Brocker et al. [6] revealed that participants often associated 3D 
renderings of soft robots with living organisms, everyday objects, 
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and wearable applications. Hu and Hoffman [32] emphasized that 
observing motion in person conveys emotions more strongly than 
watching it on video. The project KnobSlider [44] investigated 
user preferences of a shape-changing knob, compared as tangible 
control inputs vs control input via video. They found that users 
preferred to execute slower shape-changes with the physical device 
and faster shape-changes with videos. Several projects, from giant 
shape-changing interfaces [3] to actuators the size of a finger [47], 
have let participants observe shape changes to study the emotional 
effects. 

In human interactions, touch is an important channel to commu-
nicate emotions [32, 43, 82], ranging from anger and fear to love 
and gratitude [30]. A variety of projects with tactile shape-changing 
interfaces look at how humans can benefit from using them for well-
being [4], to enhance virtual reality experiences [89], or to support 
remote communication [75]. Besides these practical aspects, tactile 
shape-changing interfaces are used to trigger emotional communi-
cation [53, 99], also over distance [76]. Tactile characteristics such 
as spikes can convey specific emotions to children on the valence 
and arousal scale (Russell [74]) [62]. 

All artifacts above were evaluated for their user experience, lika-
bility, etc. However, none of the research projects presented have 
investigated whether fundamental motion types, such as bend-
ing or twisting, and other motion parameters, such as different 
speeds, may be able to convey different emotions to an observer. 
The projects by Vekemans et al. [92] and Strohmeier et al. [85] used 
Russell’s circumplex model to analyze emotions, but gave the par-
ticipants a set of key emotions from Russell’s model to characterize 
the emotions conveyed instead of letting them rate both dimensions 
individually. Davis [19] allowed a rating on these axes but focused 
on comparing the emotions perceived when a computational textile 
is presented via touch and vision to using vision alone; that study 
did not analyze motion parameters in detail. Vekemans et al. [92] 
and Hu and Hoffman [32] introduced an actuated object consisting 
of several identical air bumps to function as the skin texture, while 
Davis [19] used more complex computational textiles as shape-
changing objects. Building on this work, we want to determine in 
detail what valence and arousal levels of emotions are conveyed 
when users observe or wear a soft shape-changing wearable. 

2.3 Shape-Changing Actuators 
With soft robotics, a multidisciplinary field combining knowledge 
from robotics [68], electromechanics [87], and material science [60], 
researchers can create shape-changing objects. Rasmussen et al. 
[73] provided a review of 44 papers to evaluate the design space of 
shape-changing interfaces. They identified eight transformed shape 
types, common interaction patterns, and functional and expressive 
purposes. The review also highlights understudied areas and out-
lines key open questions regarding design intent, unexplored shape 
transformations, and the need to better understand user experience. 
Kwak et al. [50] used a repertory grid method to explore how users 
perceive shape-changing interfaces, revealing dimensions such as 
personality, territoriality, and state of mind beyond typical cate-
gories such as appearance and product properties. Qamar et al. [70] 
presented a review of shape-changing interfaces in HCI, and of how 
shape-changing techniques have evolved. They categorise the type 

of shape change into mechanisms such as rollable, foldable, and in-
flatable. Soft robots are programmed using software and hardware 
control systems that manage their behavior [80]. Actuation meth-
ods include pneumatics [26, 36, 59], hydraulics [58, 96], mechanical 
forces [1, 19], and heat [23]. Various air pressure-based control 
systems have recently been developed [31, 64, 79]. Pneumatics are 
easier to use in practice than, e.g., hydraulics [7] and provide a par-
ticular advantage when measuring counterpressure. Regardless of 
the actuation method, tools that encode design expertise are essen-
tial to create reliable pneumatic soft robots effectively. For example, 
Siloseam [56] simplifies the mold–cast–cure process for creating 
custom inflatable silicone bladders, supporting basic inflation but 
not complex movements such as bending or elongation. SoRoCAD 
[7] is a software tool for designing silicone-based soft robots actu-
ated by compressed air. It streamlines mold creation by integrating 
simulation into the design process, allowing users to easily and 
repeatedly evaluate motions during design. MorpheesPlug [46] sup-
ports the user by defining design parameters for six standardized 
widgets to create soft robots in Fusion 3601 . Similarly, MiuraKit [12] 
is a hands-on construction kit to explore shape-changing structures 
using pneumatically actuated origami tubes. Many design tools for 
pneumatic soft robots exist. We needed very consistently actuating 
soft robotic finger actuators. Also, those actuators needed a cuboid 
outer form that is visible to the users. Morphees plug’s building 
block and Miura Kit’s origami building blocks are not in cuboid 
form. Siloseam’s silicone bladders do not support motions besides 
inflation. SoRoCAD’s soft robots have the right shape but tested ac-
tuators lacked the robustness needed for repeated actuations in our 
studies. The platform Soft Robotics Toolkit [31] provides modular 
and open-source hardware solutions. 

Since no existing toolkit met our needs, we created a paramet-
ric OpenSCAD script2 for generating molds for fiber-reinforced 
actuators, drawing on resources from the Soft Robotics Toolkit. We 
provide our script and design process as a supplement. 

2.4 Shape Change and Jewelry 
Integrating technology has significantly advanced jewelry over the 
past decade, leading to the emergence of smart jewelry [77, 84]. 
The scope ranges from functional smart jewelry [48, 65] to artis-
tic pieces [93] and socio-cultural applications [94]. Woźniak et al. 
[98] developed a vibrotactile necklace (HaptiNecklace) for passive 
tactile perception on the sternoclavicular area and found in a user 
study (N=19) that directional vibrations were better recognized 
than single-point ones. Smart jewelry often provides output, either 
privately to just the wearer [25, 37, 72, 93] or perceivable by others 
[9, 35, 37]. Few projects, however, use shape change as an output 
channel. Shape-changing jewelry has been explored in bracelets 
[27, 29, 67], watches [24], and clothing accessories [42]. PneuHap-
tic [29] is an arm-worn pneumatic haptic interface that generates 
tactile sensations on the skin. Fan et al. [24] developed a watch 
with curvature-changing feedback for notifications, reporting pos-
itive user responses. Kao et al. [42] used Rovables [21] to create 
shape-changing jewelry that moves across clothing surfaces, form-
ing new shapes. Smart jewelry research on emotions often explores 

1https://www.autodesk.com/products/fusion-360
2https://openscad.org 

https://2https://openscad.org
https://1https://www.autodesk.com/products/fusion-360
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the personal meaning jewelry provides to the wearer, such as stor-
ing valuable data [72, 93] or communicating intimate information 
between people [38, 51]. Inget et al. [37] further showed that place-
ment preferences vary: head and neck for public, arms and hands for 
private information. Finally, the choice of exterior material appear-
ance can significantly influence the aesthetics, comfort, durability, 
and overall impact of jewelry [48]. Hence, its visible materiality 
may play a crucial role in how a particular movement of an object is 
interpreted and what emotions it conveys to observers [91]. Related 
work shows that smart jewelry increasingly blends functionality, 
expression, and emotion, yet research on shape changes in jewlry 
to function as communicative channel remains shallow. 

3 Study 1 
Study 1 served to explore the effects of the various basic parameters 
of shape change on emotions conveyed to an observer, not the 
wearer. Therefore, our participants only observed the necklace 
actuating. In real life, people would not usually touch a necklace 
another person is wearing but merely observe it, making it a good fit 
for our study. Our necklace used two interchangeable basic cuboid 
actuators, one on each side of the pendant. In Study 1, we opted 
for actuating only one side of the necklace to isolate the effects of 
a single actuator, leaving the other side as a static reference. We 
also varied the exterior materiality of the actuator to see how this 
influences the emotions perceived. 

In this first study, participants saw videos of our necklace with 
different shape-changing actuators in action. This guaranteed iden-
tical motions across users and trials despite our early actuator pro-
totypes still exhibiting significant variance in their shape change 
between subsequent actuations. 

After observing the necklace, we asked participants to rate the 
emotions they perceived along Russell’s circumplex model dimen-
sions of arousal and valence. Secondly, we asked them to describe 
what they associated with each movement, extending beyond emo-
tions. This helped contextualize their quantitative ratings on the 
circumplex model and provided insights into their mental models. 
Study 1 thus addressed the following research question: 

RQ1: “How do the fundamental design parameters of shape change 
influence the valence and arousal levels of emotions conveyed to an 
observer?” 

These hypotheses, outlined below, are based on prior research 
(Section 2) and our assumptions about how specific shape changes 
convey emotions to an observer: 

H1: On average, downward motion leads to lower valence ratings 
([19, 32, 85]), while upward motion leads to higher valence 
ratings [34, 39]. This is in-line with Image schema theory 
[39], which states that positive emotions and experiences 
are linked to the upward vertical direction, while negative 
ones are linked to the downward vertical direction. 

H2: Repeated motion of an actuator leads to higher average valence 
[32, 85] and arousal ratings [18]. 

H3: On average, faster motion repetition leads to higher arousal 
ratings [32] but does not affect valence ratings. We assume rep-
etition does not influence valence, as positivity or negativity 
seems tied to motion type rather than speed of repetition, 

because, e.g., a smile remains a smile regardless of how fast 
a person curls up the corners of her mouth. 

H4: On average, a larger motion amplitude leads to higher arousal 
[32, 85] and valence ratings. Larger amplitudes can also be 
expected to increase valence because the motion looks bigger 
and is easier to recognize. 

H5: The exterior appearance (materiality) of an actuator influences 
the valence rating [91], with leather and textile actuators re-
ceiving higher valence ratings on average. We expect leather 
and textiles to suggest more warmth than the other materials 
tested, and warmth mostly receives more positive associa-
tions than cold [91]. 

3.1 Study 1: Experimental Design 
Prior work [19, 32, 92] has described several motion parameters 
influencing the conveyed emotion. Therefore, we manipulated the 
motion type (bend up, bend down, wave, elongate, twist), repetition 
(none, low, high), amplitude (half, full), and actuator surface mate-
rial (leather, metal, fabric, silicone) as independent variables. Our 
dependent variables were the ratings of the valence and arousal 
dimensions of Russell’s circumplex model and the associations with 
the necklace motions. 

3.1.1 Motion Type. We used five motion types. 

• A single bend up along its transverse axis (Fig. 3, up) 
• A single bend down along its transverse axis (Fig. 3, down) 
• Two bends along its transverse axis (upwards and down-
wards, respectively; (Fig. 3, wave) 

• Twisting around its longitudinal axis (Fig. 3, twist) 
• Elongation along its longitudinal axis (Fig. 3, elongate) 

For consistency, all actuators were cuboid-shaped. We chose pneu-
matic actuators in the shape of cuboid fingers because they are a 
standard soft actuator [86], and their simple shape allows users to 
focus on the shape change, while researchers can apply our insights 
later to more complex forms based on it [57]. The non-rotation-
symmetric shape of a cuboid (unlike, e.g., a cylinder) also ensures 
that twisting is easy to notice. 

3.1.2 Speed of Repetition. We used three levels to repeat the mo-
tion in Study 1: none (motion is performed only once), low (motion 
repeats every 6 s), and high (motion repeats every 3 s). 

Figure 2: Study 1 investigated how different basic shape 
change parameters of a necklace affect the emotions it con-
veys to an observer. When inflated with compressed air, 
the left actuator changed shape, while the right actuator 
remained still for reference. Study 1 tested five different mo-
tion types (from left to right: bend up, bend down, wave, twist, 
elongate). We also varied the appearance of the actuators’ 
surface material. 
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Figure 3: Left: Each motion type in its unactuated state, at half 
and full amplitude (Bend includes Up and Down). Right: Sur-
face materialities of the soft actuators: raw silicone, leather, 
metal (metallic fabric), and fabric (from left to right). 

3.1.3 Amplitude. We defined the maximum movement our actua-
tors could perform as the full amplitude level. As the second level, 
we defined the half amplitude (see Fig. 3, left). 

3.1.4 Material. We covered our actuators with various gray fabrics 
that looked like different exterior materials commonly used for 
jewelry: metal, fabric, and leather (Fig. 3, right). 

3.1.5 Total Conditions. Combining these four factors resulted in 
120 conditions (5 motion type × 3 repetition × 2 amplitude × 4 
material) for Study 1. Because a pilot study for this took over two 
hours, we made material a between-subjects factor, resulting in 30 
trials per participant. We counterbalanced the conditions per group 
with a Latin square to mitigate carryover, learning, and novelty 
effects. 

3.2 Study 1: Participants 
Study 1 had 24 participants (14 male, 10 female) aged 14 to 59 years 
(M = 29.21 years, SD = 10.13 years). For participants under 18, our 
consent form included parental consent. Thirteen participants had 
never seen such actuators. Two had heard of them but never seen 
one, seven had seen them but not used them, and two had prior 
interaction with soft robots—one with artificial muscles and one 
with silicone actuators. 

Fifteen participants had never heard of smart jewelry, five had 
seen other examples, and four had interacted with smart jewelry 
before. None had encountered our necklace or soft actuators before 
the study. 

3.3 Study 1: Apparatus & Procedure 
Below, we describe our setup for Study 1. 

3.3.1 The Shape-Changing Necklace. The neck offers plenty of 
space for visible motion while remaining easily observable. Inget 
et al. [37] also stated that users perceive the chest as a suitable 
location for displaying information to other people. Also, the neck 
is physiologically well suited for tactile passive perception of cues 
[53, 98]. Other options for the design were possible. We could have 
integrated the actuators into the necklace chain, but this would 
not provide a neutral horizontal starting point for distinguishing 
up and down motions, and movement in the necklace chain would 
lead to motion on the uneven collarbone. We wanted to allow sym-
metric and asymmetric motions in our second user study. Hence, 
the necklace pendant integrates two actuators (Fig. 2), one on each 
side. We sized the pendant to hide all pneumatic connectors and 
chose a round shape to avoid sharp edges for comfortable wear. In 

Study 1, only the left actuator (as seen by an observer) was actuated 
with compressed air via a tube running up the chain. 

In both studies, the necklace was worn by a mannequin instead 
of a human neck when participants observed it to avoid an un-
conscious bias through the person wearing the necklace [41, 97]. 
The videos of the necklace moving were 12-second clips plus short 
fade-ins and fade-outs. 

3.3.2 Controller. To achieve precise actuator control, we imple-
mented a hardware controller (Fig. 4) similar to the one used in [33], 
because common pumps for Arduino lack the accuracy needed for 
controlled air deflation and maintaining stable air pressure. The 
system consists of a computing unit and an actuation unit, which 
drives a custom 3D-printed piston inside a syringe. The computing 
unit connects to a stepper motor via an ACT DM542 driver con-
trolled by an Arduino Uno. The Arduino connects to a control panel 
with LEDs and push buttons to control the soft actuator motions. 

3.3.3 Study Procedure. Participants sat in a chair at a table and 
could see the actual necklace on the mannequin. We started with 
the consent form and asked participants about their prior knowl-
edge. After introducing the topic and demonstrating the necklace, 
participants saw the videos on a MacBook Air (M1, 2020) for all 30 
trials. Participants performed two practice trials before the 30 trials. 
Participants could ask questions anytime and view each video a 
second time if desired. After each video, participants rated their 
initial impression of the mood conveyed on each dimension of the 
circumplex model with a 5-point Likert scale. Arousal was labeled 
with “Relaxed Mood” (lowest) to “Stimulated Mood” (highest). Va-
lence was labeled with “Negative Mood” (lowest) to “Positive Mood” 
(highest). Secondly, we asked the participants to state what they as-
sociated with the necklace and its motion. Afterward, participants 
could touch the actual necklace. 

3.4 Study 1: Results 
We interpreted Likert scales as interval data in accordance with 
most prior work [8, 19, 32, 85]. While we collected quantitative 
data by letting participants rate valence and arousal, this data is 
highly subjective. We therefore report confidence intervals (CI) 
and effect sizes (ES) based on the estimation approach described by 
Cumming [17] and Dragicevic [22] instead of using null-hypothesis 
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Figure 4: Photo (left) and diagram (right) of the hardware 
setup used to control the pneumatic actuators in our study. 
It consists of a syringe, a stepper motor mounted on an alu-
minum profile, and a separate control console. The console 
contains an Arduino Uno that controls an ACT DM542 step-
per motor driver. The driver translates these commands into 
control sequences sent to a NEMA 23 stepper motor, which 
operates the syringe. 
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Figure 5: Left: overall valence rating for each motion type. 
Right: changes in valence (difference estimates, which is the 
difference of means) in the emotion the necklace conveys 
when changing from one motion to the other. Pairs were 
formed, and the point estimate is ≥ 0. Both diagrams display 
means with 95% CIs and � = 24. We see that motions sharing 
characteristics in their motion direction, such as twist and 
elongate (both move on the horizontal level) or up and wave 
(both move upwards), received similar ratings on the valence 
dimension. 

significance testing (NHST). This allows us to investigate whether 
the data is pointing towards the relations in our hypotheses and 
offers a differentiated interpretation of the result, especially in 
combination with our results from the associations that participants 
stated. 

We averaged measurements for each participant to calculate 
CIs with a single measurement per participant [22]. Calculating 
the mean for each condition provided us with the corresponding 
point estimate. For retrieving 95% CIs, we used BCa bootstrapping 
[10]. Bootstrapping was performed with 1,000 replications, and a 
random but fixed seed was used to provide reproducible results. We 
performed a pairwise comparison for each within-subjects factor to 
understand the effect sizes. We interpret effect sizes as the estimate 
of the difference between the means of two factors to understand 
whether differences exist in the influences of those factors on the 
conveyed emotion. Hence, we always calculated the difference of 
means between two levels of a factor per participant. We then cal-
culated point estimates and 95% confidence intervals, as described 
before, for the differences between the two levels. 

3.4.1 Motion Type. Each motion type influenced both valence 
and arousal ratings with varying effects. 

Valence. Up and wave motions have the highest valence rating 
(up: 3.83, wave: 3.62) (Fig. 5 left). The difference estimate of their 
means (mean = 0.215, lower = -0.024, upper = 0.472, cf. Fig. 5 right) 
points towards no difference between these two motion types. Nev-
ertheless, with high probability, both conditions result in a con-
siderably higher valence rating than the remaining three shapes 
(down, twist, and elongate). Elongate and twist have a valence rating 
estimate of about three (elongate: 3.06, twist: 3.05), and the pairwise 
comparison suggests no apparent difference between them (Fig. 5 
right). In contrast, down has a low valence rating of 1.91 and is the 
most negatively perceived form. Moreover, it can be stated with a 
high probability that changing from down to elongate or twist will 
result in a more considerable increase in valence than changing 
from elongate or twist to wave (cf. Fig 5 right). These findings pro-
vide support for (H1). However, not all five motion types resulted 

Figure 6: Overall arousal rating for each motion type (left), 
and change in valence (differences of means) between two 
motion types (right). Both graphs show means with 95% CIs 
and � = 24. For arousal, wave received higher ratings than all 
other motion types. 

in particularly different estimates for the valence ratings. Motions 
sharing characteristics like twist and elongate (both stay horizontal 
in their movement) or up and wave (both move upwards) are more 
likely to convey emotions with similar valence. 

Arousal. Up (mean = 3.12), down (mean = 3.07), twist (mean = 
3.17), and elongate (mean = 3.17) have almost the same ratings 
(Fig. 6 left). Wave is the only outlier, receiving the highest rating of 
3.63. These results point towards the wave motion conveying more 
excitement to the observer than the other motion types. This trend 
is also visible in Fig. 6 right. For all pairwise comparisons, including 
the wave motion, the estimates indicate a higher probability that 
a wave motion compared to any other motion will increase the 
arousal ratings more than any other pair of motions without wave. 

3.4.2 Speed of Repetition. We evaluated the results regarding 
valence and arousal for all three repetition levels. 

Valence. The overall valence rating for all three levels (Fig. 7 
left) shows minor differences between the levels (none: mean = 
2.97, low: mean = 3.06, high: mean=3.25). The results hint at an 
interesting difference between no repetition of motion and mo-
tions with high-speed repetitions. However, the CI ranges are still 
overlapping (none: CI = 2.86–3.14, high: CI = 3.1–3.39). Also, the 
difference of about 0.275 of a level on the 5-point Likert scale is 
relatively small compared to the observed effect of motion types 
in the previous section. Therefore, we have minimal support for 
(H2): valence conveyed by non-repetitive motions differs from that 
conveyed by repetitive motions. Again, even though there seems 
to be a difference between none and high, the effect size (the dif-
ference between the means – 0.275) is low. Additionally, for (H3), 
which concerns the effect of repetition on valence, we cannot find 
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Figure 7: Overall valence rating (x-axis) for each repetition 
level (y-axis) (left), and change in valence (differences of 
means) between two repetition levels(right). Both graphs 
show means with 95% CIs and � = 24. Motion without repeti-
tion receives lower valence ratings than high-speed repetitive 
motions. 
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Figure 8: The overall arousal rating (x-axis) for the different 
repetition levels (y-axis) is shown on the left. The right graph 
shows the estimated change of arousal between two different 
repetition levels. Both diagrams show means with 95% CIs 
and � = 24. Interestingly, non-repeated motions received 
higher ratings for arousal than low-speed repetitions. 

any evidence in the data because the CIs for low and high speed 
repetitions are very close (low: CI = 2.91–3.24, high: CI = 3.1–3.39). 

Arousal. Arousal ratings for repetitive motion (cf. Fig. 8 left) 
show that non-repeating motions (none) (mean: 3.12) and low-speed 
(mean: 2.9) motions were both rated a little lower than high-speed 
motions, with an average rating slightly below four (mean: 3.68). 
Investigating the differences in Fig. 8 right also shows that high-
speed motions were more likely to be rated as more aroused than 
non-repetitive motions (none) and slower repeating motions (low) 
(Fig. 8). The effect in the difference between low-speed motions vs. 
high-speed motions is likely to be much bigger than between non-
repetitive motion vs. low-speed motions and non-repetitive motion 
vs. high-speed motions. These results support the hypothesis that 
speed affects perceived arousal (H3). Similarly, we can see that the 
data support the second part of (H2), as no repetition and high 
repetition have no overlapping CIs, i.e., the repetition of a motion 
does affect perceived arousal. 

3.4.3 Amplitude. Since amplitude is defined for each motion type 
separately, we analyzed the interaction between each motion type 
and each level of amplitude (half and full). 

Valence. For up, elongate, and wave valence ratings for the full 
amplitude are (slightly) higher than for the half amplitude. All CIs 
overlap, and for wave, they are the widest (Fig. 9 left). Down does 
convey a negative emotion to the observer, in particular in the full 
amplitude (up = 4.04, down = 1.78, wave = 3.93, twist = 3.03, elongate 
= 3.08). Up and wave are perceived as positive. Twist and elongate 
ratings are almost identical. Here, the same assumption applies 

Figure 9: Left: Valence ratings for full and half amplitude 
per shape. Right: Estimates for valence differences between 
half and full for each shape. Both diagrams show means 
with 95% CIs, and � = 24. A full motion amplitude leads to a 
higher rating on both dimensions. The exception is down in 
the valence dimension, where a full amplitude leads to even 
lower ratings on the valence dimension, i.e., it conveys an 
even more negative emotion. 

Figure 10: Left: Arousal ratings for full and half amplitude 
per shape. Right: Estimates for differences in arousal between 
half and full for each shape. Both diagrams show means with 
95% CIs, and � = 24. The results show that a full amplitude 
of a motion leads to a higher rating on both dimensions. 

that we arrived at for the impact of motion type on the valence 
rating: Motions that stay horizontal in their motion and motions 
that move upwards convey emotions with similar valence. This 
stays alike in the full and half amplitude group (half amplitude 
ratings: up = 3.63, down = 2.04, wave = 3.31, twist = 3.07, elongate 
= 3.03). The estimates for the valence differences between full and 
half amplitude indicate a high probability for a bigger increase of 
valence ratings for the wave motion(mean = 0.625) than for twist 
and elongate. 

Arousal. The left graph in Fig. 10 shows the arousal ratings for 
each amplitude level per motion type. The full amplitude is per-
ceived as more aroused for all motions. Even though the estimates 
for differences between the full and half amplitude do not indicate 
large effects among all motion types, their CIs are relatively wide 
(Fig. 10 right). Possible differences between the amplitudes range 
from close to zero to around one step. The data show support for 
(H4) regarding the amplitude’s impact on the perceived arousal. 

3.4.4 Material. For material, the ratings were quite close. 

Valence. The average valence reported (cf. Fig. 11 left) shows 
no considerable difference based on the material of the movable 
part of the necklace. Silicone (mean = 3.15) and fabric (mean = 3.17) 
were rated slightly more positively than metal (mean = 3.0) and 
leather (mean = 3.02). Therefore, we found no evidence that the 
material influences the conveyed valence or that actuators looking 
like leather and textile are perceived more positively than those 
looking like metal or silicone (H5). 

Arousal. All materials were rated slightly above three on the 
5-point Likert scale (Fig. 11 right). The most considerable difference 
exists between silicone (mean = 3.05) and fabric (mean = 3.42). No 
clear difference can be reported between all other materials. Fabric 
has the tightest CI (Lower = 3.23, upper = 3.57), just about half the 
CI of metal (Lower = 2.88, upper = 3.45). This may indicate that 
actuators from fabric convey a smaller variety of arousal states. 
None of the findings regarding the conveyed arousal of different 
materials support the hypothesis that the material influences the 
arousal of a conveyed emotion (H5). 

3.4.5 Associations. We analyzed the reported associations of the 
users following inductive development of categories by Mayring [54, 
p. 86]. We reviewed our categories and subcategories after about 
25% of the answers and merged similar codes and categories. This 

https://3.1�3.39
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resulted in 704 codes. The most extensive theme is human with 
434 codes. A big subcategory in this theme is (mental) conditions, 
which contains 120 codes for emotional associations. The other 
subcategories are fictional characters, characteristics, social inter-
actions, attitudes, judgments, mimics, gestures, body motions, and 
body parts. There are two medium-sized themes: nature (81 codes) 
and objects (85 codes). Nature has animals, environment, and live-
liness as subcategories. We formed two subcategories for objects: 
stationary and moving or movable objects. Additionally, there are 
three more minor themes with mobility (34 codes, subcategories: 
directions, motions), actions (32 codes, subcategories: results from 
action, actions/activities), and sports (38 codes, no subcategories). 

3.5 Summary & Limitation of Study 1 Results 
In summary, our data show trends supporting (H1): Motion type 
impacts perceived valence and arousal. This matches the results 
of Davis [19], Strohmeier et al. [85], and Hu and Hoffman [32], 
but we were able to categorize the fundamental motion types for 
both model dimensions. Repetition also impacts both valence and 
arousal (H2), something that had previously been reported only 
for valence [85]. Faster motions lead to higher perceived arousal 
(cf. [19, 32, 85]), but not perceived valence (H3). The amplitude of 
a motion (H4) impacts perceived arousal, but high variance in the 
data made it challenging to quantify how strong the influence on 
a perceived emotion is. A larger amplitude intensifies perceived 
valence. These findings thus do not support H5. During fabrication, 
we realised that leather has an impact on the motion of the soft 
robot inside by restricting the possible expansion, especially over 
time, and compared to the other materials, because the soft robot 
needs more power to stretch the material. For our videos, this was 
not an issue because actuation with the leather was only needed a 
few times, and we changed the actuator after four to five actuations. 
However, for a soft robot moving live and real life, we believe 
leather is less suitable. 

3.6 Study 1: Discussion 
In the following, we discuss the key insights from these results 
into the impact that different motion parameters of actuators have 
on the emotions that a shape-changing wearable conveys to an 
observer. 

3.6.1 Motion and Emotions – H1, H2, H3, H4. We wanted to uncover 
implications for designing wearable shape-changing experiences 
with basic motions that convey emotions in a controllable manner. 

More Repetitions – Higher Arousal and Valence. Repetitive motion 
led to more perceived arousal and valence than single motions. For 
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Figure 11: Results of valence and arousal for the different ex-
terior materialities with mean as the point estimate, 95% CIs, 
and � = 6. For both dimensions, the ratings for all exterior 
materials are quite close. 

valence, the data indicates a trend that ratings on the valence axes 
correlated with the number of repetitions, even though the esti-
mates for the difference are small when comparing non-repetitive 
motion with the remaining two motion repetition levels (None vs. 
Low: mean = 0.12, None vs. High: mean = 0.26; see Fig. 9). Thus, we 
recommend using repetition to convey a motion more positively or 
negatively to the observer. In contrast, non-repetitive motions were 
linked to human facial expressions, like a smile or raised eyebrow. 

No Repetition Causes More Arousal than Low-Speed Repetition. 
The finding that non-repetitive motions were perceived as more 
arousing than low-speed repetitive motions is interesting, as prior 
research describes that more motion corresponds to higher per-
ceived arousal. But our data points to another order of repetitive 
motions (repetition with high speed > no repetition at all > rep-
etition with low speed) with a visible effect in the difference of 
the ratings comparing low-speed motions to high-speed motions 
and non-repetitive motion to low-speed motions. This could be 
explained by participants perceiving tension in the actuator’s shape 
as reflected in some of their reported associations, likely related 
to our definition of the non-repetitive condition. Because gestures 
were often associated with high-speed repeated motions, we be-
lieve it might be feasible to convey higher arousal emotion using 
high-speed repetitive motions resembling gestures that also com-
municate a high arousal value. High-speed motions were associated 
with gestures, and low-speed motions with facial expression char-
acteristics. This accompanies higher arousal ratings for high-speed 
motions, as gestures can express excitement well. Low speeds indi-
cated characteristics of a human personality to participants, maybe 
because a personality characteristic is something permanent, and 
therefore, low speeds indicate a characteristic that is permanent. 
Motion repetition seems to have little effect on perceived valence, 
likely because participants associated different repetition-speeds 
with varied terms. 

Amplitude as Valence Intensifier. From our data, it is hard to deter-
mine the magnitude of the effect caused by the change in amplitude 
on the arousal dimension. This becomes particularly clear when 
comparing the differences between the amplitude levels for the 
motion types up and down (Fig. 10). Their only difference is their 
respective upward or downward bending direction. However, esti-
mates of the size of the change between the half and full amplitude 
levels differ across the two shapes. For the valence dimension, we 
found that in the amplitude groups, the ratings correlate similarly 
to the ratings of the motion type. The interesting part is that full 
amplitudes emphasize how positively or negatively emotions are 
perceived (between 0.4 and 0.6 points on the rating scale, Fig. 9). 

Motion Direction as Valence Indicator. The motion type with its 
movement direction can be interpreted as an indicator of the level 
of perceived valence in a positive or negative direction. We could 
observe that for the perceived valence, motions can be grouped 
by characteristics such as their movement direction (Fig. 5). The 
associations suggest that motions form distinct groups rather than 
being defined by individual types, requiring abstraction into key 
characteristics to generalize their effects. 

Motions Resembling Associations and Experience. We recommend 
creating motions mimicking gestures to convey an emotion with a 
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particular valence level. An apparent effect on the conveyed valence 
was caused by the different motion types, such as bend. The motion 
types of our study can be arranged into three groups: “positive 
motion”, “negative motion”, and “neutral motion”. Participants felt 
a negative emotion for the actuator bending down, which could 
be justified by the symbolism reported by Strohmeier et al. [85]. 
Humans often associate downward-pointing motion with negative 
evaluations, such as a thumbs-down gesture in sports contexts. 
Thus, the down motion seems to be particularly suitable for ex-
pressing more negative emotions. Looking at research on mental 
patterns, image schema theory [34, 39] gives a suitable explanation 
for this observation. Image schema theory describes mental pat-
terns derived from repeated, multimodal bodily experiences, not 
just visual experiences, and interactions with the physical world. 
This theory incorporates the UP-DOWN Schema, derived from our 
basic physical experience of gravity and movement, in which ’up’ 
represents the direction away from the ground and ’down’ toward 
it. Hurtienne [34] explain that humans commonly associate ’up’ 
with positive concepts, in our case, a positive emotion, and ’down’ 
with negative ones. We could observe a similar fact for (wave and 
up) that were perceived more positively (Fig. 5). The wave motion 
elicited higher excitement from observers than the other four mo-
tions, possibly because it evoked associations with ocean waves 
and exciting vacations. Twist and elongate motions were perceived 
as a “neutral motion”, and were more often associated with terms 
without any clear negative or positive association. We assume that 
the absence of an immediate positive or negative impression may 
lead people to relate the shape to familiar shapes instead [49]. The 
associations of motion types can also be grouped into three cate-
gories. Up and down were associated with humans, for elongate and 
wave, participants stated terms from nature, and twist was mainly 
associated with objects. We also saw frequent associations of wave 
with facial expressions, i.e., for wave, it appears to be crucial in 
what context the motion is executed. 

3.6.2 Materiality Correlates to Experience – H5. However, the many 
different associations for each material suggest that individual per-
ceptions of a material’s emotional qualities can vary widely. The 
association diversity could indicate factors not investigated thor-
oughly in our explorations. E.g., Crippa et al. [16] discuss that an 
emotion evoked correlates highly with a particular object’s known 
functionality in combination with the object’s material. Hence, the 
data about associations warrants further differentiation. According 
to our data, motion parameters have a greater effect on the valence 
and arousal conveyed. Thus, we can conclude that the outer ap-
pearance of a basic actuator likely has a negligible influence on 
the conveyed emotion. This does not imply that designers do not 
have to consider materiality. The chosen material may interact with 
other factors that we did not consider. 

4 Study 2 
In Study 1, we investigated shape-changing motions purely from 
the perspective of an observer. To ensure consistent actuations, 
participants in Study 1 also observed shape changes only in videos; 
however, we know this conveys emotions less strongly than in-
person observation [32]. Therefore, Study 2 used a live actuating 
prototype rather than recorded videos, and the study gathered 

feedback not only from observers, who only see the shape change 
without feeling it, but also from the wearer, who only feels it on 
their skin but without seeing it. We wanted to understand how 
wearers perceive the motions as tactile sensations and whether the 
emotions conveyed differ between observing a motion and feeling 
it on the skin. 

Understanding how shape change may communicate emotions to 
the wearer also helps us explore a different and intriguing channel 
of communication: The emotions a wearable communicates to its 
wearer could be triggered by another person, e.g., a far-away partner 
sending messages to the wearer, or multiple other people, e.g., the 
crowd at a live concert sending messages to the performer wearing 
the device. In this way, Study 1 can be regarded as a setting of one-
to-many communication from the wearer to any observers using a 
visual communication channel, while Study 2 also looks at haptic 
many-to-one communication from potentially several other people 
to the wearer using a haptic communication channel. 

Study 2 thus addressed the following research questions: 
(1) RQ2: “How do the fundamental design parameters of shape 

change influence the valence and arousal levels of emotions 
conveyed to an observer watching a live actuating wearable?” 

(2) RQ3: “How do the fundamental design parameters of shape 
change influence the valence and arousal levels of emotions 
conveyed to the wearer of a live actuating wearable?” 

Study 2 was split into two setups to isolate experimental factors 
better. The first setup allowed participants to wear the necklace 
themselves, enabling them to experience the haptic sensations of its 
motions on their skin. The second setup let them observe the neck-
lace, this time live, but again on a mannequin to avoid confounding 
factors from the person wearing it. 

Finally, in Study 2, we moved the actuators on both sides. This 
lets us combine different motion types to create symmetric and 
asymmetric overall shape changes. In both setups in Study 2, we 
asked users to rate the emotions they perceived in Russell’s circum-
plex model and to state the associations conveyed to them. 

4.1 Study 2: Experimental Design 
We reduced the motion parameter space from Study 1 based on its 
results. Below, we discuss the remaining conditions and why others 
were removed. In general, we continued to manipulate the motion 
type, repetition, amplitude, and actuator surface material as indepen-
dent variables. Dependent variables were again participants’ ratings 
along the valence and arousal dimensions of Russell’s circumplex 
model and the associations conveyed to the participants. Addition-
ally, we asked participants to rank the motions at the end of the 
user study and answer questions in a semi-structured interview. 

4.1.1 Necklace Modality. Participants had to wear the necklace 
and observe its motions on a mannequin. 

4.1.2 Motion Type. Our pilot studies revealed that users could 
not differentiate elongate and twist when wearing the necklace. 
Additionally, Fig. 9 and Fig. 10 show that valence and arousal ratings 
for elongate and twist are pretty close in both amplitude. Hence, we 
removed Elongate from our conditions. 

In contrast to Study 1, we wanted to investigate combinations 
of motion types after having studied the single actuator moving. 
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Figure 12: Sketches of all ten motion types investigated in 
Study 2. Participants used a version without any of the labels 
inside the pendant and above each motion (e.g. Up-Up) to 
tick which motion they felt while wearing the necklace. 

Because we removed elongate, we reduced the combined motions 
for our user study from fifteen combinations to ten: DD (Down-
Down), DT (Down-Twist), DU (Down-Up), DW (Down-Wave), TT 
(Twist-Twist), UT (Up-Twist), UU (Up-Up), UW (Up-Wave), WT (Wave-
Twist), WW (Wave-Wave) (see Fig. 1 and Fig. 12). 

4.1.3 Speed of Repetition. We removed the low speed repetition 
condition as the results of Study 1 pointed towards a small difference 
below 0.1 between the low and none conditions for valence ratings 
(cf. Figure 7) and almost no difference for arousal (cf. Fig. 8). Hence, 
we only kept motion with none and high speed repetitions. Our 
data indicated a difference in the effects of those two conditions on 
the valence and arousal scales. 

4.1.4 Amplitude. Study 1 revealed that a full amplitude intensifies 
the corresponding half amplitude valence or arousal rating, but 
no other effects became apparent. Hence, we removed the half 
amplitude condition. 

4.1.5 Material. Our first study showed no clear emotional effect 
of outer material. For the second study, we chose not to focus on 
material as a standalone factor but still ensured external validity by 
randomizing two materials that were well-liked in Study 1. We only 
used silicone and fabric. The metal condition used a metallic-look 
textile that did not feel like real metal. Leather can restrict the range 
of possible actuator motions, especially for motions that happen 
live, making its usage as cover material complicated, as already 
discussed in section 3.5. 

4.1.6 Total Conditions. Combining these four factors resulted in 
80 conditions (2 necklace modality × 2 material × 10 motion type × 
2 repetition × 1 amplitude). A pilot study showed that this duration 
exceeded three hours, so we treated the material condition as a ran-
domised factor for external validity, not an experimental condition, 
reducing the load to 40 trials per participant. We used a balanced 
Latin square to counterbalance conditions across groups, reducing 
carryover, learning, and novelty effects. 

4.2 Study 2: Participants 
We had 30 participants (15 female) aged 20 to 83 years (M = 34.7 
years, SD = 17.99 years). Eight participants had never seen soft 
robotic actuators, fourteen had only heard of them, six had seen but 
not used them, one had prior interaction with soft robots (including 
silicone actuators), and one did not answer. 

Seven participants had never heard of smart jewelry, four had 
only heard of it, three had seen examples, and sixteen had previously 

interacted with such devices. None had encountered our necklace 
or actuators before the study. 

4.3 Study 2: Apparatus & Procedure 
Our apparatus consisted again of the shape-changing necklace and 
the controller from Study 1. For Study 2, we let participants experi-
ence motion in reality, increasing the external validity of our user 
study. Based on our prior experience, we could now produce actua-
tors that actuated consistently enough for a study with live motion. 
Our reduced factors further helped to alleviate any remaining in-
consistencies in actuation. E.g., going from full and half amplitudes 
to only looking at full amplitudes reduces the need to have an ex-
act half amplitude of a motion pattern, which also leads to fewer 
possible points of failure. We measured each actuator on a cutting 
mat with millimetre precision in both actuated and resting states 
to ensure consistent size. 

4.3.1 The Shape-Changing Necklace. The necklace was placed on 
a 3D-printed mannequin (for observing) or at the wearer’s neckline. 
Motions continued again for 10 s in total. 

4.3.2 Controller. We housed the same controller from Study 1. 
Since participants now encountered the necklace live, we placed 
the controller inside a sound-insulated case to prevent the stepper 
motor or syringe noise from distracting them. 

4.3.3 Study Procedure. Participants were sitting at the table to 
observe and wear the necklace. 

After filling out the consent form and demographics, we intro-
duced the topic and demonstrated the necklace to them without 
moving the actuators. All participants then started with the wearer 
setup to prevent any bias from recalling motions they would have 
observed beforehand. To ensure direct tactile perception, partici-
pants wore shirts with uncovered necklines, allowing the soft actu-
ators to be positioned on the skin about 10 cm below the neck. Par-
ticipants wore a shirt with an uncovered neckline, or we provided 
a suitable alternative. For both wearing and observing, participants 
rated their initial impression of arousal and valence on 5-point Lik-
ert scales after every single movement and reported associations 
for each motion. The only difference was that while wearing the 
necklace, participants also reported which motion they believed 
they had felt from the overview (Fig. 12), in addition to rating it 
and reporting associations. We concluded with a semi-structured 
interview and a ranking of the motions. 

4.4 Study 2: Results 
We used the same approach to analyze and report our data as in 
Study 1 (see Section 3.4). We looked at the data from the worn and 
the observed scenario separately, but also in combination. 

4.4.1 Motion Type. In general, Figure 13 shows that the ratings 
for valence and arousal appear closer for all motion types when 
wearing the necklace compared to observing it. For both scenarios, 
UU was the most positive and exciting motion, and DD the least. 

Worn. Figure 13 (left) shows the valence and arousal ratings of 
all ten motion types within the wheel of emotions in the worn 
condition. The rating for the motion UU and DD lies in the positive 
or respective negative area of emotions. UU and WW are the motion 



CHI ’26, April 13–17, 2026, Barcelona, Spain Brocker et al. 

Delighted 

Happy 

Excited 

Angry 

Frustrated 

Tense 

Bored 

Tired 

Depressed 

Relaxed 

Calm 

Content 

1 2 3 4 5 
Valence 

1 

2 

3 

4 

5 

Ar
ou

sa
l 

Worn 

DD 

DT 

DU 

DW 

TT 

UT 

UU 

UW 

WT 

WW 

Delighted 

Happy 

Excited 

Angry 

Frustrated 

Tense 

Bored 

Tired 

Depressed 

Relaxed 

Calm 

Content 

1 2 3 4 5 
Valence 

1 

2 

3 

4 

5 

Ar
ou

sa
l 

Observed 

DD 

DT 

DU 

DW 

TT 

UT 

UU 

UW 

WT 

WW 

Figure 13: Valence and Arousal ratings for all motion types for 
wearing (left) and observing the necklace (right). Both images 
show means with 95% CIs as ellipses around the mean data 
point (� = 30). For both scenarios, UU was the most positive 
and exciting, DD the least, but some motion types like WT 
conveyed rather different emotions to wearers and observers. 
(Full data in the supplements.) 

types with the highest valence rating (UU: 3.75, WW: 3.6) (Fig. 13 
left). DU, TT and UW share almost the same valence rating of 3.5. 
In contrast, DD is the most negatively perceived form with a low 
valence (2.85). For arousal ratings in the worn setup, the data shows 
UU also has the highest rating (3.6), but all other motion types 
share a close arousal rating, although DD and WT are lowest. 

Observed. Fig. 13 (right) shows that UU got almost the same 
values for both axes as in the worn setup. DD received slightly 
lower values for both axes during observation. Observers gave 
DU, UU, and WW high valence ratings. For arousal ratings in the 
observed setup, the data also shows no interesting effects except 
that the ratings for WT have the biggest rise from worn to observed 
of all motions. 

In general, all symmetrical motions, whether mirrored along 
the horizontal (UD) or vertical axis (DD, UU, WW), were rated 
higher in both valence and arousal than the asymmetrical motions. 

Figure 14: Left: 2D view of arousal and valence ratings for 
each motion type when participants wore the necklace and 
the motion was not repeated. Right: 2D view of arousal and 
valence ratings for each motion type when participants wore 
the necklace and the motion was repeated at high speed. For 
both, the circle shows the mean, and the ellipses around the 
circle represent the CIs for � = 30. High-speed repetitions 
raised valence and arousal ratings for all motion types. (Full 
data in the supplements.) 

Hence, participants observed and felt less aroused emotions and 
less valence for the two different motions on each side. Out of the 
four on the vertical axes, TT does not have higher ratings than the 
asymmetrical motions. Motion types including a twist have lower 
valence ratings than the other vertical symmetric motions. 

4.4.2 Speed of Repetition. Fig. 14 and Fig. 15 visualise that high-
speed repetitions raised valence and arousal ratings for all motion 
types, leading to more positive and exciting emotions in both setups. 
Comparing Fig. 14 and Fig. 15, you can see that for wearing the 
necklace, the ratings depicted by the bubbles appear closer together. 
When the necklace was repeating the motion, ratings for all motion 
types shifted up on the arousal scale for both conditions. 

Valence Worn. The overall valence rating for both levels (Fig. 16 
left) shows minor differences between the levels (none: mean=3.28, 
high: mean=3.41). The CI ranges are sharing a great overlap (none 
CI: , high CI: ). Also, the difference of about 0.15 of a level on the 
5-point Likert scale is small. Hence, for worn, there seems to be 
no evidence that repetitive motions have an effect on perceived 
valence. 

Arousal Worn. For the worn condition, (none)-repeating motions 
(mean: 2.91) were rated lower than high speed repeated motions 
(mean: 3.60). Investigating the differences in Fig. 17 (right) also 
shows that high-speed repeated motions were more likely to be 
rated as more aroused than non-repetitive motions (none) (Fig. 17). 
These results confirm the finding from Study 1 that speed affects 
perceived arousal (H3) also for the worn necklace. 

Valence Observed. The overall valence ratings (Fig. 18 left) show 
minor differences between the levels (none: mean=3.24, high: mean=3.62), 
hinting at an interesting difference between no repetition of motion 
and high-speed repetitions. The CI ranges are also not overlapping. 
The difference of about -0.38 of a level on the 5-point Likert scale is 
relatively small. Looking more closely into the data of each single 
motion type, high-speed motions are increasing the valence score 
for DD from 1.2 to 3 and for UU from 3.4 to 4.3. The difference 

Figure 15: Left: 2D view of arousal and valence ratings for 
each motion type when participants observed the necklace 
and the motion was not repeated. Right: 2D view of arousal 
and valence ratings for each motion type when participants 
observed the necklace and the motion was repeated at high 
speed. For both, the circle shows the mean, and the ellipses 
around the circle represent the CIs for � = 30. High-speed 
repetitions raised valence and arousal ratings for all motion 
types. (Full data in the supplements.) 
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Figure 16: Left: Valence ratings for none and high-speed rep-
etition when the necklace was worn. Right: Estimation for 
differences in valence between none and high-speed repeti-
tion. Both diagrams show means with 95% CIs, and � = 30. 
The results show that high-speed repetition most likely has 
no effect. 

Figure 17: Left: Arousal ratings for none repitition and high-
speed repitition when the necklace was worn. Right: Estima-
tion for differences in valence between none and high-speed 
repetition. Both diagrams show means with 95% CIs, and 
� = 30. The results show that high-speed repetition most 
likely has an effect. 

Figure 18: Left: Valence ratings for none repitition and high-
speed repitition when the necklace was observed. Right: Es-
timation for differences in valence between none and high-
speed repetition. Both diagrams show means with 95% CIs, 
and � = 30. The results show that high-speed repetition most 
likely has an effect. 

Figure 19: Left: Arousal ratings for none and high speed rep-
etition when the necklace was observed. Right: Estimation 
of differences in valence between none and high-speed repe-
tition. Both diagrams show means with 95% CIs, and � = 30. 
The results show that high-speed repetition most likely has 
an effect. 

for UU (0.9) and for DD (1.2) is quite high compared to the other 
differences. Like in Study 1, our data points towards (H2): Valence 
conveyed by non-repetitive motions differs from that conveyed by 
repetitive motions. Here, the effect size (mean difference of 0.38) is 
slightly higher than in Study 1 for live observations versus video, 
aligning with the findings of Hu and Hoffman [32]. 

Arousal Observed. Observing the necklace (cf. Fig. 19 left) led to 
lower ratings for non-repeating motions (none (mean: 2.99) than 
for high-speed repeated motions (mean: 3.77). Investigating the 
differences in Fig. 19 (right) also shows that high-speed repeated 

motions were more likely to be rated as more aroused than non-
repetitive motions (none, Fig. 19). These results support the findings 
of Study 1 that speed affects the perceived arousal (H3). Again, the 
effect is more pronounced in this live condition than when videos 
were observed. 

4.4.3 Material. For completeness, we examined ratings across 
all motion types for both materials, but arousal and valence scores 
again showed no notable differences. Full data is available as a 
supplement. 

4.4.4 Overlapping Emotions. So far, we have discussed valence 
and arousal ratings per motion. Our analysis revealed several mo-
tion pairs that users rated almost identically. When wearing the 
necklace, this applies to the following pairs: 

• DU – UW : Between delighted and happy 
• TT – WW : Between happy and pleasant 

The pair DD – UU marks the most delighted (UU ) and the most 
unpleasant (DD) emotions, framing the most extreme emotions 
when wearing the necklace. 

When observing the necklace, the same emotions apply to the 
following pairs: 

• DW – UW – UT : Between delighted and happy 
• DT – TT : Almost neutral but a little excited because of the 
arousal rating above 3 

The pair DD – UU marks again the most delighted (UU ) and the de-
pressed (DD) emotions, framing the most extreme emotions when 
observing the necklace. Observers perceived a wider range of emo-
tions than wearers. 

4.4.5 Feeling Motion. Our user study focused on evaluating the 
conveyed emotion; however, we also looked into the provided data 
on shape recognition. Participants wearing the necklace identified 
its motion correctly in 38.4% of cases. Of course, the 38.4% also 
includes motions identified by chance, and this chance was 10% per 
motion type, given that we tested 10 different motions. Interestingly, 
participants were better at correctly identifying the motion type for 
symmetric motion directions with the highest agreement applying 
to the motion types DD, TT, and UU (cf. Fig 20). For each of those, 
50% of the motions felt were identified correctly. Fig. 20 also shows 
that as soon as one of the motions in symmetric motion types is 
replaced by a different, asymmetrical motion, the agreement lowers. 
Participants also favored the symmetric motions in their rankings 
in both setups. We see that UT was most likely confused with WT. 
This indicates that up as a single motion is more complex to identify 
when not combined with a bend. UW is mixed up with WW or UU, 
pointing again towards the fact that participants struggled more to 
identify asymmetric motions, believing that they were symmetric 
instead. This may be a result of the Gestalt Law of Good Shape 
[66] that describes the tendency of human perception and memory 
towards simplifying shapes. Interestingly, the direction of bend also 
frequently gets confused when combined with twist, because DT 
was often misinterpreted as UT. 

We already discussed that, for some motion types, wearers were 
able to identify about 50% correctly (see Fig. 20). Our main goal 
was to see if a shape-changing necklace conveys similar emotions 
to wearers and observers, revealing an unexpected and intriguing 
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Figure 20: Left: Heatmap of correct motion identifications 
when wearing the necklace. Maximum possible identifica-
tions were 60, as each motion type was presented to 30 par-
ticipants twice across two repetitions. DD, TT and UU were 
identified correctly almost 50% of the time. Interestingly, UW 
was often misidentified as WW. Right: Total correct identifi-
cations of each motion type. 

finding. Even for those motion types where users got about 50% 
of the motions wrong (DD and UU ), they still rated the emotional 
effect of those motions similarly to when they saw the same motion 
later in the observed scenario. Even for correct identifications below 
50%, the ratings stayed similar. The only outliers are TT for valence 
ratings and WT for arousal ratings (cf. Fig. 13). 

4.4.6 Motion Associations. We kept the same approach as in 
Study 1 to analyze the associations reported by participants, fol-
lowing inductive category development by Mayring [54, p. 86]. Our 
analysis resulted in 792 codes. The most extensive theme is emo-
tion with 214 codes, followed by the movement associations (162 
codes). Within movement, the most prominent subcategories were 
dancing (40 codes) and waving (54 codes). There are three medium-
sized themes: animal (96 codes), massage/tickle/hug (96 codes), and 
human being (85 codes). Additionally, there are three more mi-
nor themes: objects (55 codes), growth (18 codes), and navigation 
(25 codes). Compared to study 1, the emerged categories overlap 
partially, such as associated emotions, humans, and movement. 
Across motion patterns, some shapes shared similar associations. 
The shapes DT, UT, and WT were mostly interpreted as dancing or 
pointing. The shapes DD and WW were associated with a mustache. 
WW was additionally as well as TT also mostly associated with 
animals like snakes and birds. 

4.5 Study 2: Discussion 
With Study 2, we gathered knowledge about how live shape changes 
convey emotions to the observer and the wearer. Furthermore, we 
explored whether wearers could identify movements felt on their 
necklines. 

4.5.1 Motion and Emotions – RQ2, RQ3. Study 2 confirmed some 
results discussed in Study 1 (cf. 3.6). 

(1) Repetitive motion leads to higher arousal ratings, also for 
live observations of shape change, and when wearing the 
necklace. For both scenarios, the arousal ratings are even 
higher than for videos. This confirms our recommendation 
to use repetition to convey a more exciting motion to the 

observer and the wearer, and the result of Hu and Hoffman 
[32] that live motion leads to even higher ratings. 

(2) Participants still recalled their everyday experiences to as-
sociate the movements with objects, emotions, or anything 
else that came to mind. In contrast to Study 1, participants 
associated several movements with human beings, such as a 
police man [e.g., P3, P7], a traffic controller [e.g,. P12, P19], 
a weightlifter [P17, P23], a person waving his arms [20/30 
participants], or animals such as birds [13/30 participants]. 
We attribute this to the two actuators changing shape, with 
the pendant in the middle being interpreted as a body. 

4.5.2 Humans Favor Symmetric Movements – RQ2, RQ3. Our bodies 
are built up symmetrically and favor symmetrical objects, even sym-
metric faces [81], which might be why participants rated symmetric 
motions with higher arousal and valence ratings for observed and 
felt motions. Still, when shape changes are felt, symmetric motions 
tend to convey more positive emotions than observed, possibly 
because symmetry evokes safety and comfort. Associations show 
that WW and UU were associated with positive objects, e.g., a smile 
or a flying bird [e.g., P2, P17, P24] resembling freedom and being 
light. TT was ranked lower than WW and UU when wearing the 
necklace; one reason might be that some participants associated 
the felt motion with, e.g., a worm or snake, i.e., with something re-
lated to being “scary” [P17]. Still, opinions differed for TT, as other 
participants associated calmness with it [P16]. We can categorise 
motions further by the influence of a single motion. Generally, any 
motion with a twist had elements related to being tired, bored [P22, 
P25], or some crawling animal (snake, worm) [e.g., P3, P6, P13]. 
Any bend down actuator lets the participants associate less happy 
objects, persons, or emotions. Any bend up leads to happier ob-
jects, persons, or emotions. This can again be explained with the 
help of image schema theory because up means happy and sad 
is down [34]. Participants identified symmetric motion directions 
more accurately. The neck area is well equipped with processors 
to recognize touch events, even better than, e.g., the back [98]. 
Woźniak et al. [98] stated that compared to single-point vibrations, 
directional patterns are better recognized for vibrotactile feedback. 
All our motions are directional patterns, but the study by Woźniak 
et al. [98] also described that the human ability to differentiate 
touch locations decreases with an increasing number of actuators. 
Even with two actuators, this effect appeared for different motion 
patterns. Future work could quantify the limit. 

4.5.3 Observing vs. Feeling Emotions. When observing the motions, 
participants perceived the pendant and actuators as a whole, letting 
the shape transform into new objects (cf. Section 4.5.1)—an effect 
consistent with object grouping [66]. In Study 1, no merging oc-
curred, as only a single actuator was in motion. When participants 
wore the necklace, they focused on sensing the motion rather than 
forming a complete object out of actuators and the pendant. This 
led to more associated emotions or actions, such as dancing or wav-
ing [19/30 participants], instead of objects like animals, humans, 
or waves. We recommend designing wearable shape-changing in-
terfaces for symbolic communication through visually perceivable 
shape changes, while employing tactile shape changes as stimuli to 
encourage interpreting the motions as single cues to your body. 



Emotion Through Motion: How Shape-Changing Jewelry Conveys Emotions CHI ’26, April 13–17, 2026, Barcelona, Spain 

We believe this surprising result — misidentified motions still re-
ceiving similar ratings — may show that the human sense of touch 
cannot be “betrayed” in what a motion feels like emotionally, even 
when our brain may have arrived at a different abstract picture of 
this motion. When creating haptic shape-changing interfaces, the 
gap between the sense of touch and what the human brain captures 
should be kept in mind, and shape changes should be applied care-
fully. We recommend limiting the number of simultaneous motions 
on the skin to prevent confusion. We recommend using no more 
than two different motion types simultaneously on the skin, as 
users already struggle to identify them. For using the same motion 
type on the neck, simultaneous motions should not exceed four, 
aligning with Woźniak et al. [98], who report that their 4-actuator 
design performed best. The amount of simultaenous motions on the 
skin also depends very much on the tactile acuity of that specific 
part of the body [53]. For other skin areas, which can be smaller or 
bigger, exact limits of the tactile acuity should be verified in future 
studies considering established methods to test tactile acuity [28]. 
Still, 28/30 participants agreed that getting touched by the necklace 
was a positive feeling, which encourages designing shape-changing 
interfaces for future use on the human body. Participants also un-
derline this by associating motions with a hug, massage, or tickling, 
which are generally associated with warmth and positive feelings. 

5 Implications For Design 
Key design implications from both studies for wearable shape-
changing interfaces include: 

(1) Use repetition of motion to strengthen the emotional tone 
perceived by an observer or wearer, i.e., how positive or 
negative an emotion is conveyed. 

(2) Use repetition to convey a more exciting motion to the ob-
server and the wearer. 

(3) Design motions that mimic gestures to convey an emotion 
with specific valence levels. 

(4) Use low-speed repetitive motions instead of non-repetitive 
motions for less aroused motions. 

(5) For wearing the necklace: Use symmetric motions to convey 
a particular positive emotion and asymmetric motions for 
less positive emotions. 

(6) Use visible shape changes of observable wearable shape-
changing interfaces for symbolic communication, as ob-
servers tend to form a full symbol out of the whole pendant 
and soft robots. 

(7) Use tactile shape changes as stimuli to encourage interpret-
ing the motions as single cues to your body that users can 
recall from their experience with tactile cues, as wearers 
tend to interpret the single motions of the robots instead of 
forming them into one full object. 

(8) Limit the number of simultaneous tactile motions on the 
skin to avoid overwhelming the wearer. 

6 Limitations and Future Work 
Our prototype featured only cuboid-finger actuators, limiting our 
results’ generalizability. Future studies should explore other shapes, 
such as spheres or cylinders, to assess shape-dependent effects 
for more generalizable findings. Investigating the effect of even 

faster repetition may require another actuation mechanism, such 
as FlowIO [79]. 

Another factor not included in our study is the color of the 
jewelry piece, although color can convey certain emotions [52]. 

The non-balanced presentation order may have influenced how 
participants imagined the robots when wearing them, since they 
had not yet seen the motions before. Fatigue effects were mainly 
possible in the observing condition. A future study could use a 
between-subjects design to examine how emotional responses com-
pare to our findings. Finally, our studies did not collect physio-
logical data, such as heart rate, breathing rate, or electrodermal 
activity, which could provide deeper insights into how specific 
shape changes are perceived. The wearer’s physiological data may 
also help a device to decide which shape change to execute. 

7 Conclusion 
This work investigated the individual impact of several parameters 
of shape change, such as motion type, repetition, repetition, am-
plitude, and exterior materiality, on the emotions that this shape 
change conveys to observers and wearers. In our two user studies, 
we investigated how participants rated the emotions conveyed on 
valence and arousal dimensions of Russell’s circumplex model in 
three different setups: observing a shape-changing necklace on 
videos (Study 1), observing it in reality (Study 2), and feeling its 
shape change while wearing it (also Study 2). Both studies revealed 
that motion type, repetition, and amplitude can be isolated as factors 
that deliberately convey an emotional state. All these shape change 
parameters generate complex correlations with effects on the va-
lence and arousal levels of emotions conveyed. Study 2 showed that 
symmetrical actuations were identified more accurately and rated 
higher in valence and arousal when observing real shape changes 
and when wearing the necklace. Additionally, even when wearers 
misidentified motions by touch alone, their emotional ratings still 
aligned with those of observers. To better understand these effects, 
we collected participants’ associations with each motion, offering 
us insights into their mental models and experiences. 

To support replication and future research, we provide details 
on our fabrication process and our design tool to generate molds 
to fabricate customized fiber-reinforced actuators, as well as all 
supporting files, such as 3D models, actuator videos, and data from 
our results, as supplementary materials to this paper. 

Overall, our work provides results that shed more light on the 
complex interplay of fundamental shape change parameters and the 
emotions thus conveyed. We hope our findings will help researchers 
and designers create shape-changing interfaces that communicate 
emotions to their environment more precisely and predictably. 
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