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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 andwearers. 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.
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Abstract
Shape-changing wearables are known to convey emotions to wear-
ers and observers, and jewelry is commonlyworn for self-expression
and to be seen by others. But how do individual shape change pa-
rameters impact the emotions communicated? In a first study, par-
ticipants observed a shape-changing necklace; the second included
wearing it. The necklace uses pneumatic finger actuators; fabrica-
tion details are provided. We systematically varied motion type,
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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
valenceandarousallevels 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, misidenti�ed them, their
ratings matched those from observers. Our �ndings support creat-
ing shape-changing interfaces that communicate emotions more
precisely.

CCS Concepts
ˆ Human-centered computing ! User studies; Empirical stud-
ies in HCI ; Displays and imagers; Haptic devices.
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shape-change, conveying emotions, wearables, jewelry, soft robots,
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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 di�erent emotions [19, 32, 76, 85].
However, a detailed analysis isolating the various parameters on
both sides of this e�ect 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 di�er-
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 e�ects.

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

Hence, we conducted two studies to isolate the e�ects of individ-
ual parameters of a soft shape-changing actuator on these di�erent
aspects of emotions conveyed, and to explore the di�erences be-
tween these e�ects on wearers who onlyfeelthe shape change and
observers who onlyseeit. Note that this is not about the wearer's

or observer's own emotions; we studied what kind of emotion they
thought each shape changeconveyed.We analyzed those emotions
according to theirvalenceand arousal levelsfollowing Russell's
establishedcircumplex model[15, 74, 78]. It de�nes emotions by a
linear combination of two dimensions:Valencedescribes whether
an emotion is positive or negative, whilearousalrepresents 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 �ndings.

Isolating the impact of these characteristics helps researchers and
practitioners understand how wearable shape-changing interfaces
convey emotions and how perceptions di�er 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, �exible, 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 �nger 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 �nger 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 �les and an associated fabrication work�ow
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 ful�lling 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, �rst by wearing it themselves to feel the actu-
ations, then as observers by watching it actuate on a mannequin.
Study 2 also used the �ndings of Study 1 to select the most salient
conditions and focus on those that promised particularly interesting
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results. We report e�ect sizes and con�dence intervals (CI) based
on theestimation 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 themotion type. For example, the
wavemotion conveyed more excitement (higher arousal ratings) to
the observer than all other movements. Associations also exhibited
a grouping of motion types:up anddownmovements were asso-
ciated with humans,elongateandwavemovements with concepts
from nature. In contrast,twist was mainly associated with objects.
Interestingly, motion repetition in�uenced the arousal level, but in a
di�erent 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 con�rmed 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 identi�ed 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 misidenti�ed 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
speci�c emotions. In summary, our key contributions are:

� Results of a �rst user study using videos of a shape-changing
wearable to investigate the e�ects of shape-changing pa-
rameters (motion type, repetition, repetition, amplitude, and
visible surface material) on thevalenceand 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 �rst 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 bene�t from measure-
ment models that have evolved in behavioral science [15, 74, 78]. In
particular, due to its reliability and simplicity, thecircumplex 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 ofvalenceandarousal. 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 di�erent materials used for the exterior design of
a social robot a�ect 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 in�uence
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-changingobjects 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] con�rmed 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 re�ecting valence
and motion properties (speed, amplitude, area) re�ecting 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 Ho�man[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 �nger [47],
have let participants observe shape changes to study the emotional
e�ects.

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 bene�t 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 speci�c 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 di�erent
speeds, may be able to convey di�erent 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 Ho�man[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 �eld 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 identi�ed 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-
�atable. 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 e�ectively. For example,
Siloseam [56] simpli�es the mold�cast�cure process for creating
custom in�atable silicone bladders, supporting basic in�ation 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 de�ning 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 �nger 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
in�ation. SoRoCAD's soft robots have the right shape but tested ac-
tuators lacked the robustness needed for repeated actuations in our
studies. The platformSoft 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 �ber-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 signi�cantly advanced jewelry over the
past decade, leading to the emergence ofsmart jewelry[77, 84].
The scope ranges from functional smart jewelry [48, 65] to artis-
tic pieces [93] and socio-cultural applications [94]. Wo¹niak 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 noti�cations, 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
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