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ABSTRACT

Shape-changing user interfaces (SCIs) are gaining attention in human-computer in-
teraction (HCI) for their adaptability to data, tasks, environments, and users. SCIs can
also change their shapes for various purposes, including information communication, user
augmentation, object simulation, and hedonic or symbolic purposes. The advent of pro-
grammable soft materials has given HCI researchers the tools to design highly flexible
SCIs. Soft materials like silicone particularly attract HCI researchers’ interest due to
their compatibility with the human body for wearable applications and their significant
shape-morphing capabilities. However, there needs to be more understanding of how users
perceive the shapes of SCIs made from soft materials and the impact of these materials’
softness on users’ shape perception abilities. Additionally, the possibilities and challenges
of constructing SCIs in soft materials remain largely unexplored.

This Ph.D. thesis addresses three main research questions: (1) How do users perceive
SCIs made from soft materials? (2) What types of SCIs can be developed using soft ma-
terials, and what are the associated challenges? (3) What are the potential applications
for SCIs made from soft materials? To answer these questions, a psychophysical experi-
ment is conducted to investigate users’ shape perception abilities with surfaces of different
softness. Next, the potential and challenges of creating SCIs with programmable soft ma-
terials are explored, and a new technology that enables the construction of soft SCIs with
adjustable strength is also developed. Finally, an HCI application featuring novel SCIs
made from programmable soft materials is presented, demonstrating how surfaces on the
back of a smartwatch can change the shapes for notification applications.
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RÉSUMÉ

Les interfaces utilisateur (IU) à forme variable sont de plus en plus étudiées en inter-
action humain-machine (IHM) en raison de leur capacité à adapter l’interface en fonction
des données, des tâches, de l’environnement et des utilisateurs. Les IUs peuvent également
changer de forme à des objectifs diverses, notamment la communication d’informations,
l’augmentation d’utilisateurs, la simulation d’objets et des objectifs hédoniques ou sym-
boliques. L’émergence de matériaux souples programmables a permis aux chercheurs en
IHM de concevoir des IU souples avec une plus grande flexibilité. Les matériaux souples
comme le silicone ont suscité l’intérêt des chercheurs en IHM en raison de leur compatibil-
ité avec le corps humain pour les applications portables et de leur remarquable capacité
à changer de forme. Cependant, on sait actuellement peu de choses sur la capacité des
utilisateurs à percevoir la forme des IU à forme variable et sur l’impact de la souplesse
des IU sur la capacité des utilisateurs à percevoir cette forme. En outre, les possibilités
et les défis liés à la construction d’IU à forme variable en matériaux souples ont été peu
abordés.

Cette thèse de doctorat aborde trois questions de recherche principales : (1) Comment
les utilisateurs perçoivent-ils les IUs à changement de forme en matériaux souples? (2)
Quelles IUs souple à changement de forme en matériaux souples peuvent être développées
et quels sont les défis à relever ? et (3) À quoi peuvent servir les IUs à changement de
forme en matériaux souples? Tout d’abord, une expérience psychophysique est menée pour
étudier la capacité des utilisateurs à percevoir la forme de surfaces plus ou moins molles.
Deuxièmement, les possibilités et les défis liés à la construction d’interfaces à changement
de forme à l’aide de matériaux souples sont explorés. Notamment, la thèse propose une
nouvelle technologie pour le développement d’interfaces utilisateur souples à changement
de forme qui peuvent aussi changer de dureté. Troisièmement, une application d’IHM
comportant de nouvelles IUs à changement de forme en matériaux souples est développée,
démontrant comment les surfaces à l’arrière d’une montre connectée peuvent changer les
formes pour des applications de notification.
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Chapter 1

INTRODUCTION

With advancements in flexible display [281, 421], soft sensors [40, 414], actuating tech-
nologies [73, 248], and smart materials [358, 270], human-computer interfaces (HCIs) are
no longer limited to planar, rigid, and static surfaces such as Liquid-crystal display (LCD)
screens. These technological advancements propel HCI researchers toward a revolution-
ary change in UI design, where UIs can have curved, deformable shapes and even shapes
that transform themselves [168, 169, 363, 376]. This shift extends from small wearable
devices (e.g., [150]) to room-scaled furniture (e.g., [381, 426]) and interactive architecture
(e.g., [314, 296]). On the user side, individuals can now directly interact with everyday
objects (e.g., [144]), surfaces (e.g., [483]), and spaces (e.g., [426]) that may have flexible
shapes and dynamically change their physical form (e.g., [519, 510]). The research field of
Shape-changing interfaces (SCIs) is emerging and providing users with benefits for differ-
ent purposes [10]. For instance, they can change their shapes to fit tasks, environments,
and users (Figure 1.1). They can also be used for communicating information, augmenting
users, simulating objects, and purely hedonic or symbolic purposes [10] (Figure 1.2).

Shape-changing interfaces (SCIs) research is naturally cross-disciplinary, engaging with
both new technologies and challenges from diverse research fields such as material sci-
ence [358], robotics [353], psychology [335], and haptics [76]. As an emerging new research
field, SCIs face diverse challenges to overcome before emerging into users’ everyday lives.
Deriving from a workshop with experts from different research areas, Alexander et al.
recently identified different grand challenges [10] for SCIs research. These challenges can
be classified into four major categories [10]:

1. User behavior challenges: challenges related to users’ understanding, interac-
tion, and behavior with SCIs. For example, to isolate different factors involved in
SCIs and explore their manifold outcomes.

2. Technological challenges: challenges related to developing SCIs, such as toolkit
building, interface miniaturization, creating high-resolution SCIs, integrating shape-
changes with other I/O modalities, and non-functional requirements, such as in-
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(a) A phone adapting its shape to different tasks. For example, it can transform into a wrist-
band (right) to be worn [509].

(b) A bookmark responsive to the environment, specifically the lightness of a reading
room [161]. On the left, the bookmark is under bright lighting, but upon detecting dark-
ness, it activates a light source and curls up (right) to facilitate continued reading.

(c) A garment adapting its shape to the wearer [510]. Before exercise, the dress features
flat ventilation flaps (left). After the wearer sweats, the ventilation flaps curve to enhance
ventilation.

Figure 1.1 – SCIs adapting shapes to fit different usage contexts, i.e., (a) tasks [509], (b)
environment [161], and (c) users [510].
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(a) Communicating information: A mobile phone’s peripheral responsively changes its shape
to communicate a message received [326]. For instance, it exhibits forward and backward
motion (Left) when receiving messages of ‘Yes’ and side-to-side motion (Right) when receiving
messages of ‘No.’

(b) Augmenting users: A soft exoskeleton worn
on a user’s hand can guide the user to improve
their piano performance. For instance, (Top
right) the exoskeleton guides the user to extend
the index by reducing the length of the partial ex-
oskeleton at the dorsal side, and (Bottom right)
guides the user to flex the index by reducing the
length of the partial exoskeleton at the palmar
side. [429].

(c) Simulating objects: An airbag can inflate to
a ball shape (Left) to simulate a bomb grasped
by users in a VR game, and it can be deflated to
a flat shape to eliminate contact with the user’s
fingers to simulate the bomb being thrown [435].

(d) Hedonic and symbolic purposes: A dress can expand (Left to Right) to protect the wearer
and signal others to maintain a distance when a proximity sensor detects intrusion into personal
space [498].

Figure 1.2 – SCIs change the shape for different purposes, e.g., (a) communicating in-
formation [326], (b) augmenting users [429], (c) simulating objects [435] and (d) purely
hedonic or symbolic purposes [498].
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(a) Baromorphs demonstrate remarkable shape-morphing capabili-
ties. Various shape changes can be achieved by constructing Baro-
morphs with respective shapes of air channels embedded in an elas-
tomer plate. In this figure, the translucent parts represent air
channels. A Baromorph can transform dramatically by pressur-
izing these channels, morphing from a plate into a mask.

(b) The shape pattern of
air channels of the mask-
morphing Baromorph.

(c) Baromorphes morph from plates to different shapes.

Figure 1.3 – (a) A Baromorph [402] morphs from a plate into a mask (Top left), and (b)
its respective shape pattern of air channels ( Top right). (c) Examples of Baromorphes
with other different shapes (Bottom).

terfaces compliance for safety.

3. Design challenges: challenges related to design research, e.g., developing design
methodologies adapting to dynamic qualities of SCIs and designing SCIs integrat-
ing artifacts and interaction with applications for end-users.

4. Societal challenges: challenges related to the regulatory, ethical, and sustainabil-
ity implications of developing SCIS during their evolution and long-term adoption.

In this thesis, I dedicate my research to improving SCI development by addressing var-
ious research challenges. More specifically, my research currently focuses on the challenges
of user behavior, technological and design aspects.

Recent advances in material science and the transdisciplinarity between material sci-
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ence and HCI [358] offer new opportunities to overcome SCIs research challenges, partic-
ularly from technological aspect [10]. Soft materials like silicone (e.g., [509]) are naturally
flexible due to their high deformability, making them easily change shape when subjected
to applied stress, such as when pressed or stretched by users. Their soft nature ensures
high compliance and safety [377], particularly when users wear them on the body [112].
Recent advancements in sensing technologies based on soft materials [40, 414] have sig-
nificantly lowered the threshold for integrating input abilities into UIs built with soft
materials. For example, they are already capable of sensing various user input [451]
like touch (e.g., [484, 480]), pressure (e.g., [517, 441]), bending (e.g., [366]), stretching
(e.g., [225]), twisting (e.g., [299]), pinching (e.g., [481]). At the same time, advance-
ments in programmable soft materials [358] make it possible to develop SCIs with various
shape-changing abilities [226, 376, 363]. Programmable soft materials are responsive soft
materials whose shape can react to external stimuli (e.g., air pressure [402, 393] and
voltage [308]), potentially achieving shapes predefined by designers [270]. Unlike rigid
materials such as motorized pins used in inFORM [108], creating discrete shapes with
resolution limited by the size of motors, soft materials like elastomers create a surface
with continuous shapes having infinite resolution [226]. Novel programmable soft mate-
rials, such as Baromorphs [402] (see Figure 1.3(a)), have paved the way on the material
science front for constructing SCIs with high-resolution shape-change abilities. With their
high potential of programmable soft materials in SCIs development, the advancement in
programmable soft materials lays the technological basis of my research in SCIs in this
thesis.

However, technological challenges still exist when using programmable soft materials to
construct SCIs. For instance, gaps still need to be bridged as HCI designers need toolkits
to integrate emerging programmable soft materials into their UI design [358]. Besides,
a significant drawback of using soft materials like elastomers for SCIs is the trade-off
between stretchability and strength [358], i.e., their high stretchability leads to their high
deformability; thus, high shape-change potential, while low strength. Meanwhile, the
strength of UIs can be necessary for HCI applications, for example, supporting users’
fingers when pressing on UIs to provide users with haptic feedback [107]. Furthermore,
challenges also exist in the aspect of user behavior. One key user behavior challenge is to
isolate and study the impact of different factors of SCIs when users interact with them.
However, when constructing SCIs using programmable soft materials, new factors that
might impact users’ experience will be further imported, e.g., softness [223, 505, 328].
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The impact of new factors on users’ behavior should be explored promptly when using
these novel materials in SCIs development. As for design challenges, when constructing
SCIs with emerging programmable soft materials, they can manifest as design questions,
such as how to integrate artifacts and interaction with applications for end-users into SCIs
using these novel materials. To address this question, applications for users with novel
SCIs should be developed, accompanied by necessary user evaluations of these interfaces.

This thesis aims to address SCIs research challenges [10] from user behavior, techno-
logical and design aspects and unfold them in three steps. First, studying the impact
of softness, i.e., one crucial new factor imported as using programmable soft materials
for developing SCIs, on users’ experience. Second, conducting technological explorations
of programmable soft materials to facilitate HCI designers’ use of them to create SCIs
with various shape-changing abilities and developing new technologies addressing pro-
grammable soft materials’ stretchability-strength trade-off. They help lay the techno-
logical foundation for developing toolkits HCI researchers need when they build their
SCIs using these novel materials. Third, design novel SCIs for end-users, shape-morphing
watches for notification applications with programmable soft materials and evaluate users’
interaction experience. Overall, this thesis aims to understand users’ experience with pro-
grammable soft materials, provide technological exploration to bridge the gaps between
programmable soft materials and HCI, develop new technologies to address drawbacks of
current programmable soft materials and develop novel SCIs providing insights into how
programmable soft materials can be integrated into SCIs design.

1.1 Scientific context

1.1.1 Programmable soft materials

Programmable soft materials have emerged as a cutting-edge field of research that in-
tersects increasingly with HCI [358]. These materials exhibit remarkable shape-changing
abilities in response to various external stimuli, including pressure, e.g., pneumatic (e.g., [503,
509]) or hydraulic (e.g., [395, 151]), voltage (e.g., [258, 113]), magnetic fields (e.g., [19,
205]), and humidity (e.g., [355, 510]). Additionally, shape-memory alloys (SMAs) [280]
are utilized to create programmable soft materials, as SMA wires can change their shape
when heated based on their “remembered” shape 1. Although SMAs are inherently rigid,

1. SMAs are a kind of alloys that can be treated to acquire a specific shape, i.e., shape remembered.
After undergoing a physical deformation (e.g., bent or twisted by users), an SMA wire can be heated
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researchers have integrated SMA wires into soft materials such as fabric (e.g., [236, 291])
and elastomers (e.g., [150, 54]) to actuate these materials and induce shape changes upon
heating the integrated SMA wires, enabling these materials to be actuated and change
their shapes when the integrated SMA wires are heated. The remarkable shape-changing
abilities of programmable soft materials have been demonstrated in various examples. For
instance, the pneumatically actuated programmable soft material called Baromorph [402]
can morph from a plate to a mask by pressurizing air channels embedded in the silicone
plate (see Figure 1.3(a)). The shape after pressurization is defined, or programmed, by
the shape and density of the air channels. For example, Figure 1.3(b) presents the shape
patterns of air channels for the mask-morphing Baromorph. It is like the contour lines
on the map, i.e., the air channels are denser where the surface is steeper. Figure 1.3(c)
presents some other examples of Baromorphes with different shapes morphing from a
plate. Similar strategies can be applied to other materials like dielectric elastomers [258],
which change their shapes when high voltage is applied [148].

Emerging SCIs constructed with programmable soft materials have recently been de-
veloped for various applications, including haptic devices (e.g., [81, 411, 67]), usage-
context adaptable user interfaces (e.g., [326, 509, 161, 510] in Figure 1.1), data phys-
icalization (e.g., [119]), shape-changing displays (e.g., [419]), user assistive technology
(e.g., exoskeletons [429]), and adaptive furniture and environment (e.g., [381]). How-
ever, current HCI studies usually develop UIs with one or a few shape-change abilities
as proof-of-concept prototypes in their specific applications. It lacks a systematical ex-
ploration of using soft programmable materials for different shape-change features and
respective toolkits [358]. For instance, pneumatically actuated programmable soft mate-
rials are commonly used in these applications, often involving the inflation of an air-proof
silicone bladder in an isotropic manner 2 similar to inflating a balloon (e.g., [81, 411,
67, 119]). Recent interfaces like PneUI [509] incorporate additional anisotropic types of
shape-changing, such as bending, twisting, and linearly increasing length, by embedding
origami structures into air-proof silicone bladders to restrict the shape-changing along
specific directions as air pressure increases. In other words, when origami structures are
integrated into air-proof silicone bladders to create interfaces, they can only change their
shapes according to the direction of the origami’s creases. Similar to matrixes of actu-

through resistive heating to its final transformation temperature and regain its remembered shape.
2. Isotropic inflation refers to the uniform expansion of a material in all directions. When an elastomer

bladder is inflated, the pressure exerted on its inner surface causes the material to expand isotropically,
stretching equally in all directions and forming a spherical shape.
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ated pins (e.g., inForm [108]), systems composed of a matrix of elastomer bladders [419]
can form some complex shape transformations like transitioning from a planar surface
to the shape of a Stanford bunny [495]. However, their system involves numerous inde-
pendently controlled elastomer bladders, increasing control complexity and resulting in
bulkier systems with multiple valves and pumps. In addition to pneumatically actuated
programmable soft materials, other types have also been employed in HCI. However, most
of them focus solely on limited shape changes like bending (e.g., [510, 113]) or isotropic
inflation (e.g., [151]). Overall, the full potential of shape-changing abilities offered by
programmable soft materials still needs to be explored in terms of their utilization in
HCI. Besides, various technologies were developed to control UIs’ strength [38] like jam-
ming [107] and phase-changing materials [276]. However, the question of combining them
with soft programmable materials while addressing the stretchability-strength trade-off
of soft materials is still to be answered.

1.1.2 Shape-changing interfaces (SCIs)

Users’ perceptual space of SCIs

Rooted in Tangible User Interfaces (TUIs) [199], SCIs permit users to interact directly
with physical objects. Compared to GUIs confined behind the glass of a screen [45, 199],
SCIs allow users to interact by leveraging their existing human dexterity acquired through
everyday object interactions [370, 187, 33]. When users interact with physical objects,
they skillfully perceive and assimilate rich information through haptic perception, which
includes softness (e.g. [107, 276]), temperature (e.g., [151, 254]), texture (e.g., [448, 86]),
shape (e.g., [389, 23]), weight (e.g., [213, 307]) and many other factors [239]. Haptic per-
ception [240], which occurs when we touch and manipulate physical objects [239], forms
the basis of our human dexterity [486, 2]. When a haptic perception is impaired, it signif-
icantly impacts our interaction with physical objects. For instance, in an experiment by
Roland Johansson [502], a participant with three anesthetized fingers (thumb, index, and
middle) could not complete the simple task of striking a match. Therefore, understanding
users’ haptic perception of SCIs is crucial for developing SCIs. Numerous psychophys-
ical experiments have been conducted to investigate users’ haptic perception, covering
aspects such as softness (e.g. [31, 231]), temperature (e.g., [210]), texture (e.g., [311]),
shape (e.g., [89, 458]) and weight (e.g., [455]). However, aside from experiments on users’
perception of softness, these studies have primarily focused on users’ perception abilities
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with rigid objects. Benefiting from the high shape-changing abilities of programmable
soft materials [402], SCIs are not limited to rigid UIs; they can be soft and deformed by
users (e.g., [509]). Therefore, previous studies on users’ haptic perception abilities may
not directly apply to SCIs design when using programmable soft materials. For exam-
ple, when SCIs are constructed with soft materials (e.g., silicone elastomers [509]), user
interactions (e.g., pressing with a finger [117]) can cause shape deformations in both the
SCIs and fingers. These deformations may impact users’ perception of the shape (e.g.,
curvature) of the SCIs. Studies in neuroscience also suggest that the softness of SCIs
may affect users’ shape perception (e.g., curvature) since both hard and curvy objects
elicit high response frequencies in the same type of cutaneous mechanoreceptive afferent
neurons [75, 1]. Considering the potential variations in users’ haptic perception abilities
due to the use of soft materials in SCIs development, it is essential to conduct further
psychophysical experiments that specifically account for the softness of SCIs to gain a
better understanding of users’ haptic perception abilities in the context of SCIs.

Beyond the aforementioned discriminative touch, i.e., with touch, we perceive and
discriminate objects’ physical properties like curvature; the touch of objects can also be
associated with affective sensations, referred to as affective touch [271]. For instance,
when applying objects with different softness on users’ fingers, they associate softer ob-
jects with more pleasant emotions [328]. When touching objects with different softness,
users also tend to associate softer objects with lighter colors and rounded objects and
less soft objects with darker colors and less curved objects [420]. An experiment also
found that participants performed better in memorization tasks when sitting in a rigid
chair and creative tasks when sitting in a soft chair [505]. With these experiments, we
know that integrating SCIs built with soft materials into our world needs a better un-
derstanding of users’ perception of them, including their physical properties and affective
sensations, such as emotional impact. Notably, the new factor imported is softness, when
programmable soft materials are widely imported into SCIs’ design. This is vital to help
researchers understand what affordance SCIs provide to users [10], which is critical to
developing SCIs with appropriate shapes or appropriate changes of shapes to give the
users better affordance. In this thesis, we will start addressing this question from one
primary point of view: how the softness of SCIs impacts users’ discrimination of objects’
physical properties, such as curvature.
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Design space of SCIs

The advancement of sensing technologies based on soft materials [40, 414] has made
significant progress in integrating input abilities into SCIs. As mentioned earlier, sensors
made of soft materials are capable of sensing various user inputs [451], including touch
(e.g., [484, 480]), pressure (e.g., [517, 441]), bending (e.g., [366]), stretching (e.g., [225]),
twisting (e.g., [299]), pinching (e.g., [481]), etc. However, challenges still exist in realizing
the output of SCIs with shape-changing abilities [10]. Rasmussen et al. developed a de-
sign space for shape-changing interfaces based on recent advancements in shape-changing
interfaces [363]. This design space encompasses different shape changes but does not ex-
plicitly discuss the technological approaches to realize each type of shape change. Building
upon this work, Roudaut et al. proposed the taxonomy of Morphees [376], which consid-
ers the resolution of shape-changing interfaces. Their study [376] also developed a few
shape-changing prototypes using different actuating technologies, including motors, SMA
wires, and Dielectric Electro Active Polymer (DEAP) 3. They compared the resolution of
these prototypes; however, their prototypes mainly consisted of rigid interfaces like wood
and plastic, and they did not explore the realization of all types of shape-changing in
their taxonomy. Coelho and Zigelbaum reviewed various shape-changing materials (e.g.,
SMA and DEAP) for realizing shape-changing interfaces [73], focusing on properties such
as activation speed and power. However, they also needed to explore the realization of
different types of shape-changing using these materials. Based on [363, 376], the two
widely cited Shape-changing interfaces taxonomies, Kim, Coutrix, and Roudaut devel-
oped the taxonomy of Morphees+ [226] and used it to classify everyday objects that can
be reconfigured in shape [186].

These systematic reviews can inspire other researchers to develop their SCIs with
shape-changing abilities based on previous research [363, 376, 73] and daily objects [226].
However, it lacks toolkits for users to develop SCIs with different shape-changing abil-
ities, which is one key barrier to addressing the challenge of building UIs with shape-
changing abilities [10]. Following Morphees+ [226], Kim et al. proposed a toolkit, Mor-
pheesPlug [227], to address this challenge. It provides users with a series of different
modules to realize a large range of shape-changing features of Morphees+ [226], including
Size, Porosity, Amplitude, Curvature, Closure and Zero-crossing. However, their technol-
ogy faces miniaturization challenges, as their structures have little shape change when the

3. A DEAP membrane can change its shapes when applied high voltage on it [113]. For example, the
DEAP membrane used in Morphees [376] bends when applied voltages between 1000-2500V on it.
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thickness is less than 2 cm, and part of their shape-changing features, like Zero-crossing,
necessitates a few actuators, which can further prevent miniaturization. For this reason,
we proposed a series of soft shape-changing modules in this thesis to provide thinner
solutions, i.e., 5 mm, which can be even thinner (approximately 3 mm ) to realize all 6
shape-changing features of MorpheesPlug [227] using only one actuator.

Stretchability and Strength are other important shape-changing features [226, 376]
when developing SCIs with shape-changing abilities. Meanwhile, the Stretchability-Strength
trade-off is an important drawback [358] that soft materials like elastomers need to be
addressed when using them to construct SCIs with shape-changing abilities. I.e., the
high stretchability of soft materials ensures their high deformability for shape changes,
which reversely leads to their low strength. To address this trade-off, it needs to combine
technologies controlling UIs’ strength [38] with technologies controlling UIs’ shapes [363,
376, 73] to strengthen them while keeping their high shape-changing abilities. Current
technologies addressing this problem often face drawbacks like needing multiple actuators,
causing bulkiness [418]; needing heating to control systems’ strength, thus slow transi-
tion between hard/soft status because of the intrinsically slow thermal conduction and
not allowing fine strength tunning [520, 184]; needing extra thickness for adding strength
controlling functions thus bulky [471]. For this reason, we developed a novel technology
in this thesis to control both UIs’ shapes and strength with only one actuator and not
add extra thickness to the shape-changing systems.

1.2 Research questions

As demonstrated in previous studies, programmable soft materials hold significant
potential for addressing the challenges associated with shape-changing abilities in the
design of SCIs. However, current SCIs in programmable soft materials exhibit limited
shape-changing capabilities. We believe that this limitation can be attributed to three
main challenges [10] that need to be addressed:

1. Understanding the user experience of SCIs (User behavior challenges):
In the users’ perceptual space, it is crucial to understand better how effectively
users can perceive the shape of SCIs and what users’ sensation of SCIs’ shapes and
shape-changes is, particularly considering the softness factor into consideration.

2. Technological barriers to SCIs development using programable soft ma-
terials (Technological challenges): It lacks toolkits that enable researchers to
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design SCIs with various shape-changing abilities using programmable soft mate-
rials. It also lacks technology addressing the stretchability-strength trade-off of
programmable soft materials.

3. Design and implementation of SCIs application using programable soft
materials (Design challenges): It lacks HCI applications with SCIs in novel
programable soft materials with high shape-changing abilities.

1.2.1 Problem I: Lack of understanding of users’ shape percep-
tion abilities of SCIs

There needs to be more clarity regarding how users interact with SCIs, specifically
in terms of their perception of the shape of SCIs. The shape of UIs plays a crucial role
in providing users with haptic feedback for various purposes [509, 23, 364, 419, 103].
Extensive prior research has been conducted on users’ shape perception abilities with
rigid objects, revealing that people exhibit high precision and accuracy when touching
and exploring shapes of rigid surfaces [89, 458, 136, 138]. However, programmable soft
materials used in SCIs development are non longer rigid, and their shape can change when
users touch and interact with them; further exploration is required to understand users’
shape perception abilities on SCIs, particularly considering the softness of the materials
used. One challenge in understanding the user experience of SCIs is to isolate different
factors, such as visual effects [333] and haptic effects [107]. Implementing SCIs with
shape-changing abilities in soft programmable materials will bring new factors, such as
softness, which previous experiments usually do not address [89, 458, 136, 138]. Moreover,
users’ experience with UIs’ shapes and softness is also multifaceted, including both the
discrimination of UIs’ physical properties like roughness [61] and association with multiple
affective sensations like emotion [105, 328], colors [250, 420], and smells [275]. Facing this
challenge involving various factors, we start from one primary point of how effectively
(precisely and accurately) users can perceive the shape of SCIs under different softness
conditions. More specifically, we have identified in this thesis two research objectives that
need to be addressed:

1. Objective 1: Understand users’ shape perception abilities on SCIs under differ-
ent levels of softness.
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2. Objective 2: Provide design guidelines for developers when designing SCIs using
materials with different levels of softness.

1.2.2 Problem II: Lack of SCIs development toolkit and exis-
tence of the stretchability-strength trade-off of programmable
soft materials

Due to their remarkable shape-morphing abilities, programmable soft materials exhibit
great potential in addressing the shape-changing challenges in developing SCIs. While
novel programmable soft materials [248] are emerging, their integration into HCI still
needs to be improved [358], especially when creating UIs with complex shape-changing
abilities. Previous design spaces, such as [376, 363, 73, 226], have provided researchers
with valuable inspiration in terms of shape-changing taxonomies [376, 363, 226] and com-
parisons of a few shape-changing materials [73]. The current design space of SCIs [376,
363, 73] is vast, encompassing numerous different shape features, yet the challenges of de-
veloping SCIs using programmable soft materials remain unaddressed. For instance, gaps
exist between material science and HCI [358], led by high technological barriers for HCI
researchers to use novel programmable soft materials in their SCIs development. A few
toolkits [227, 518, 266, 78, 509, 225] were also developed recently to lower the technolog-
ical barrier of developing SCIs with shape-changing abilities. However, they usually use
non-stretchable materials [518] or blend soft materials like elastomers and non-stretchable
materials [509, 225], which might prevent realizing soft materials’ high stretch abilities.

Furthermore, the thickness of modules in the current toolkit [227] or the necessity of
combining a few actuators to actuate a few modules to realize shape change [78, 266]
often leads to the whole system’s bulkiness. Besides, programmable soft materials like
elastomers’ [402] stretchability-strength trade-off must also be addressed to widen their
integration into SCIs design.

From these perspectives, we have identified two research objectives that need to be
addressed:

1. Objective 1: Conducted a technological exploration of programmable soft ma-
terials to realize different shape-changing features in purely soft materials using a
single actuator.

2. Objective 2: Develop new shape-changing technologies to address the stretchability-
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strength trade-off of programmable soft materials.

Our technological exploration of programmable soft materials and the development of
new technologies can establish the technological base for further developing toolkits so
that HCI researchers can better integrate novel materials into their SCIs development.

1.2.3 Problem III: Lack of HCI applications with SCIs in novel
programable soft materials

Novel programmable soft materials [402, 148] have already shown high shape-changing
abilities. For example, a Baromorph [402] elastomer plate can morph into a saddle, a
semi-sphere, a bowl, a cone, and even a human mask shape (Figure 1.3). Despite the
remarkable illustrations of these novel materials’ shape-change potential, they lack HCI
applications that integrate these novel materials into SCIs. Meanwhile, when designing
SCIs using these novel materials, design questions need to be answered, such as what
shape changes we should apply and what applications we should build. Respective HCI
applications of SCIs with different shape changes should be developed and evaluated
by users. Furthermore, technique problems must be overcome when using these novel
materials in HCI applications. For example, the thickness of Baromorph plated can be
improved to bring users better wearability [112], and the high voltage needed by dielectric
elastomers [148] must be anticipated for safety reasons. From these perspectives, we have
identified three research objectives that need to be addressed:

1. Objective 1: Designing HCI applications with SCIs using novel programmable
soft materials with high shape-changing abilities.

2. Objective 2: Improving current programmable soft materials for better meeting
HCI application requirements.

3. Objective 3: Evaluating users’ experience interacting with SCIs with different
shape-changes.

1.3 Methodology

Our research aims to address challenges [10] in SCIs research, particularly in user be-
havior, technological and design challenges. Traditional methods to actuate SCIs often
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Figure 1.4 – Research methodology of this thesis.

involve bulky systems with many rigid components like motors and gears [246], which
limits SCIs’s applications, particularly for wearable applications [112]. Emerging pro-
grammable soft materials [358] broadly open the potential for building SCIs with the
advantages of soft, lightweight, and high shape-changing abilities. However, challenges
in building SCIs with programmable soft materials come from user behavior, technologi-
cal and design aspects [10]. Figure 1.4 presents our research methodology in this thesis,
addressing challenges in these three aspects.

Addressing user behavior challenges in building SCIs requires researchers to under-
stand better users’ experience with UIs’ shape changes, including their discrimination
of UIs’ shape and associated affective sensations. One key point to address these chal-
lenges is to isolate factors involved in users’ experience with SCIs. In particular, adopting
programmable soft materials into SCIs design imports a novel factor, i.e., the softness.
In this thesis, we will partially address these challenges by conducting psychophysical
experiments to study the impact of softness on users’ shape perception capabilities of
SCIs.

One timeless need to address technological challenges in building shape-changing SCIs
is providing toolkits for researchers to lower the barrier of constructing SCIs. Appropriate
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toolkits are also essential bridges for the gap between emerging programmable materials
and soaring demand for shape-changing technologies in the HCI area [358]. Another
critical difficulty in addressing technological challenges is miniaturizing SCIs’ size and
developing high-resolution shape-changing SCIs. To address these challenges, we con-
ducted technological explorations of novel programmable soft materials to construct SCIs
with different shape-change features [226, 376]. More specifically, we will provide a series
of shape-changing modules covering various shape-changing features [226] based on one
recent programmable material, Baromorph [402], to facilitate the development of shape-
changing SCIs. These modules are in soft materials (elastomers), have a thin thickness
(≈ 5 mm ), and can continuously control different shape-changing features using only one
actuator, which can thus also help to meet the challenge of SCIs’ miniaturization and
high resolution. The adaptation of programmable soft materials faces another drawback
in technological aspects: their stretchability-strength trade-off [358]. We thus develop a
new technology capable of controlling both UIs’ shape and strength to address this trade-
off. Our explorations in novel programmable soft materials and the development of new
shape-strength control technology will pave the way and reduce the technological barriers
for HCI researchers to develop SCI toolkits using programmable soft materials.

The final step addresses the design challenges by developing HCI applications with
SCIs using programmable soft materials and evaluating users’ interaction experience. For
this purpose, we improved one novel programmable soft material, Baromorph [402], to
develop very thin SCIs (≈ 3 mm) worn on users’ wrists in the shape of watches to give
wearers haptic feedback through different shape changes. We also conducted psychophys-
ical experiments to study users’ perception performance with these novel watches and
users’ qualitative feedback with these novel SCIs.

1.4 Thesis contributions

The thesis presents three contributions to HCI, addressing respectively SCIs research
challenges [10] from three aspects:

1. User behavior challenges: Study on user’s shape perception ability of
SCIs (Chapter 3)

(a) We conducted a psychophysical experiment to examine users’ shape perception
ability, focusing on curvature on surfaces under four softness conditions and
three different curvature conditions.
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(b) Based on the results of our experiments, we provide guidelines for designing
future SCIs with different levels of softness and shape, with a specific emphasis
on curvature.

This chapter leads to a publication in the CHI’23 conference [100].

2. Technological challenges: Conduct technological exploration on pro-
grammable soft materials and propose new technology to lower SCIs
development barrier (Chapter 4 & 5)

(a) We introduced SoftMorphee, a series of shape-changing modules capable of
realizing a large range of SCIs’ shape-changing features using programmable
soft materials, i.e., Size, Curvature, Amplitude, Porosity, Closure and Zero-
crossing. We also discussed the challenges of constructing SCIs with tunable
Modularity, Stretchability, and Strength using only soft materials (Chapter 4).

This chapter will be submitted to the CHI’25 conference.
(b) We developed a new technology called Jamming Origami Endoskeleton to ad-

dress the trade-off between soft materials’ high shape-change potential and low
Strength [358]. This new technology enables UIs to have both high shape-change
ability (in particular Curvature change) and tunable Strength (Chapter 5).

This chapter will lead to a future submission.

3. Design challenges: Implementation of SCIs (Chapter 6)

(a) We improved a new programmable soft material [402] and developed a wearable
shape-changing watch that gives users haptic feedback with changing shapes.

(b) We conducted a psychophysical experiment to study users’ interaction experi-
ence with this novel device.

This chapter leads to a publication in the IHM’24 conference [101] and a
publication in MobileHCI’24 [102].

1.5 Structure of the thesis

Figure 1.5 presents the outline of the thesis structure. First, we present our research
background in Chapter 2 by reviewing different HCI research using programmable soft ma-
terials used to construct SCIs. It can also serve as a takeaway chapter for HCI researchers
to get an overview of new materials adopted in SCIs development. We then present the
work conducted in this thesis. As this thesis addresses SCI research challenges from three
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aspects, we articulate the presentation of our work in three parts. Part I presents our
study on users’ soft SCIs shape perception abilities for addressing user behavior chal-
lenges (Chapter 3). Part II presents our technological exploration of programmable soft
materials for constructing SCIs (Chapter 4) and the development of a new technology to
overcome soft materials’ stretchability-strength trade-off, which addresses technological
challenges (Chapter 5). Part III presents our design of the HCI application of SCIs using
programmable soft materials with respective user studies for addressing design challenges
(Chapter 6). To conclude this manuscript, Chapter 7 presents this thesis’s limitations
and future work, as well as the perspectives we envision for future SCIs.

Thesis plan
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Figure 1.5 – Structure of the thesis.

Chapter 4 and 6 present work from the supervision of two internship students, Alexis
SANSON and Thomas RAMES, who Céline and I supervised. I supervised them to
develop together the pressure-controlling system, which we used to pressurize our shape-
changing modules in these two chapters. I also supervised Alexi’s development of the
experiment software and Baromorph prototypes in Chapter 6. Céline and I supervised
the design and performance of the study by Alexis in Chapter 6.

The novel shape-changing technology presented in Chapter 5 is a collaboration between
us, Tian GAO, Benoît ROMAN, and José BICO from the Laboratory for the Physics and
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Mechanics of Heterogeneous Media (PMMH) of Sorbonne University.
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Chapter 2

BACKGROUND: PROGRAMMABLE SOFT

MATERIALS AND SCIS
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Figure 2.1 – Different shape-changing features in the taxonomy of Morphees+ [226].

In this chapter, we review literature related to different technologies for constructing
shape-changing interfaces (SCIs) employing programmable soft materials with various
shape features [226] according to Morphees+ taxonomy [226] (Figure 2.1). We choose
the Morphees+ taxonomy [226] because it combines and improves upon two of the most
impactful taxonomies in the HCI field, namely Rasmussen et al.’s [363] and Roudaut et
al.’s [376]. We emphasize that actively shape-changing UIs, referred to as SCIs [10]. In
contrast, UIs that can only passively change shape through user input [341] or input-only
interfaces (e.g., [425, 517]) are excluded from our discussion. Previous reviews, such as [40,
414], have already thoroughly explored passively shape-changing or input-only interfaces.
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2.1 SCIs using soft materials

2.1.1 Size

The Size features are categorized into three subtypes: Length, Area, and Volume, which
often exhibit correlations. For instance, Yao et al. [509] developed a height-controllable
building model (Figure 2.2(c)), illustrating that changes in the building’s height (Length
category) result in concurrent alterations in its Volume and lateral surface Area. Rigid
actuators, such as linear motors, enable direct control of object Length along the motor
axis, as demonstrated in actuated matrix displays with controlled pin heights [246, 297,
244, 108, 245]. However, many of these actuators are typically bulky, completely rigid,
form a discrete surface, or must be covered by a piece of fabric to form a continuous
surface [245].

Due to their high stretchability and airtight properties, elastomers are commonly em-
ployed in creating inflatable UIs, as seen in works like [282]. In the context of elastomer
bladders, an increase in inner air pressure leads to inflation, increasing Volume and, conse-
quently, surface Area. Chen et al. [62] designed a shape-changing spoon incorporating an
elastomer air bladder to control its food-carrying Volume. In this design, inflating the air
bladder reduces free space on the spoon head, limiting its food-carrying capacity. Inflating
an elastomer bladder uniformly, as achieved with homogeneous material and thickness,
leads to isotropic inflation 1 similar to inflating a balloon (Figure 2.2(a)) [119]. The ver-
satility of elastomers is evident in their customizable shapes, facilitated by 3D printing
for mold creation and the use of commercial silicone elastomers for molding [282]. In-
flatable elastomer bladders find widespread application in developing SCIs across various
domains, as demonstrated in works such as [282]. Liquids like water are occasionally
employed instead of air, as shown in [151]. Conversely, when bladders are composed of
non-stretchable materials, such as the non-stretchable fabrics in aeroMorph [318] or PET
film in milliMorph [256], an increase in inner pressure causes flat bladders to inflate into a
spherical shape, resembling a balloon. The lack of stretchability results in increased thick-
ness after inflation, leading to the shrinkage of the airbag’s silhouette and, consequently,
a change in Length (Figure 2.2(b)).

Diverging from the previously mentioned balloon-like isotropic inflation scenarios,

1. Isotropic inflation refers to the uniform expansion of a material in all directions. When an elastomer
bladder is inflated, the pressure exerted on its inner surface causes the material to expand isotropically,
meaning that it stretches equally in all directions, forming a spherical shape.
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Pressure increased

(a) Elastomer bladders can inflate into spheri-
cal balloon-like shapes with their Volume increas-
ing [119].

Pressure increased

(b) Bladders in non-stretchable materials can in-
flate with the shrinkage of silhouette, leading to
their Length decreasing [306].

Pressure increased

(c) Elastomer bladders with bellows-like origami
structures embedded inside can inflate to increase
their Length [509].

Pressure increased

(d) Elastomer bladders molded into bellows-like
shape can inflate to increase their Length [300].

Pressure increased

(e) Elastomer tubes sewn into fabric with lim-
ited radial expansion can inflate to increase their
Length [530].

Pressure increased Pressure increased

(f) Elastomer tubes with non-stretchable filaments
braided around to limit its radial expansion can
inflate to decrease (Middle) or increase (Right)
their Length respectively to different braiding an-
gles (Left) [225].

Voltage increased

(g) Dielectric elastomer membranes can in-
crease their Area when high voltage applied on
them [113].

Humidity increased

(h) Hydrogels can absorb water and swell in Vol-
ume [260].

Pressure increased

(i) Auxetic structures can be inflated to expand
the Area [142, 227].

Temperature increased

(j) SMA springs can be heated to return to
their “remembered” shape, e.g., with a shorter
Length [274].

Figure 2.2 – Different technologies for creating Size changing UIs.
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which exhibit varying Volume with changes in inner air pressure, embedding origami
structures into elastomer bladders [264] confines the bladder’s shape change to specific
directions. The shape transforms according to the orientation of the origami’s creases as
air pressure increases. For instance, Figure 2.2(c) illustrates the integration of bellows-like
origami structures into elastomer bladders. When the inner air pressure is increased, the
bladder expands vertically—increasing its Length—instead of isotropically expanding in
all directions. This directional constraint imposed by the origami structure makes it easier
for the bladder to deform vertically. Similarly, molding the elastomer into a bellows-like
shape [300] (Figure 2.2(d)) facilitates deformation along the vertical direction, enabling
an increase in length when internal pressure rises. The same effect can be achieved by
printing a similar structure on stretchable plastic [227], such as TPU. These structures
can also be actuated to decrease in length when reducing inner pressure (e.g., [59]).

An alternative technique to constrain the isotropic inflation of an elastomer bladder in
a specific direction for creating Length-changing UIs is to sew the bladder into fabrics. The
stitches around the bladder serve as inflation constraints [530]. For instance, Figure 2.2(e)
depicts an elastomer tube sewn into a piece of fabric [531]. The stitches restrict radial
expansion, while fabric pleats enable axial extension. Consequently, increasing the inner
air pressure leads to tube inflation and a corresponding increase in Length. When the
air pressure is released, the tube shortens due to the release of stored elastic energy from
its stretched state. Drawing inspiration from the technology of McKibben muscles [446],
widely used as linear actuators in robotic research (e.g., [445]), recent HCI researchers
have explored incorporating a braided sheath around an elastomer bladder to restrict
inflation in specific directions for Length control. Figure 2.2(f) illustrates the work of Kilic
Afsar et al. [225], where elastomer tubes are inserted into nylon monofilament braiding
sheaths fixed at two extremities. The braiding angle of the sheaths (Figure 2.2(f) left)
determines the direction of length change [253] when inner pressure increases. A braiding
angle smaller than 54.4◦ results in tube contraction (Figure 2.2(f) middle), while an angle
larger than 54.4◦ leads to extension (Figure 2.2(f) right).

In addition to pneumatic inflation and deflation, voltage, and humidity change can also
trigger the Size change of UIs. For instance, dielectric elastomers [308] can expand their
Area under high voltage (Figure 2.2(g)) [113]. Certain food materials (e.g., gelatin and
starch [476]), biological materials (e.g., natto cell [510]), and hydrogel [260] (Figure 2.2(h))
swell when absorbing water. In contrast to material expansion/shrinkage, auxetic struc-
tures [142] can also be employed to develop size-changing UIs. Auxetic structures typically

50



Background: programmable soft materials and SCIs

consist of an arrangement of connected hinge-like cells; the rotation of these cells leads
to the expansion/shrinkage of Area when stretched/compressed (Figure 2.2(i) left). They
are commonly used for constructing UIs that are passively stretched/compressed by users
(e.g., [196, 143]). Kim et al. [227] provided an example of printing auxetic structures in
TPU, with cells capable of being inflated pneumatically. The inflation of each cell when
pressurized pushes them to rotate, resulting in the entire structure expanding the Area
(Figure 2.2(i) middle to right).

Another frequently used technology is shape-memory alloys (SMAs) [280]. SMA wires
can change their shape when heated to return to their “remembered” shape 2. This can
lead to Length changes; for example, an SMA spring can be heated to contract its Length
(Figure 2.2(j)) [274]. Although SMAs are inherently rigid, researchers have integrated
SMA wires into soft materials such as fabric (e.g., [236, 291]) and elastomers (e.g., [150,
54]) to actuate these materials and induce shape changes upon heating the integrated
SMA wires.

Based on these fundamental physical phenomena of Size change under specific stimuli
(e.g., voltage, heat, humidity, and pressurization), other types of SCIs can be created (e.g.,
Curvature-changing UIs [150]). These will be further discussed in the following section.

2.1.2 Curvature

Three distinct curved surfaces, arising from the morphing of a planar surface, are
commonly observed in everyday objects: cylindrical surfaces, saddle shapes, and dome
surfaces (concave and convex) (Figure 2.3(a)). These three fundamental types of curved
surfaces [73, 350] exhibit different Gaussian Curvatures [30, 532] (Figure 2.3(b)). Specif-
ically, a cylindrical surface has zero Gaussian Curvature, a saddle surface has negative
Gaussian Curvature, and a dome surface has positive Gaussian Curvature.

Numerous UIs for Curvature changing (e.g., [509, 345, 523, 524, 225, 295, 476]) achieve
Curvature changes by bending a planar surface to form a cylindrical surface. Most of these
interfaces are based on bilayer structures [337, 365], wherein two layers of materials are
composited together and can be independently controlled for extension/contraction. As
depicted in Figure 2.4(a), when both layers are composited and change their Length in a
parallel direction, with one layer extending/contracting more than the other, the surface

2. SMAs are a kind of alloy that can be treated to acquire a specific shape, i.e., shape remembered.
After undergoing a physical deformation (e.g., bent or twisted by users), an SMA wire can be heated
through resistive heating to its final transformation temperature and regain its remembered shape.
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(a) Three types of curved surfaces [532] with respective everyday objects below having this type
of curved surface. From left to right are a cylindrical surface with Zero Gaussian Curvature,
a saddle surface with negative Gaussian Curvature, and a concave and convex dome surface
with positive Gaussian Curvature.

(b) Illustration of Gaussian Curvature [222] with a dome shape as example. Gaussian Curvature
at one point (e.g., the top point of the curved surface in this figure) on a surface is defined
as the product of the two principal Curvatures in this point, i.e., the maximum and minimum
Curvature values (i.e., k1 and k2) at this point in respective normal plane perpendicularly
cutting this surface (i.e., the two planes containing the two circles under the curved surface).
For a cylindrical surface, the principal Curvature in the normal plane parallel to the cylinder’s
axial direction is 0; it thus has a Gaussian curvature of 0. For a saddle surface, the two
principal Curvatures’ respective normal directions (i.e., the two N vectors’s directions) are
opposite; thus, it has a negative Gaussian curvature. The two normal directions are the same
for a dome surface, whether concave or convex (as shown in this Figure), thus having a positive
Gaussian Curvature.

Figure 2.3 – Curved surfaces with different types of Gaussian Curvatures.
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Initial bi-layer Layers shape change Curved bi-layer surface

(a) Bi-layer cylindrical surface with Zero Gaussian Curvature: when two layers change their Length in
a parallel direction, the bi-layer structure will form a cylindrical surface bending toward the relatively
shorter layer. For example, as shown in this Figure, with the upper layer increasing its Length and the
bottom layer decreasing its Length, it will bend toward the bottom layer.

Initial bi-layer Layers shape change Curved bi-layer surface

(b) Bi-layer saddle surface with Negative Gaussian Curvature: when two layers change their Length in
an orthogonal direction, with each layer relatively increasing its Length in one direction, the bi-layer
structure will form a saddle shape. For example, as shown in this Figure, with the upper layer increasing
the Length in one direction and the bottom layer increasing the Length in an orthogonal direction, it
curves into a saddle shape.

Initial bi-layer Layers shape change Curved bi-layer surface

(c) Bi-layer dome surface with Positive Gaussian Curvature: when two layers change their Length in an
orthogonal direction, with one layer relatively increasing its Length in both two directions, the bi-layer
structure will form a dome shape bending toward the relatively shorter layer. For example, as shown in
this Figure, the upper layer increasing the Length in one direction and the bottom layer decreasing the
Length in an orthogonal direction forms a dome surface bending toward the bottom layer.

Figure 2.4 – Illustration of technologies of bi-layer structure forming curved surfaces with
different Gaussian curvatures.
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Pressure increased

(a) An elastomer bi-layer structure curves to
harder elastomer side when inflated [188].

Pressure increased

(b) An elastomer and paper bi-layer structure
curves to paper side when inflated [509].

Pressure decreased

(c) An elastomer tube sewn in fabric and fiberglass
bi-layer structure curves to elastomer side when
deflated [530].

Pressure increased

Non- stretchable thread

(d) An elastomer tube sewn with sheath and non-
stretchable thread bi-layer structure curves to on-
stretchable thread side when inflated [225].

Pressure increased

(e) A non-strethchable fabirc airbag and fabric
bi-layer structure curves to airbag side when in-
flated [318].

Voltage increased

(f) A dielectric elastomer and concentrated boron
nitride nanosheets bi-layer structure curves to cen-
trated boron nitride nanosheets side when high
voltage applied [354].

Temperature increased

(g) A SMA wire and fabric bi-layer structure
curves to SMA wire side when temperature in-
creased [295].

Humidity increased

(h) A gelatin bi-layer structure curves to more
porous gelatin side when humidity increased [476].

Humidity increased

(i) An hydrogel and fabric bi-layer structure curves
to hydrogel side when humidity increased [371].

Humidity increased

Nato cells

Fabric

(j) A Nato Cells and fabric bi-layer struc-
ture curves to fabric side when humidity in-
creased [475].

Figure 2.5 – Bi-layer structures with different materials for making cylindrical Curvature
changing UIs.
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bends toward the shorter one, creating a cylindrical surface with zero Gaussian Curvature.

The key to achieving cylindrical shape change through bending is realizing different
extensions/contractions between the two layers in one direction. One approach is to
bond two layers of elastomer with different stretchabilities. For instance, as illustrated in
Figure 2.5(a), Ilievski et al. [188] bonded an elastomer layer composed of a series of air
bladders made of highly stretchable elastomer Ecoflex 00-30 [192] to another elastomer
layer made of less stretchable elastomer Sylgard 184 [55]. When the inner pressure of air
chambers increases, the layer of elastomer Ecoflex 00-30 extends more than the layer of
Sylgard 184 because of its higher stretchability, leading to the bending of the whole struc-
ture toward the less extendable side. This technology is also widely used for actuating
soft robots [393, 377]. Asymmetrical extension can also be achieved by constraining the
extension of one layer through the embedding of non-stretchable materials into it [509,
345, 523, 524]. For example, Yao et al. [509] embedded a layer of paper on one side of
an elastomer air bladder (Figure 2.5(b)), limiting the extension of this side and causing
the bending toward the paper side when inflated. The technology of Length control by
sewing the bladder into fabric (Figure 2.2(e)) [530] and covering a braided sheath around
an elastomer bladder(Figure 2.2(f)) [225] can similarly translate into bending by adding
a non-stretchable layer on one side to limit the extension of this side. As shown in Fig-
ure 2.5(c), removing air pressure from the tube shortens it together with the fabric, while
the non-stretchable layer of fiberglass below it constrains the Length change of the layer
bonding with it, resulting in an upward bending shape-change [530]. Similarly, Kilic Afsar
et al. [225] inserted a non-stretchable thread into one side of the braid sheath of the tube
to constrain the extension of Length on this side when increasing pressure inside, leading
to a bending shape-change toward the non-extendable side (Figure 2.5(d)) [225]. Previ-
ously mentioned non-stretchable bladders [318, 306], whose Length shrinks when inflated,
can also be added to a non-stretchable layer to enable bending toward the bladder’s side
(Figure 2.5(e)).

In addition to pneumatic actuation, the previously mentioned technologies for Length
control can be combined with bilayer structures to achieve bending shape change. For
instance, Pu et al. [354] reduced the stretchability of a dielectric membrane on one side by
adding a layer of concentrated boron nitride nanosheets, resulting in bending towards the
less stretched side when high voltage was applied to the membrane, causing it to expand
(Figure 2.5(f)). Nabil et al. [295] induced Curvature in a fabric by heating an SMA wire
sewn on one side, causing the fabric to curve in that direction as the SMA wire contracted
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in Length (Figure 2.5(g)). Wang et al. [476] created gelatin films with varying porosity on
two sides. Immersing these films in water led to bending towards the more porous side,
as the less porous side absorbed more water and swelled more (Figure 2.5(h)). Rivera et
al. [371] added a layer of hydrogel to fabrics, resulting in the composite turning towards the
fabric side as the hydrogel swelled with increased humidity while the fabric layers did not
(Figure 2.5(i)). Similar to the hydrogel-fabric composite [371], Wang et al. [475] fabricated
a Nato Cells-fabric composite that bent similarly when humidity changed (Figure 2.5(j)).

Beyond curving into a cylindrical surface, fixing the periphery of an elastomer mem-
brane over a pressure-controllable chamber can create a convex/concave dome surface
(Figure 2.6(a)) by adjusting the air pressure inside the chamber (e.g., [157]). It can also
create a convex dome surface (Figure 2.6(b)) [113] by increasing the voltage applied to a
dielectric elastomer membrane with its periphery fixed. As shown in Figure 2.4, bilayer
structures can also create dome or saddle surfaces beyond cylindrical curved surfaces. For
instance, Zhu et al. combined two layers of the aforementioned Length-extendable fab-
ric [530] with elastomer tubes sewn into them, allowing extension in orthogonal directions
to enable a planar surface to morph into a saddle shape (Figure 2.6(c)). However, creat-
ing dome/saddle surfaces with bilayer structures is limited [337]. Specifically, when a flat
bilayer structure stretches/shrinks over a certain scale to form a dome/saddle surface, it
tends to curve into a cylindrical surface. For example, the condition for a bilayer elas-
tomer membrane with a radius of RMembrane and thickness of hMembrane to stretch/shrink
one layer to form a dome (i.e., spherical) surface before curling into a cylindrical surface is
RDomeSurface >> RMembrane

2

hMembrane
, where RDomeSurface is the radius of the spherical surface [337].

Using the example of the bilayer structure presented in Figure 2.5(f), it can be observed
that before curving into a cylindrical surface, the membrane actually stretches to form
a dome surface (Figure 2.5(f) second sub-figure on the top right) initially as the volt-
age progressively increases, while further stretching leads to bending into the cylindrical
surface.

To overcome the limitations associated with bilayer structures [337], recent advance-
ments in materials science have facilitated the development of alternative technologies
for Curvature-change surfaces. Rather than directly addressing the Curvature of the sur-
face, Siéfert et al. introduced a novel material called Baromorph [402] to control the local
stretch/shrinkage strain 3 of elastomer plates, thereby achieving a target shape through

3. Strains indicates the relative deformation. E.g., a string with its original length as L stretching to
the length of L + ∆L or shrinking to the length of L − ∆L has a strain ϵ as ∆L

L or − ∆L
L respectively.
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Pressure decreasedPressure increased

(a) An elastomer membrane with periphery fixed
over an air chamber inflates/deflates to a con-
vex/concave dome shape [157].

Voltage increased

(b) A dielectric elastomer membrane with periph-
ery fixed bulge a convex dome shape when increaS-
ing voltage applied on it [113].

Pressure increased

(c) Two orthogonally placed pneumatically ex-
tendable elastomer sewn in fabric layers form
a saddle shape when two layers inflated to-
gether [530].

Pressure increased

h w

Air channels

Pressure increased

(d) A Baromorph plate morphs into a cone shape
when inflated (Top) with the illustration of its air
channels’ inflation (Bottom) [402].

(e) Different types of curved surfaces morph form
a Baromorph plate [402]. From left to right are a
saddle surface (inflated), a concave dome surface
(deflated), a convex dome shape (inflated), and a
human face shape mask with complex curvature
distribution (inflated).

Voltage increased

(f) A dielectric elastomer plate morphes in to a
human face shape mask when high voltage applied
on it [148].

Figure 2.6 – Curvature changing UIs other than cylindrical shapes.
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inflation/deflation. In Figure 2.6(d) top, one prototype from [402] demonstrates the trans-
formation into a cone shape from an elastomer plate when air channels embedded in it
are pressurized. The height of the air channels in this elastomer plate is designed to be
at least twice the width of the channels (denoted as h and w in Figure 2.6(d) bottom).
This design choice promotes the in-plane expansion of the channels rather than increas-
ing thickness, as expanding in the in-plane direction is easier. The in-plane expansion
of all channels causes the plate to bulge in the center, with the thick external elastomer
wall limiting the entire plate’s radial expansion. Siéfert et al.’s strategy for achieving any
desired shape involves controlling the local elastomer stretch strain through the density
of air channels—higher channel density resulting in larger stretch strain.

In the example of cone morphing, the central part of the cone exhibits a larger slope
than the border part, indicating a larger strain in the center compared to the border.
Correspondingly, the air channels’ density in the center is larger than in the border, as
illustrated in Figure 2.6(d) top. This innovative technology makes it possible to create
surfaces with different Curvature (Figure 2.6(e)), such as a convex dome surface with pos-
itive Gaussian Curvature, a concave dome surface with positive Gaussian Curvature, and
a saddle surface with negative Gaussian Curvature. Furthermore, more complex shapes,
such as a human face-shaped mask (Figure 2.6(e)), with intricate Curvature distribution
over the surface, can also be realized using this technology. Similar to Baromorph [402],
Hajiesmaili et al. [148] employed a dielectric elastomer membrane, rather than elastomer,
to create surfaces with different Curvature. The dielectric elastomer membrane expands
radially when a voltage is applied. They incorporated 3D-printed plastic nets to limit its
expansion under the plastic nets, similar to Baromorph’s walls between air channels. This
technology can also generate surfaces with complex Curvature distribution (Figure 2.6(f))
by designing the density and shape of the plastic net—higher density results in smaller
stretch strain. However, the use of high voltage (≈ 2.5 kV) to actuate the dielectric
elastomer membrane may pose safety concerns for HCI applications.

SCIs based on bilayer structures are now widely developed (e.g., [509, 345, 523, 524,
225, 295, 476]). They not only enable UIs to bend for Curvature changes, but some
features like Zero-crossing (e.g., [509]) are also based on them, and these will be further
discussed in the following sections. Beyond the aforementioned soft materials, some rigid
materials outside our scope, such as thermoplastics that shrink under heat, can also de-
velop bilayer structures for shape change, incorporating layers with different shrinkage
strains. These materials are commonly used in technologies like 4D printing (e.g., [473,
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Increased
Amplitude

Pressure increased

(a) An elastomer button can be inflated from flat to convex
dome shape with increasing Amplitude [132].

Increased
Length

Increased
Amplitude

(b) An uncovered matrix of actuated pins (Left) can be covered
with a piece of fabric (Right) to transform the Length change
of pins into Amplitude change of the fabric surface.

Figure 2.7 – UIs with changing Amplitude.

506]). To achieve more complex surface shapes, particularly those with intricate Curvature
distribution, new materials such as Baromorph [402] provide a significantly improved so-
lution compared to bilayer structures. However, they have yet to see widespread adoption
in HCI applications.

2.1.3 Amplitude

As mentioned in Morphees+ [226], the distinction between Amplitude and Length
features are nuanced. The Length feature accentuates the extension of an individual
object without affecting the neighboring area on a surface. For instance, a radio antenna
can adjust the height to enhance signal reception. This feature aptly characterizes height
variations in each pin within an actuated matrix of pin displays [246, 297, 244, 108,
245]. In contrast, Amplitude underscores the overall shape deformation of a surface.
For example, a flat elastomer button [132] can transition from a flat to a convex shape
(Figure 2.7(a)). In such cases, the Amplitude change effectively describes the surface shape
alteration, quantified by the height change of the central point (the highest point post-
deformation). Simultaneously, neighboring points around the central point undergo height
changes, collectively forming a continuous surface shape. This perspective illustrates
that flat surfaces transforming into cylindrical surfaces, as depicted in Figure 2.5(h),
contribute to an increase in Amplitude. Similarly, the transformation of flat surfaces
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into convex or concave dome shapes results in a corresponding increase or decrease in
Amplitude(Figure 2.6(a)). Actuated matrices of pin displays commonly consist of a few
Length-controlling units. When a continuous surface, such as a piece of fabric, covers
these pins in Relief [245], it transforms discrete Length changes into a continuous surface
with associated Amplitude changes (Figure 2.7(b)).

2.1.4 Porosity

The Porosity feature quantifies the percentage of hole surface on a surface [376] and
exhibits significant overlap [226] with the Permeability feature in Rasmussen et al.’s tax-
onomy [363]. UIs showcasing dynamic Porosity changes are infrequently explored in
research due to the non-homeomorphic 4 nature of such transformations [376]. A note-
worthy early instance of a UI incorporating Porosity modulation is illustrated by Shut-
ters (Figure 2.8(a)) [72]. Each fabric louver can independently bend to augment the
Porosity, enabling increased daylight exposure when the SMA wire, positioned behind
a louver, heats, causing it to contract and curve. A similar approach was applied in
the development of a shape-changing garment (Figure 2.8(b)) designed to enhance ven-
tilation post-exercise [475]. This garment utilized curvature-controlling technology with
Nato Cells-fabric composite [475]. Both works [72, 475] share the common goal of curving
the cover of an existing hole to increase Porosity. In contrast, Hu and Hoffman [177]
leveraged the Volume expansion of elastomer air bladders, inflated to compress central
holes in a surface, resulting in reduced Porosity (Figure 2.8(c)). This structure mimics
the pore open/close mechanism observed in certain plant tissues [460]. Additionally, the
Surface-changing UI of auxetic structures (Figure 2.2(i)) increases Porosity as the central
hole expands during inflation, thereby enlarging the overall structure’s area. Kim et al.
employed this design as a window blind for regulating daylight incidence [227].

2.1.5 Zero-crossing

The Zero-crossing feature characterizes a shape’s ability to exhibit wave-like forms
and is quantified by the count of Zero-crossing points [497]. For example, Figure 2.1

4. Two shapes are homeomorphic means that they are the same from the topological viewpoint, one
shape can thus morph into another by stretching and/or shrinking parts of them. For example, the shape
of a donut and the shape of a coffee mug are homeomorphic. A donut shape can morph into a coffee mug
by shrinking a part of the surface to curve into a dimple and progressively enlarging it, while preserving
the donut hole in the mug’s handle (Demonstrated with Figure 8.1.1 in [182]).
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SMA wires

(a) SMA wires behind louvers can be
heated to curve to open/close them to
change the Porosity for adjusting daylight
incidence [72].

Humidity increased

(b) Ventilation flaps at the back of a garment can curve to
increase the Porosity to enhance ventilation when the humidity
increased beacause the wearer sweats [475].

Pressure increased

(c) Elastomer bladders’s Volume expansion under inflation
leads to squeezing the central hole thus smaller Porosity [177].

Figure 2.8 – UIs with changing Porosity.
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Pressure increased

1
2

3
4

(a) Four rigid pieces (white colors in figure) prevent an elas-
tomer tube with sheath’s extension underneath them, leading
to its curving in 4 parts and increases its Zero-crossing points
from 0 to 4 [225].

Pressure decreasedPressure increased

3

2

1

3

2

1

(b) Membrane over a few air chambers can be inflated (de-
flated) into convex (concave) dome shapes, increases its Zero-
crossing points from 0 to 3 [157].

1 1
2 3 2

1

Bladder(s) inflated

(c) A paper stripe attached with 3 elastomer bladders inflatable to curve it. The bladders are actuated
independently with different actuators, which enable the change of the paper stripe’s Zero-crossing points
to multiple values, i.e., 0, 1, 2 and 3. [509].

Figure 2.9 – UIs with changing Zero-crossing.
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showcases 5 Zero-crossing points. Regions of a surface curving to form convex domes or
concave domes can generate wave-like patterns, consequently increasing the Zero-crossing
count. Notably, the Zero-crossing feature exhibits significant overlap with the Curvature
feature [226]. For instance, Kim, Coutrix, and Roudaut systematically collected and cat-
egorized 82 distinct shape-changing everyday objects [185] based on their shape-change
features, revealing that all 27 instances involving Zero-crossing changes also entailed Cur-
vature changes. Several UIs that changes Zero-crossing (e.g., [509, 225, 318]) were devel-
oped using the aforementioned Curvature-changing technologies. For instance, Kilic Afsar
et al. [225] designed a UI capable of curving in four parts when pressurized (Figure 2.9(a)),
leading to an increase in Zero-crossing from 0 to 4. Harrison and Hudson [157] enveloped
an elastomer membrane over air chambers with pre-defined shapes. By pumping in or
vacuuming out air, the membrane assumed a convex/concave dome shape, separated into
distinct parts constrained by rigid components of the air chamber, thereby augmenting
its Zero-crossing (Figure 2.9(b)). However, the majority of Zero-crossing-changing UIs
exhibit only two states of Zero-crossing, transitioning from flat (Zero-crossing as 0) to a
specified value, e.g., 4 (Figure 2.9(a)). Their Zero-crossing values are pre-defined during
the fabrication of the UIs. In contrast, UIs with multiple Zero-crossing states (more than
two) typically require multiple actuators, independently curving a specific UI part. For
example, Yao et al. independently inflated three elastomer bladders to bend a paper from
0 Zero-crossing points to various values, i.e., 1, 2, and 3 (Figure 2.9(c)).

2.1.6 Closure

The Closure feature quantifies the degree of enclosure exhibited by a shape. For
instance, a line can be contoured to form a closed circle (Figure 2.10(a)) [509], the faces
of a polyhedron can be curved to create a closed polyhedron (Figure 2.10(b)) [318], and
flower shapes can unfurl their closed petals to blossom (Figure 2.10(c)) [510]. Instances of
structures undergoing Curvature alterations to influence Zero-crossing can be frequently
observed in diverse research [356, 318]. Similar to the Zero-crossing feature, Curvature
control emerges as a fundamental technology in the development of user interfaces that
change Zero-crossing. This observation aligns with the classification of shape-changing
everyday objects [185] in Morphees+ [226]. Specifically, 46 out of 47 objects featuring
Closure changes also exhibit Curvature changes. The sole exception is a drawer (object
#127 as enumerated in [185]), where users can slide the drawer box on the drawer slides
to open/close it. The actuation of sliding objects often involves rigid motors, a topic
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Pressure increased

(a) An elastomer and paper bi-layer structure can inflate to be curved, changing
its Closure from 0% to 100% [509].

Pressure increased

(b) A non-stretchable fabric airbags and fabric bi-layer structure in the form of a poly-
hedron net can inflate to curve, creating a closed polyhedron with Closure changing from
0% to 100% [318].

Humidity increased

(c) A Nato-cells and fabric bi-layers structure in the form of a flower can bend
its petals from curved to flat, leading to the flower’s blossoming with decreased
Closure [510].

Figure 2.10 – UIs with changing Closure.
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beyond the scope of our study.

2.1.7 Strength

The Strength describes the force needed to change the shape of UIs [376], e.g., the
force needed to press a dome shape button to flat [416] can vary from 30 N to 40 N
with different inner vacuum level (Figure 2.11(b)). One commonly used technology for
developing Strength changing UIs is jamming [107]. The jamming transition [7] captured
the attention of physicists in the 1990s [53]. This transition involves the compression
of disconnected media with varying structures, i.e., granular (e.g., ground coffee [8]),
fibrous (e.g., nylon fibers [44]) and laminar (e.g., sketch papers [319]), which can initially
slide over each other easily. These materials are pressed together and jammed under a
pressure gradient, such as a vacuum, causing the system to transition from a soft state
to a solid-like rigid state [7], thus increasing its strength (e.g., [8, 107, 269, 406, 405,
319, 277]). Liu and Nagel described jamming transition from a soft state to a solid-like
rigid stat, in particular with granular jamming media, as a phase change under a pressure
gradient just like water phase changes to ice under temperature lowering [252]. Applying
jamming in HCI began with the development of an exoskeleton [277] worn around the
elbow, designed by Mitsuda et al. It can translate between soft in a non-jammed state and
rigid in a jammed state and provide haptic feedback to users when they move their elbows.
For example, when wearers play a boxing game in virtual reality (VR), the exoskeleton
can give them haptic feedback by becoming rigid to limit their hand movement when
their fist kicks a wall in the virtual environment (Figure 2.11(a)). Jamming has then
been widely used to construct strength-controllable UIs that provide haptic feedback to
users [8, 107, 269, 406, 405] and also to enhance UIs’ strength to support heavy loads [319].
For instance, 45 layers of manually bent sketch paper jammed together can withstand a
weight of 55 kg [319] (Figure 2.11(c)).

In addition to jamming, designers have also recently started utilizing the phase or glass
transition of low melting point metals [385], thermoresponsive hydrogels [276, 217] (Fig-
ure 2.12(b)) and thermoplastics (e.g., PLA and ABS used in [64, 520]) (Figure 2.12(a))
to control the strength of UIs. The stiffness of low melting point metals [385] and ther-
moplastics [64, 520] decreases when heated above their phase or glass transition point
(e.g., 105 ◦C for ABS used in [520]), while the stiffness of thermoresponsive hydrogels
increases when heated above their lower critical solution temperature (e.g., 36 ◦C for the
thermoresponsive hydrogel used in [217]). However, using these phase or glass transition
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(a) Exoskeleton shown in
the white ellipse is Vinyl
bags full of foam beads.
When jammed by vacu-
uming the air, its Strength
will increase, as well as the
resistance to wearers’ el-
bow movement [277].

Pressure decreased

(b) The four pentagonal prisms in this figure are elastomer bladders with ground
coffee, whose air inside can be independently vacuumed out (jammed) to increased
Strength respectively. The cylinder in the white circle (left) is pushed to be a dome
shape by the air chamber below it before being jammed and then vacuumed to be
jammed (right). The force needed to process it back to flat depends on the vacuum
level inside it [416].

Vacuumed

Vacuumed

Non Vacuumed Non Vacuumed

Vacuumed

Non Vacuumed 64 5

321

(c) This figure presents 45 layers of 120-gram sketch paper involved in airtight
PVC sheets. Before being jammed (sub-figures 1,2, and 4), it has a relatively
flexible shape, and users can roll, unroll (sub-figures 1 and 2), and bend it man-
ually (sub-figures 4). After being jammed (sub-figures 3,5 and 6), its Strength
increases and can keep its shape against gravity (sub-figures 3 and 5) and ex-
ternal load like the users’ weight (sub-figure 6) [319].

Figure 2.11 – UIs with changing Strength using jamming technology.
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Temperature increased

(a) A metal wire coated with PLA sewn into a piece of fabric. Before heating (Left),
the coated PLA is rigid, and it can support a 200 gram mass. After heating (Right),
the coated PLA softens and decreases its Strength and can no longer support the
mass [520].

Temperature increased

(b) A layer of hydrogel increases its Strength when heated and changes color from
transparent (left) to white (right) [205].

electro-
magnets

MR fluid pouch

(c) A pouch of magneto-rheological (MR)
fluids installed over an electro-magnet ma-
trix. When a magnetic field is applied, its
Strength increases [276].

Figure 2.12 – UIs with changing Strength using low phase/glass transition temperature
materials and magneto-rheological (MR) fluids.
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materials typically requires additional heat-insulating structures to prevent harm to the
user, especially in wearable devices (e.g., as in [359]) when respective materials’ phase or
glass transition point is high. Moreover, these materials usually offer only two strength
states: rigid when not melted and soft when melted. In contrast, jamming enables more
precise strength control by continuously adjusting the vacuum level to tune the strength
(e.g., [159]).

Another approach for controlling interface strength is using magneto-rheological (MR)
fluids [205, 200] (Figure 2.12(c)). MR fluids consist of magnetizable particles suspended in
a carrier oil, such as a mixture of carbonyl iron particles and glycerin [205]. Magnetizable
particles can freely move in the carrier oil before applying a magnetic field, while each
magnetizable particle becomes a dipole (north and south) and there is a tendency for
a chain to be created with neighboring particles when applying a magnetic field [312].
The chains have a mechanical resistance to the fluid flow, thus making it more difficult
to move in the carrier oil. For this reason, these fluids exhibit soft behavior (like water)
without a magnetic field. At the same time, they become semi-solid (like highly viscous
peanut butter) when a magnetic field is applied, and a larger force needs to change their
shape. They allow for fine control of the system’s strength by adjusting the strength
of the magnetic field, resulting in higher strength [200, 433]. Magneto-rheological fluids
provide a solution for constructing interfaces with adjustable stiffness and short response
times (e.g., < 2 ms [205]). However, the requirement of bulky equipment, particularly
large solenoids (e.g., [508]), to generate a strong magnetic field close to the UIs may limit
their applications.

2.1.8 Stretchability

The Stretchability feature characterizes how much a UI can be stretched or com-
pressed [376]. An essential aspect of employing soft materials, such as elastomers (e.g., [509]),
for constructing SCIs is their remarkable Stretchability, exemplified by instances where
materials can be stretched over 1000% [56]. This exceptional Stretchability is pivotal
in facilitating substantial shape transformations (e.g., Figure 2.6(e)). In contrast, non-
stretchable materials, like sketch paper, exhibit limited shape-change capabilities, pri-
marily confined to curving their corners or edges [170]. The technologies involved in
developing Stretchability-changing UIs closely align with those associated with enhancing
UI Strength. For example, utilizing jamming technology [107] results in high Stretchabil-
ity when UIs are in a non-jammed state, as the jamming media within the UIs can move
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5cm

(a) A matrix of pin actauted by motorized slide poten-
tiometers, with a maximum Granularity of of 0.62 control
points per cm2 (30 × 30 pins over 1450 cm2) [108].

1cm

(b) A matrix of pins actuated
by thermomechanical actuators,
with a maximum Granularity of
16 control points per cm2 (4 × 4
pins over 1 cm2) [466].

Figure 2.13 – Matrix of actuated pin displays. Their maximum Granularity depends on
pins density. Grouping pins and actuating them as one results in lower Granularity.

freely during stretching or compression. Conversely, UI Stretchability diminishes under
jammed conditions due to the friction between jamming media, impeding the stretching or
compression of the UI. Similarly, applying a magnetic field to magneto-rheological (MR)
fluids [205] decreases UI Stretchability. Heating the temperature of thermo-responsive
hydrogels [276, 217] above their lower critical solution temperature transitions them to a
rigid state, thereby reducing their Stretchability. In contrast, heating low-melting-point
metals [385] or thermoplastics (e.g., PLA and ABS used in [64, 520]) beyond their phase
transition points induces a shift to a softer state, thereby increasing their Stretchability.

2.1.9 Granularity

The Granularity is defined as the ratio between the number of control points and the
area of the object. In Morphees [376] definition, control points refer to points actuated
to change an object’s shape. For example, each pin in a matrix of actuated pin display
is a control point. According to Morphees definition, the change of Granularity was
only realized with actuated-pin matrix, i.e., grouping pins and actuating them as one
results in lower Granularity. Later, in Morphees+ [226], the definition of control points
is clarified as joints or points capable of shaping an object. For instance, a foldable
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1cm

(a) A matrix of inflatable PDMS bladders, with a
density of 16.6 actuated Amplitude-changing units
per cm2 (108 inflatable bladders over 6.5 cm2) [283].

1cm

(b) A matrix of dielectric elastomer mem-
branes, with a density of 3 actuated Am-
plitude-changing units per cm2 (20 actuated
elastomer bladders over 1.54 cm2) [234].

1cm

(c) A matrix of inflatable elastomer bladders, with a density of
0.19 actuated Amplitude-changing units per cm2 (16 actuated
elastomer bladders over 84 cm2) [412, 466].

Figure 2.14 – A matrix of Amplitude-changing units in soft materials. Their Granularity
is infinite according to Morphees+ [226] definition, while depends on the density of these
actuated Amplitude-changing units as Morphees [376] definition.
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penknife with a single control point allows its blade to be folded into the handle, even
if it is not actuated to change its shape. After clarification, it can also better describe
deformable materials like water with which the actuated shape-changing points are hard to
determine. According to Morphees+, soft materials such as elastomers and fabric possess
infinite control points. For example, when a Baromorph plate in elastomer morphs into a
dome surface (Figure 2.13), all points of its surface change their Curvature. In this case,
the Granularity of UIs made of programmable soft materials remain infinite during shape
changes.

Similar to matrixes of actuated pin displays (Figure 2.13) with pin independently
actuated to change the height, a series of matrixes of Amplitude-changing units (Fig-
ure 2.14) in soft materials were developed. The density of Amplitude-changing units can
well fit Morphees’ Granularity definition of actuated points density. Grouping different
Amplitude-changing units can lead to Granularity decreasing. According to Morphees+
definition, their Granularity should be infinit. When using them to provide users with
haptic feedback, their Granularity must meet the tactile spatial resolution requirements
specific to each site [238]. More specifically, Lederman [238] conducted tactile spatial
resolution measurements using a 2-point threshold test, revealing an average resolution of
approximately 45 mm on forearms and 3.5 mm on fingertip pads. Subsequent researchers
built upon Lederman’s work to develop matrixes of Amplitude-changing units in soft mate-
rials, tailoring their designs to meet the tactile spatial resolution requirements of different
body sites. For example, Moraes, Sun, and Simmons [283] created a Braille display (Fig-
ure 2.14(a)) featuring a matrix of molded micro elastomer (PDMS) inflatable bladders.
The Granularity of this display is 16.6 actuated Amplitude-changing units per cm2 (108 ac-
tuated elastomer bladders over 6.5 cm2), with a distance of approximately 2.5 mm between
each bladder—smaller than the measured fingertip resolution of 3.5 mm [238]. Similarly,
Koo et al. [234] developed a Braille display using a matrix of dielectric elastomer mem-
branes (Figure 2.14(b)). When high voltage is applied to it, each membrane can bulge
out with Amplitude increased. The Granularity of this display is 13 actuated Amplitude-
changing units per cm2 (20 actuated elastomer bladders over 1.54 cm2), with a distance of
approximately 3 mm between each bladder—again, smaller than the measured fingertip
resolution of 3.5 mm [238]. In another application, Sonar et al. [413] devised a matrix
of elastomer inflatable bladders (Figure 2.14(c)) to be worn around the forearm, provid-
ing haptic feedback by pressurizing bladders to inflate them. The Granularity in [413]
is 0.19 actuated Amplitude-changing units per cm2 (16 actuated elastomer bladders over
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Motors

(a) Topobo: a toolkit with motorized modular modules for con-
structing shape-changing toys [360].

Motors

(b) ShapeClip: a toolkit with motorized height changing units
for constructing SCIs, e.g., a matrix of actuated pin display as
shown in this Figure [155].

Figure 2.15 – Modular SCIs actuated with motors

84 cm2), with a distance of approximately 20 mm between each actuator—smaller than
the measured forearm resolution of 45 mm [238].

2.1.10 Modularity

The Modularity feature refers to the ability to split an object into several parts that
can be combined while maintaining its original functionality. Modular SCIs, actuated
with motors, typically involve multiple motors, with one motor assigned to each shape-
changing part. For instance, Raffle, Parkes, and Ishii developed Topobo [360] to enable
users, especially children, to connect different modules and build their shape-changing
toys. In Topobo, each shape-changing part requires an independent motor for actuation
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Pressure increasedPressure increased

(a) Soft LEGO: inflatable modules (Left) can be connected in
series for sharing one actuator and realizing the desired shape-
change, e.g., bending (Right) [243].

Valves

Pumps

(b) FlowIO: A toolkit composed of 7 solenoid valves and two
pumps used for connecting and actuating different pneumatic
shape-changing moudules [401].

Figure 2.16 – Modular pneumatic SCIs and a toolkit of pumps and solenoid valves used
for connecting multiple pneumatic shape-changing modules.

(Figure 2.15(a)). Hardy et al. developed ShapeClip [155], a toolkit for prototyping SCIs
with independent shape-change modules. It has high Modularity, where each module
requires a linear motor for shape-change actuation, increasing bulkiness.

In contrast to motors actuating Modular shape-change UIs, pneumatically actuated
Modular SCIs allow connecting different modules in series to share pumps for inflat-
ing and/or vacuuming out air [243, 78, 372]. For instance, Lee et al. developed Soft
LEGO [243], enabling users to connect a series of inflatable modules and actuate them
with a single pump to achieve the desired shape-change (Figure 2.16(a)). In this example,
different modules were inflated with the same pressure and actuated simultaneously. To
enable pneumatic actuation of Modular SCIs while independently controlling each module
and sharing pumps, valves are needed to control the connection of modules to pumps and
actuation. For example, Shtarbanov developed FlowIO [401] (Figure 2.16(b)), a toolkit
for pneumatically actuating up to five modules independently. It utilizes 7 solenoid valves:
1 connected to a pump for air intake, 1 connected to a pump for air vacuuming, and 5 for
independently controlling the pneumatic actuation of modules.

To address certain drawbacks associated with the use of traditional solenoid valves,
such as high cost, the presence of numerous rigid electromagnetic components limiting
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(a) A check valve without electromagnetic components (Left)
unrestricted airflow in one direction(e.g., from left to right in
the top valve as shown in the Right Figure), while restricting
airflow in the reverse direction (e.g., from left to right in the
bottom valve as shown in Right Figure) [59].

(a)

(b)

(a)

(b)

000

100 110101 111

010 011001

(b) A check valve without electromagnetic components (Left) unrestricted airflow in one di-
rection(e.g., from left to right as shown in Top Middle Figure), while restricting airflow in the
reverse direction at low flow rates (e.g., as shown in Top Middle Figure, high rates airflow from
right to left cause the block of the valve.) Connecting two such valves in opposite directions
forms a band-pass valve, permitting low flow in both directions but shutting off at high flow.
Using multiple such band-pass valves allows using a single actuator to inflate serially connected
pneumatic modules (Right) separately: 1 means inflated, 0 means non-inflated) [301].

Air flow Air flow

(c) Exploded views of an electronic-free switch component and the working mechanism (Left):
when the control channel is not inflated, airflow can freely pass; when the control channel is
inflated, airflow is blocked. A NOT logic implemented with such switch component (Right):
Airflow is coming from the left bottom. When the control channel is not inflated (status default,
input as 0), airflow freely passes to the right side (output as 1); when the control channel is
inflated (pressure increased as being pressed by the user, input as 1), airflow is blocked to the
right side(output as 0) [257].

Figure 2.17 – Electronic-free components used for connecting multiple pneumatic shape-
changing modules.
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Temperature increased

(a) Modules actuated by SMA wires (Left) connected (Right)
with conductive wires sharing the current for heating (actua-
tion) [428].

Voltage increased

(b) Modules actuated by dielectric elastomers (Left) connected
(Right) with conductive wires sharing the voltage (for actua-
tion) [334].

Figure 2.18 – Modular SCIs actuated by SMA wires and dielectric elastomers.

their application in harsh environments, and the need for regular maintenance [12], re-
searchers have begun developing valves for use in pneumatically actuated UIs that do not
incorporate electromagnetic components (e.g., [59, 257, 301, 375]). For instance, Napp
et al. [301] devised a check valve allowing unrestricted air passage in one direction, while
restricting airflow in the reverse direction at low flow rates. This restriction prevents rapid
inverse airflow with high pressure from deforming an elastomer valve flap and sealing the
flow channel (Figure 2.17(b) top middle). Two such valves, connected in opposite direc-
tions, form a band-pass valve, permitting low flow in both directions but shutting off at
high flows. They also demonstrated the use of multiple check valves and band-pass valves
to enable the arbitrary inflation of specific serially connected pneumatically bending struc-
tures from a single pressure source [393](Figure 2.17(b) right). Chen et al. [59] developed
similar systems for controlling serially connected pneumatically actuated shape-change
UIs, utilizing a check valve with a ball-spring structure instead of an elastomer valve flap
to establish a unique airflow direction (Figure 2.17(a)).

In addition to opening specific valves under predefined actuating pressure from shared
pumps [301, 59], recent research has facilitated the electronic-free connection of different
pneumatically actuated modules with more complex logic relations [257, 383]. For in-
stance, Lu et al. [257] created an electronic-free kit to emulate the functions of standard
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electronic components such as switches, diodes, resistors, and capacitors. They combined
these components to realize various logic relations among interconnected modules, such
as AND, NOR, NAND, AND, and OR. Figure 2.17(c) illustrates an example of the NOT
logic they implemented with a switch component. When the control channel is not inflated
(Status "0"), air can pass through the switch, resulting in high pressure in the switch’s
output (Status "1"). Conversely, when the control channel is inflated (Status "1"), the
top membrane of the control channel blocks airflow through the switch, leading to low
pressure in the switch’s output (Status "0"). Similar technologies have been developed
and applied in numerous micro-scale microfluidic systems for connecting different modules
with designed logic relations (e.g., [92, 285, 485, 84]).

SMA wires have been employed to develop SCIs, particularly for constructing Modular
systems. Given that most SMA wire-actuated UIs utilize joule heating to alter the wire’s
temperature and induce shape changes, connecting different modules with SMA wires
through conductive wires to share the current for actuation proves to be a convenient
approach. For instance,Tahouni, Qamar, and Mueller [428] introduced a toolkit for pro-
totyping SCIs, with the basic module consisting of a bi-layer SMA wire structure capable
of bending towards the SMA wire side when heated. They affixed magnets to the two
extremities of each module to facilitate assembly with other modules, connecting them
with conductive wires to share the current for actuation and shape-change control (Fig-
ure 2.18(a)). Similar approaches were also explored in [327, 511]. Dielectric elastomers,
which change shape when a voltage is applied [113], offer another avenue for SCIs, where
connecting different modules using conductive wires to share the voltage for actuation is
practical. For example, Pei et al. [334] connected six bending modules made of dielectric
elastomers to construct a six-legged robot (Figure 2.18(b)).

On the other hand, shape-changing technologies employing hydration and swelling
materials, such as hydrogel [371], which rely on humidity changes for actuation, are less
convenient for Modular connections. Typically requiring immersion in water [203] or
activation by environmental humidity changes, like rain [259], these methods are not
as practical as wire-connected SMA-actuated UIs [428] or tube-connected pneumatically
actuated UIs [257] for interconnecting different humidity-driven UIs to share actuation or
control.
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Pressure increased

(a) A pneumatic elastomer bending structure fully
bending in 50 ms when pressurized at 3.45 bar (Left).
A full actuation circle (Right) increases from 1 Hz to
5 Hz with the actuation pressure rising from 0.55 bar
to 1.17 bar [286].

Pressure increased

(b) Three hydraulic bending bladders con-
nected with channels in different sizes:
the bladder (Middle) connected with the
longest and narrowest channel deformed
last and the bladder (Front) connected
with the shortest and widest channel de-
formed first [256].

Voltage increased

(c) A dielectric elastomers actuated robot can
run at 50 cm s−1 when applied a voltage of
5.5 kV and 30 cm s−1 when applied a voltage
of 4.5 kV [525].

Temperature increased

(d) A SMA wire actuated structure can bend from a
quasi-circular shape to a quasi-linear shape within 0.1 s
when heated, while needing more than 3 s to cool down.
The current intensity can adjust the heating speed,
and the cooling speed is challenging to address [180].

T = 0 hr T = 5 hrs T = 10 hrs T = 15 hrs T = 20 hrs

(e) A hydrogel actuated structure requires 20 hours immersed
in water to bend 90◦ and its actuation speed is also challenging
to address [521].

Figure 2.19 – UIs with different shape-changing Speed.
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2.1.11 Speed

Shape-change Speed is heavily dependent on the chosen actuation method, such as
pneumatically inflating/deflating elastomer chambers (e.g., [509]), applying voltage to
dielectric elastomers (e.g., [113]), heating shape-memory alloy (SMA) wires (e.g., [150]),
increasing humidity in hydration-swelling materials (e.g., [510]), heating materials with
low phase or glass transition points (e.g., [385]), and enhancing the strength of the applied
magnetic field on magneto-rheological (MR) fluids (e.g., [205]).

Pneumatic actuation Speed is generally high and controllable through the applied air
pressure and pump flow rate [401]. Controlled inflation and deflation of air chambers
achieve actuation with adjustable Speed by regulating airflow. For instance, a pneumatic
elastomer bending structure measuring approximately 90 mm × 30 mm × 10 mm can
rapidly transition from linear to quasi-circular in 50 ms when pressurized at 3.45 bar [286]
(Figure 2.19(a)) with a maximum flow rate of 11 L min−1 from an air compressor. The
frequency of a complete actuation cycle (Figure 2.19(a)) increases from 1 Hz to 5 Hz with
the actuation pressure rising from 0.55 bar to 1.17 bar. Channel dimensions carrying
air/liquid also influence Speed, with longer or narrower channels offering more resistance
and thus lower Speed [257, 256]. Figure 2.19(b) [256] illustrates that when pressurized
with dyed blue water, three bladders curved sequentially based on channel resistance, i.e.,
the bladder connected by the longest and narrowest channel deformed last.

Dielectric elastomers’ actuation Speed is generally high and adjustable by voltage
supply [525]. For example, a bi-layer dielectric elastomer structure measuring roughly
50 mm × 50 mm × 0.5 mm, serving as one leg of a soft robot (orange leg in Figure 2.19(c)),
can bend from 80◦ to 110◦ within 0.9 s under a 5.5 kV power supply. Coordinating with
another bi-layer dielectric elastomer structure (green leg in Figure 2.19(c)), it enables
the robot to run at speeds exceeding 50 cm s−1. Adjusting the power supply allows for
corresponding changes in actuation Speed, with a lower voltage of 4.5 kV resulting in
reduced bending Speed and a respective lower robot moving speed of 30 cm s−1 [525].

The Speed of heating SMA wires to trigger shape-change is also rapid. For instance,
heating a �0.3 mm SMA wire with a total length of 123 mm embedded in an elastomer
sheet measuring roughly 55 mm × 22 mm × 1.5 mm with a 4 A current can bend it from
a quasi-circular shape to a quasi-linear shape within 0.1 s (Figure 2.19(d)). However, the
cooling time for the SMA wire is more than 3 s [180]. Most SMA actuators use joule
heating to change temperature with actuation time controllable by adjusting the current
intensity passing through the SMA wire [465]. However, reducing a hot SMA wire’s cooling
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time often involves other cooling methods [190], potentially complicating UI development
or limiting their application scenarios, e.g., immersing SMA wire in oil [330].

In comparison to the three aforementioned actuation methods, increasing the humidity
of hydration and swelling materials (e.g., [510]) for shape-change is relatively slow due to
the intrinsically low Speed of the water diffusion process [521, 154]. For example, a bi-layer
hydrogel structure measuring approximately 40 mm × 25 mm × 15 mm requires 20 hours
to immerse in water and bend 90◦ (Figure 2.19(e)) at room temperature (≈ 23 ◦C) [521].
A very thin bi-layer Nato Cells structure (0.0036 mm thick of Nato cells coated on 0.2 mm
thick of latex film) [510] needs more than 10 s to bend approximately 70◦. Increasing
water temperature can enhance water diffusion Speed [449, 476], but diffusion Speed is
proportional to the square of the UI’s size made from these materials [521], meaning that
Shape-Change Speed decreases quadratically with increasing UI size [521].

As for Strength and Stretchability-changing UIs, pneumatic jamming technologies [107]
generally exhibit high Speed. For instance, an elastomer bladder measuring approximately
47 mm × 27 mm × 8 mm, filled with coffee particles constituting about half of its volume,
can achieve full jamming in 1 s using a small pump (0.9 W). The Speed can be further
enhanced by increasing the volumetric flow rate (i.e., the power) of the pump vacuuming
out air [107]. Another method providing a high Speed for Strength and Stretchability
change involves applying a magnetic field to MR fluids, typically taking around a few
milliseconds (e.g., [205]), as it requires minimal time for magnetizable particles to suspend
in their carrier oil [126]. However, using bulky solenoids (e.g., [508]) to generate a strong
magnetic field close to the UIs may restrict their applications.

In contrast, the Speed of changing UIs’ Strength and Stretchability by heating materials
with low phase or glass transition points (e.g., [217]) is generally slow. The same applies
to waiting for melted materials to cool down and return to their original Strength and
Stretchability status. For instance, a small thermoresponsive hydrogel (2.5 mL) requires
more than 1 min to transition from soft to rigid when heated at 2.5 W and more than
5 min to return to a soft state after heating cessation and cooling down at room tem-
perature (≈ 22 ◦C) [217]. Most UIs for changing Strength and/or Stretchability employ
joule heating, embedding metal wires within them [217, 276, 64, 520]. The heating Speed
can be increased by elevating the current intensity passing through the wires, although
methods to accelerate UIs’ cooling Speed might impose significant restrictions on their
application scenarios or introduce development complexity, such as immersing them in
water [179].
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2.2 Relations among different shape-changing features

Size
Length
Area

Volume

Amplitude

Porosity

Zero-crossing

Closure

Curvature

Local strain programming [402]

Boarder constrained surface expansion [113]

Bi-layer structure [476]

Central hole squeezed via
volume increase [177]

Flap over hole curving [475]

Local parts curving [225]

Extremities coming closer via
curving [509]

Figure 2.20 – Figure illustrating relations between different primitive geometric shape-
changing features realized with programmable soft materials. Figures in blue arrows
connecting different shape-changing features illustrate how one shape-changing feature
can be realized with another shape-change. In the case of developing shape-changing UIs
with programmable soft materials, the Granularity is infinite according to Morphees+
definition [226]. Changing Modularity, Strength and Strechability usually need to incor-
porate rigid materials to realize it, they are thus not presented in this figure and will be
further discussed in Chapter 4.

Building upon extensive research into soft SCIs and material, it becomes evident that
Size and Curvature play pivotal roles in the development of UIs with other shape-changing
features, such as Amplitude, Porosity, Zero-crossing and Closure. The relationships among
various technologies for creating UIs with different shape-changing features using soft
materials like elastomers [509] and fabrics [531] are briefly illustrated in Figure 2.20. The
Size features include three subtypes: Length [300], Area [113] and Volume [260]. The Size
changing technologies can be the base for constructing Curvature changing SCIs via three
methods:

1. Building bi-layer structures with different Size change of each layer can enable the
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Curvature-change [476].

2. Programming local strain via actuation, e.g., air channels’ width increase of a
Baromorph plate when pressurized, can enable Curvature-change [402].

3. Fixing the border of a surface with expanding Area will lead to the surface’s bulge
to a convex dome, thus enabling Curvature-change [113].

With these technologies [476, 402, 113] changing Curvature will at the same time lead
to the Amplitude change.

Meanwhile, Size-changing technology can also be used to build Porosity-changing UIs.
For example, Volume increase of elastomer bladders around a hole will squeeze the hole
and reduce the Porosity [177].

Based on Curvature changing technologies, we can change Porosity, Zero-crossing and
Closure. For instance:

1. A flap curving over a hole will lead to Porosity increasing [475].

2. A straight strip with local parts curving will lead to Zero-crossing increasing [225].

3. A straight strip curve with its extremities coming closer will lead to Closure in-
creasing [509].

Apart from the 6 primitve geometric shape-changing features of Size, Curvature,
Amplitude, Porosity, Zero-crossing and Closure, other shape-changing features includ-
ing Stretchability, Strength, Speed, Modularity and Granularity orthogonal to them. For
instance, Stretchability enables these features’ change, and the low Strength is the trade-
off of high Stretchability [358]. Speed can express how rapidly all these features change
and the range of their shape-change rapidity. Modularity indicates the connection be-
tween different modules. Meanwhile, modules with different shape-changing features can
be connected together. As for the Granularity feature, it remains infinite according to
Morphees+ definition [226] as our study focuses on UIs developed with programmable
soft materials in this thesis.

Noteworthy is the incorporation of rigid materials in certain technologies, exemplified
by glass beads utilized as jamming media for changing Strength. A detailed discussion of
these technologies is deferred to Section 4.4 in Chapter 4 where we present our technologies
SoftMorphees of using only soft materials to realize different shape-changing features also
related challenges.

Given our current state of the art, we recognize that Curvature-changing UIs play
a pivotal role in constructing various types of SCIs (Figure 2.20). Recently, Curvature-
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changing UIs have also attracted a lot of HCI researchers’ interests (e.g., [157, 132, 423,
509, 133]). Moreover, Curvature serves as fundamental information for encoding any 3D
shapes [378]. Meanwhile, objects with curved surfaces play integral roles in our daily
lives, constantly surrounding and engaging our senses (e.g., [492, 224, 169, 362, 491, 494,
88, 5, 309, 82, 233, 467]). Hence, in this thesis, our focus will predominantly be on
the Curvature features of UIs, with Chapter 3 delving into users’ Curvature perception
ability, particularly under different softness conditions, Chapter 5 developing UIs capable
of changing both Curvature and Strength, and Chapter 6 creating a shape-morphing watch
that provides users with haptic feedback by altering Curvature.
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Chapter 3

HUMAN CAPABILITIES

3.1 Introduction

In the Introduction (Chapter 1), we discussed the user behavior challenges in shape-
changing interfaces (SCIs) research and we identified the research problem concerning
users’ ability to perceive shapes of SCIs. Unlike traditional planar rigid UIs, such as
planar LCD screens, SCIs can exhibit diverse shapes [363, 376, 226]. When users interact
with and explore SCIs through contact and touch, their shapes offer important infor-
mation, enhancing the interaction experience in multiple aspects, including improved
affordance [442], haptic feedback [411], ergonomics [25] and enhanced immersion in ap-
plications such as virtual reality (VR) and augmented reality (AR) [435]. Understanding
how well users can perceive the shapes of SCIs is thus a pivotal question to address before
delving deeper into the development of SCIs with dynamic shape-changing capabilities us-
ing programmable soft materials—another research problem discussed in the Introduction
(Chapter 1).

Our surroundings are filled with objects boasting curved surfaces [169, 362]. Everyday
items also come in various degrees of softness [228], inviting intentional or unintentional
tactile exploration of their shapes. Over the past decades in HCI research, a growing focus
has been on curved and soft materials [358]. The perception of soft surface curvature
becomes crucial in scenarios like VR when users touch surrounding objects for haptic
feedback [165], during surgical VR training with a soft organ proxy conveying feedback
through local curvature [290], when receiving curvature-based shape notifications from a
soft mobile device [509], or when soft physical buttons transition between modes based
on their curvature [157]. In these instances, user experience is influenced by the perceived
curvature of the soft surface [10, 240].

As outlined in our state-of-the-art review in Chapter 2, emerging technologies enable
the actuation of UI curvature (Section 2.1.2) and softness 1 (Section 2.1.7). Ensuring the

1. The Softness is related to Strength feature in Morphees [376] and Morphees+ [226] taxonomies.

85



Human capabilities

EXAMPLES

SCALES

IN THIS PAPER

EXAMPLES

SCALES

IN THIS CHAPTER

Gl
as
s[
18
9]

PL
A

Pl
as
tic
[3
39
]

Fa
t[7
4]

M
us
cle
[4
08
]

Fin
ge
r-
pa
d

So
ftn
es
s[
94
]

Gummycandy Gel shoe
insole

Rubber
band

106

Shoe
heel

Tire
tread

Pencileraser

Fin
ge
r-
pa
d

So
ftn
es
s[
99
]

Sk
in
[3
31
]

0 10 20 30 40 50 60 70 80 90SHORE00
0 10 20 30 40 50 60 70 80 90SHORE0

0 10 20 30 40 50 60 80 90SHOREA

104 105 107 108 109 1010

Rigid
Resin

Silicone softer
than the finger-pad

Silicone as soft
as the finger-pad

Silicone harder
than the finger-pad

YOUNG'S
MODULUS (Pa)

Figure 3.1 – (Top) Example materials and objects and (center) their approximate Young’s
modulus [438] and respective Shore hardness [437]. (Bottom) Types of silicone and resin
used in our experiment: Shore 00-10, Shore 00-50, Shore A-30, and Rigid.

effectiveness of such haptic feedback requires insight into users’ ability to perceive the cur-
vature of a soft UI. Addressing this issue is of paramount importance and timeliness, as it
represents a bottleneck in guaranteeing the efficiency of future interaction techniques [358,
10].

Based on prior work [74, 331, 189, 339, 408, 99, 94], we defined as soft 2 the materials
that have a Young’s modulus 3 in the order of 104–106 Pa. Figure 3.1 shows that human fat,
muscle, skin and silicone elastomer 4 are soft. Prior work studied the curvature perception
of rigid objects [138, 351, 171, 456, 459, 457, 255, 136, 137, 470, 346]. However, we do not
know yet how well users perceive the curvature of soft objects, and whether the softness
impacts the perception of the curvature. Yet, softness may have an impact on curvature
perception, because both hard and curvy objects lead to a high response frequency of the
same type of cutaneous mechanoreceptive afferent neurons [75, 1].

To design efficient haptic feedback with curvy and soft UIs, HCI designers particularly

Higher Softness usually corresponds to lower Strength.
2. Different measures can be used for describing the Softness level, such as Young’s modulus [438],

stiffness [31] and Shore hardness [437]. These measures are calculated differently and can convert among
each other [278, 439]. We further discussed differences and relationships among these measures in Sec-
tion 3.6.5.

3. The Young’s modulus is a measure of the rigidity of materials. It is defined by the ratio between the
lengthwise tension or compression on a material and its change of length [438]. The larger the modulus,
the more rigid the material.

4. Durometer (Shore) hardness test is a commonly used hardness test for elastomeric materials.
Durometer measurements assess the material’s resistance to indentation, a higher durometer reading
corresponds to a harder material. Different types of durometers have different hardness test ranges. A
Shore 00 durometer is typically used to test the hardness of extremely soft rubber, human and animal
tissue; a Shore 0 durometer is typically used to test the hardness of soft rubber and very soft plastics; a
Shore A durometer is typically used to test the hardness of harder rubber, e.g., soft vulcanized rubber
and natural rubber [437].
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need to know users’ precision, accuracy and speed when perceiving a change in the cur-
vature of the soft UI. Users’ precision is the minimum change in curvature of the soft UI
that users can notice (Just Noticeable Difference or JND). Users’ accuracy is the distance
between the actual and perceived curvature (Point of Subjective Equality or PSE). Users’
speed is the time users need to perceive the curvature of the soft UI (exploration time).
In this chapter, we are the first to measure the impact of softness on users’ precision,
accuracy, and speed when perceiving the curvature.

3.2 Related work

Our work builds on top of previous work that studied users’ psychophysical perception
of curvature and softness.

3.2.1 Perception of curvature

Curvature can be perceived through cutaneous and kinesthetic cues. The cutaneous
cues refer to the responses of mechanoreceptors [209] innervating the finger pad skin
within and in the neighborhood of the contact area [240, 415]. The kinesthetic cues refer
to the sense of position and motion of limbs, along with associated forces, conveyed by
the sensory receptors in the skin around the joints, joint capsules, tedons and muscles
[240, 415]. During passive touch, users only use cutaneous cues, while active touch [129]
involves kinesthetic cues [240].

Passive touch. Goodwin, John, and Marceglia applied surfaces with different curvature
as stimuli to participants’ passive index finger with controlled force [136, 137]. They
found that increasing the contact force (e.g., from 0.196 N to 0.588 N) could lead to
participants’ judging stimuli slightly less curved [136], and increasing the contact area
(e.g., from 19.6 mm2 to 53.6 mm2) could slightly decrease participants’ discrimination
threshold [137]. Meanwhile, they found that both the effect of contact force [136] and
contact area [137] were much smaller than the effect of surface curvature itself. They then
used microneurography to record responses of tactile mechanoreceptors on participants’
finger pads [1] when applying the same stimuli used in [136] to participants’ passive index
fingers. They found that the SAI afferents could well code the curvature information
of stimuli for their steeply monotonically increasing response frequency to the stimuli
curvature, whereas their response frequency increased slightly under larger contact force.
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In short, with passive touch, which involves only cutaneous cues, participants can
well discriminate surface curvature despite some slight bias induced by contact area and
contact force.

Active touch. Gordon and Morison found participants’ impressive performance when
discriminating different curvatures with active touch [129]. They conducted several exper-
iments [139] asking participants to use their index finger to actively explore the curvature
of a graded series of surfaces produced using plano-convex lenses (diameter of 60 mm, step
edge of 2 mm and base-to-peak height from 0 mm to 9.46 mm). They found participants
could, in average, distinguish a lens with base-to-peak height of 0.09 mm from a lens with
base-to-peak height of 0 mm (i.e. a flat lens).

Pont, Kappers, and Koenderink found the effective stimulus for participants to dis-
criminate surface curvature was the total height change over the surface (i.e., the ratio
between the height and width of stimuli) when they slide a finger over it to explore the
curvature [347]. This was confirmed by Louw, Kappers, and Koenderink in their exper-
iment measuring participants’ detection thresholds for curvature in a larger range with
stimuli having a Gaussian profile whose width (σ) ranges from 0.15 mm to 240 mm [255].
They found the discrimination threshold (i.e., stimulus height) of Gaussian-shaped stimuli
increased with a power of 1.3 with increasing stimulus width. These work suggested that
kinesthetic cues of participants’ finger motion (e.g., the ratio of movement distance in the
vertical and horizontal direction) can help participants to discriminate surface curvature.

Frisoli et al. conducted an experiment to confirm the important role of cutaneous
cues during curvature perception [116]. Authors asked participants to discriminate the
curvature of rendered virtual curved surfaces. These surfaces were rendered by a device
providing haptic information (cutaneous and/or kinesthetic cues) at the fingertip. Their
participants discriminated the curvature in two different conditions. (A) First, with only
kinesthetic cues: participants inserted their finger into a thimble supported by a kines-
thetic haptic device [70]. This device could provide users with kinesthetic cues by applying
to the finger tip a force in the direction perpendicular to the virtual surface rendered. (B)
Second, with both kinesthetic and cutaneous cues: during the exploration, an additional
small mobile plate supported by the same kinesthetic haptic device kept in contact with
the finger tip. In addition to the previous kinesthetic cues, the plate could rotate instan-
taneously along the tangent to the point of contact between the finger and the virtual
surface, to provide cutaneous cues informing about the shape geometry at the contact
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point. They found that with combined kinesthetic+cutaneous cues (B), participants were
more precise: they had a 43% lower threshold for curvature discrimination compared to
only kinesthetic cues.

In short, prior work found that users leverage both cutaneous and kinesthetic cues
for curvature perception. However, their stimuli were either rigid curved objects (e.g.,
[139, 347, 255, 137, 136]), or rendered virtual curved surfaces with a rigid plate varying
orientation (e.g., [116]). Consequently, these surfaces did not deform when the users’ finger
press on them. When touching a soft surface, the surface deformation can provide users
with important cutaneous cues [31]. Meanwhile, the deformation will inversely change the
local curvature of the surface. We need to further explore how this deformation caused
by the surface softness will impact users’ perception of the surface curvature. Such an
information will ensure reliable haptic feedback to users of soft SCIs.

3.2.2 Perception of softness

Srinivasan and LaMotte [415] studied the impact of cutaneous and kinesthetic cues on
participants’ perception of softness. They asked participants to discriminate the softness
of flat stimuli made of rubber with 5 different levels of softness and in three conditions:
(1) actively pressing with their middle finger on the stimuli; (2) actively pressing with
their middle finger on the the stimuli with local cutaneous anesthesia; or (3) passively
applying the stimuli on their middle finger pad with controlled contact force and speed.
In condition 1, both cutaneous and kinesthetic cues were available to participants. In
condition 2, only kinesthetic cues were available. In condition 3, only cutaneous cues were
available. They found with only kinesthetic cues (2), participants’ average discrimination
accuracy decreased markedly (e.g., from ≥ 93% to ≤ 55% when discriminating between
the softest stimuli and medium-soft stimuli). With only cutaneous cues (3), participants’
average discrimination accuracy decreased much more slightly (e.g., from averagely 98%
to averagely 93% when discriminating between the softest stimuli and the medium-soft
stimuli). Their work revealed the critical role of cutaneous cues in softness discrimination.

According to Hertz’s contact theory [207], the contact area of a finger with another
soft surface increases as the finger presses deeper into the soft surface. This contact area
increases more rapidly with a softer surface. Based on Hertz’s contact theory, Bicchi,
Scilingo, and De Rossi developed the Contact Area Spread Rate (CASR) device [36, 386]
to provide participants with cutaneous information through the contact area between
the finger and the device. The device varies its contact area with the user’s finger pad,

89



Human capabilities

through a set of concentric cylinders of different radii in a telescopic arrangement. As the
finger presses at the top of the system, it indents more deeply the cylinders. The finger
gets in contact with the larger cylinders, enlarging the contact area. Bicchi, Scilingo,
and De Rossi controlled the rate of the enlargement of the contact area according to the
softness of the simulated surface: the softer the surface, the more rapidly the contact area
increases as the finger presses on it. They found that with the cutaneous information
provided by CASR, the participants had a similar success rate for the recognition of
softness compared to real objects: 75% on average with CASR vs. 87% on average
by directly exploring objects. This experiment further confirmed the important role of
cutaneous cues, in particular the contact area, in softness discrimination.

Bergmann Tiest and Kappers conducted several softness estimation experiments using
cutaneous and/or kinesthetic cues. They verified the vital contribution of cutaneous cues
in softness discrimination (90% on average) and also show the less important contribution
of kinesthetic cues (10% on average) [31].

Users take both kinesthetic and cutaneous cues for softness estimation. However, cu-
taneous cues play a major role in softness perception. Both these cues also took part in
participants’ curvature perception. When participant touch and explore curved surfaces
with different softness, both types of cues can vary based on curvature and softness. E.g.,
both the cutaneous cues of pressure distribution around the contact area and the kines-
thetic cues of finger position can be different because of the different surface deformation
and/or finger pad deformation. Consequently, there might be an impact of softness on
curvature perception. For this reason, we study here the impact of softness on curvature
perception.

3.3 Experiment

The goal of our experiment is to explore whether the softness impacts participants’
ability to discriminate between different surface curvatures. For this, we use a method
called constant stimuli [351, 352, 450]. This method presents successively to participants
two stimuli in a random order in a trial: one with the reference curvature as the stimulus
of reference, and another with a different curvature as the stimulus of comparison (Fig-
ure 3.2(a) top right). It then assesses if they can discriminate the most curved stimulus.
This enables us to measure the just noticeable difference (JND) and the point of subjec-
tive equality (PSE) in curvature discrimination with stimuli of different softness. We also
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(a) A participant exploring our stimuli. The first stimulus exits following the direc-
tion of the red arrow and the second stimulus enters following the blue arrow.

H=16mm

Δh=4mm
R (10 mm)

D=16mm
(b) R indicates the radius of the curved surface.
The smaller the radius means the more curved
the surface. ∆h indicates height change over
the curved surface (∆h = R −

√
R2 − D2/4).

(c) Example stimuli: the left one is the most
curved (R = 8.3 mm), and the right one is
the flattest (R = 52.6 mm)

(d) (Left) The pressure sensor Interlink FSR406 stuck on the 3D printed support
and (middle) a stimulus to install on this support. (Right) The schematics of the
circuit for one sensor.

Figure 3.2 – (a) Experimental setup, (b) 3D model of a very curved stimulus, (c) pho-
tograph of two stimuli (from the group of softness Shore 00-50) used in our experiment,
and (d) pressure sensor and schematics of the circuit for sensor reading (as in [117]).
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measure the exploration time participants needed for discrimination.

3.3.1 Experimental parameters

Our independant variables were softness and curvature:
Softness: Shore 00-10, Shore 00-50, Shore A-30 and Rigid (bottom of Figure 3.1). The
rigid stimuli served as a baseline and to compare our results to prior work [352]. As
users categorize an object as hard or soft based on whether the object is more or less soft
than the finger pad [115], we chose the experimental levels of softness based on existing
measurements of the index finger pad hardness (≈ Shore 00-50) [99, 94]. The softness of
our soft stimuli was designed to be (1) softer (Shore 00-10), (2) as soft as (Shore 00-50),
and (3) harder (Shore A-30 ≈ Shore 00-80 [278]) than the index finger pad.
Curvature: To investigate perceptual sensitivity over a broad range of UI curvatures,
we studied 3 different curvatures levels: very curved, middle curved, and little curved as
in [352]. Each curvature condition corresponds to a stimulus of reference with radius
Rref=10, 20 and 40 mm. Participants were presented with 6 stimuli whose curvature
clustered around the comparative stimulus of reference as in [352]:

— Very curved (Rref=10 mm): R=8.3, 8.8, 9.4, 10.7, 11.5 and 12.5 mm;
— Middle curved (Rref=20 mm): R=16.7, 17.6, 18.8, 21.4, 23.1 and 25 mm;
— Little curved (Rref=40 mm): R=32.3, 34.5, 37, 43.5, 47.6 and 52.6 mm.

In each curvature condition, three stimuli of comparison were more curved than the refer-
ence stimulus, three were less curved than the reference stimulus, and their curvatures (in
m−1) were equally spaced, as explained in [127]. Figure 3.2(c) shows one stimulus with
the most curved surface (R=8.3 mm) and one with the flattest surface (R=52.6 mm) from
the group of softness Shore 00-50.

3.3.2 Participants

We recruited 12 participants (6 women, 6 men, M=26.1 years old, SD=4.1 years) at
the local university. One participant was left-handed. Each participant received a voucher
worth 50€. We measured the hardness of participants’ dominant index finger pad with a
bareiss hp Shore 00 durometer. The measurement followed a standard procedure [99].
The average hardness of participants’ finger was Shore 00-38.28 (SD=Shore 00-4.43).
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3.3.3 Stimuli

We used 84 stimuli in total: 4 softness × 3 curvatures levels × 7 stimuli (6 com-
parison stimuli + 1 reference stimulus). We printed the rigid stimuli with photo-polymer
resin (Formlabs standard clear resin) using a stereo-lithography 3d printer (Formlabs
Form3). We fabricated the molds for the soft stimuli with the same printer and with the
same resin as the one used for the rigid stimuli. We used three types of silicone from
Smooth-On, Inc. for our soft stimuli: Ecoflex 00-10, Ecoflex 00-50, and Dragon Skin 30
respectively for softness levels Shore 00-10, Shore 00-50, and Shore A-30. We followed
instructions from Smooth-On, Inc. for molding and unmolding. We verified the actual
curvatures of the fabricated stimuli as in [416] and report them in appendix A.1.

All our stimuli had the same height and the same base diameters. This prevents
confounding haptic cues from height [348] and contact area [137]. We chose for our stimuli
a base-to-peak height of 16 mm and a diameter of 16 mm, as shown in Figure 3.2(b). The
width (i.e., diameter) of our stimuli is similar to the a human’s index finger pad [79] and to
many existing soft UIs (e.g., [481, 27, 114]). The height of our stimuli allows participants
to freely rest their arms and wrists on the table to avoid fatigue during the experiment
and is similar to the height used in [255]. The 3D models of the stimuli or their molds
are provided in the supplementary material for replication [100].

We used magnesium powder to reduce friction between the skin and the silicone surface
as in [138]. We spread the magnesium powder evenly over all stimuli with a chalk ball
before each experimental session. During the experiment, participants can freely access
the chalk ball to spread the magnesium powder on their fingers when feeling too much
friction.

3.3.4 Experimental setup and procedure

Participants first signed an informed consent form and filled out a short demographic
questionnaire. As shown in Figure 3.2(a), participants sat at a table while their arms
and wrists rested freely on the table to avoid fatigue during the experiment. They freely
explored the curvature of the stimuli with the index finger of their dominant hand. A
box prevented participants from seeing their fingers and the stimuli. In front of the
participants, we installed a camera on a tripod to record participants’ finger movements
when exploring our stimuli (Figure 3.2(a)).

Our experiment used a two-alternative forced-choice procedure. In each trial, we
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Block 3:
Softness 3

Block 4:
Softness 4

Repetition 1
(20,23.1)(16.7,20)(20,21.4)(25,20)(21.4,20)(20,18.8)
(20,16.7)(17.6,20)(20,17.6)(20,25)(23.1,20)(18.8,20)

Repetition 2 Repetition 3

Block 1: Softness 1
Block 2:

Softness 2

Series 1: Curvature levels 1
Training 1

Series 2:
Curvature
levels 2

Training 2

Series 3:
Curvature
levels 3

Training 3

Figure 3.3 – Experimental procedure with the first repetition illustrated: this participant
first experienced the middle curvature (Rref= 20 mm). Every pair in the illustrated
repetition indicates the radii of the curved surfaces successively presented in one trial. In
every pair, one of the radii is of the reference stimulus (Rref=20 mm).

presented the pair of stimuli to compare sequentially, as we are interested to know if users
can perceive a change in the curvature of a single “widget” –such as a button changing
its curvature over time– as many interactive devices do, e.g., [157, 462, 132]. We chose to
have an interruption, as small as possible, between the exploration of each stimulus, as
this is the most common procedure [232] and users sometimes take their finger off the UI
in real situations. We expect this method to measure a safer JND for designers as prior
work showed that continuous exploration of both stimuli –i.e.,with no interruption in the
exploration of both comparison stimuli– resulted in a smaller JND in compliance [232].

We aim at a quick switch between the two stimuli to be compared, to decrease the
“time error” due to the memory of the first stimuli fading with time [352, 232]. For this,
as shown in Figure 3.2(a), the experimenter places both stimuli to be compared on a 3D
printed rail guide. When switching, the support guides the sliding of the first stimulus
out of the participant’s reach, and the sliding of the second stimulus precisely below the
participant’s finger. The average switching time between two stimuli in our experiment
was 2.25 s (SD= 0.21 s), similarly to prior work [351, 136, 137].

A participant had to indicate which of the two presented stimuli (Figure 3.2(a) top
right) felt more curved (as in [457]) by saying “first” or “second”. No restrictions were
imposed on the exploration time of each stimulus, as in [457, 171, 351].

As the example shown in Figure 3.2(d) (left), we stuck a 39.6×39.6 mm2 commercial
pressure sensor (Interlink FSR406 [195]) on each 3D printed support with double-sided
tape. This sensor enables the recording of the force that participants applied to our
stimuli when exploring our stimuli. Figure 3.2(d) (right) shows the schematics of the
trans-impedance circuit that we implemented to ensure a nearly linear output of our
sensors, following the guide of the vendor (Interlink Electronics) similar to the circuit
implemented in [117]. We used a Teensy2 to read the sensors’ output.

We developed a software running on macOS using PyQT5 [249] for the experimenter
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to quickly and correctly present the stimuli, and to record the exploration time and the
exploring force of each stimulus, and the participants’ answers. The exploration time of
the first stimulus was defined as the duration between the time when the experimenter
asked the participants to start exploring the first stimulus, and the time participants
signaled the experimenter that they completed their exploration. Then the experimenter
switched the stimuli as presented in Figure 3.2(a) and asked participants to explore the
second one. The exploration time of the second stimulus was defined as the duration
between the time when the experimenter asked the participants to start exploring the
second stimulus, and the time participants answered “first” or “second” as the most
curved.

3.3.5 Experimental design

Independent variables were softness and curvature. We used a fully-crossed,
within-subjects factorial design with repeated measures. Every participant experimented
with all softness and curvature conditions.

The first dependent variable was the percentage of times the participants responded
that the stimulus of comparison felt more curved than the stimulus of reference. The
second dependent variable was the exploration time, for both first and second exploration
of a trial of discrimination between two stimuli.

As shown in Figure 3.3, we had in total 3 series of experimental comparisons, one for
each curvature level. Participants trained before each series. For this, they compared
the two most different pairs of stimuli, i.e., the least and the most curved to the current
reference stimulus. The softness of the training stimuli was chosen randomly. As in [348],
the experimenter gave feedback on the correctness of the answer during the training, and
the experimental series started after participants correctly judged four of these combina-
tions successively. In each series, we had four blocks of experimental comparisons, one
block for each softness condition. Each block was repeated three times. In each block of
experimental comparisons, we repeated twice each of the 6 possible comparisons to the
reference stimulus, in opposite order [352]. This lead to 12 trials per block. Figure 3.3
shows an example of 12 trials that one participant experienced. As in [457], the partic-
ipants did not know that the reference stimulus was presented in all trials. As in [348,
457], participants did not receive feedback on their performance during the experiment.

After finishing all 12 trials of one block, participants were allowed to take a short
break until they felt ready for the next block. The order of presentation of the three
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series was randomized. The order of presentation of the four blocks was counterbalanced
across participants according to a Latin square. The order of presentation of 12 trials in
one block was pseudo-randomized. Each series of experimental comparisons took around
75min. Participants completed each series of experimental comparisons on three different
half-days to reduce the impact of fatigue. After each series, participants filled a short 5
items Likert-scale questionnaire to evaluate the difficulty of the curvature discrimination
in each softness condition from very easy to very difficult. In total, the experiment took
4 hours for each participants.

Following previous work, we draw the following three hypotheses for all curvature
conditions:

H1: The softer the surface, the lower participants’ curvature perception precision, i.e.,
the larger the just noticeable difference (JND) in curvature.

H2: The softer the surface, the lower the participants’ curvature perception accuracy,
i.e., the larger distance between the point of subjective equality (PSE) and the reference
curvature.

H3: The softer the surface, the slower participants discriminate the curvature, i.e.,
they take longer exploration time for the first stimulus, for the second stimulus, and for
their average.

In order to reduce unintentional false positive inflation of results [501], our study was
registered before collecting the data 5.

3.4 Data pre-processing and analysis

3.4.1 Just-noticeable difference (JND) and Point of subjective
equality (PSE)

We computed the JND and PSE values for each participant in each softness × cur-
vature as in [287]. We first fit the proportion of times participants reported the com-
parison stimulus as the least curved with a Generalized Linear Model using a probit link
function [287] to obtain a psychometric curve based on standard psychophysical proto-
col [127, 287]. Figure 3.4(a) presents an example of a psychometric curve, resulting from
the fitting of participant P2’s responses when discriminated stimuli with Rref=10mm and
softness=Shore 00-50.

5. Registration of the experiment available at http://osf.io/scnj9/
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(a) Proportion of times P2 reported the comparison stimulus
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(c) JND pairwise differences between each softness pair (Y axis)
for each curvature condition, computed for each participant
individually and averaged.

Figure 3.4 – Just noticeable difference computation and results.
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We then estimate the PSE and JND values based on the psychometric curve obtained
with the fit functions based on standard psychophysical protocol [127, 287]. The PSE
refers to the 50% point on the psychometric curve, where participants have half chance
on average to judge the comparison reference less curved than the reference stimulus
(e.g., 10.2 mm in Figure 3.4(a)). The PSE is a measure of participants’ perception accu-
racy [287]. A PSE closer to the reference curvature (e.g., closer to 10 mm in Figure 3.4(a))
means less perception bias, thus better accuracy.

The distance between the 50% point and 75% point on the psychometric curve (e.g.,
10.7 mm in Figure 3.4(a)) indicates the JND (e.g., 0.5 mm in Figure 3.4(a)). The JND
indicates the threshold of difference in curvature that can be perceived with a probability
halfway between a chance response (i.e., 50%) and an always-correct response (i.e., 100%).
The JND refers to participants’ perception precision: the smaller the JND, the better the
precision [287].

3.4.2 Analysis

We use estimation techniques based on means and 95% bootstrapped confidence in-
tervals (CI) as recommended by Dragicevic [91], and pairwise differences to show effect
sizes. These methods are recommended by the APA [20] and largely adopted [83, 221,
80, 206, 237, 293]. We opted for this nuanced analysis of the direction and magnitude
of the effect. A pairwise difference is an intra-subject measurement that expresses the
effect size and is computed between each mean. This allows to quantify the difference per
participant.

3.5 Results

3.5.1 Just noticeable difference (JND)

H1 is partially verified: Participants do not have a lower curvature perception precision
with a softer surface. I.e., not in all curvature condition, they had a larger JND of
curvature in a softer condition.

Figure 3.4(b) shows that in the most curved condition (Rref=10 mm), partic-
ipants performed with similar perception precision in all four softness con-
ditions : Shore 00-10 JND= 0.75 mm (CI [0.45, 1.25]), Shore 00-50 JND= 0.68 mm
(CI [0.56, 0.83]), Shore A-30 JND= 0.53 mm (CI= [0.38, 0.71]), Rigid JND= 0.58 mm
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(CI= [0.38, 0.83]). We did not measure an effect of softness. It is consistent with the
pairwise difference shown in Figure 3.4(c): the error bars of all softness pairs cross zero
in curvature=10 mm condition.

In middle curved condition (Rref=20 mm), participants performed with
similar perception precision in the two softest conditions: Shore 00-10 JND=2.63
mm (CI [2.20, 3.28]), Shore 00-50 JND= 2.72 mm (CI [2.09, 3.38]). Participants also
performed with similar perception precision in the two hardest conditions:
Shore A-30 JND=2.03 mm (CI [1.67, 2.46]), Rigid JND=1.97 mm (CI= [1.64, 2.44]).
Participants performed with better perception precision in the two hardest
conditions than in the two softest conditions. It is consistent with the pairwise
differences shown in Figure 3.4(c): in Rref=20 mm condition, only the error bars of the
pairs Shore 00-10–Shore 00-50 and Shore A-30–Rigid cross zero. This can result from
a small difference (see Figure 3.4(b)). What we learn from this experiment is that the
curvier, the less the impact of the softness of the curvature perception. Rref=20 mm might
lie at the limit of curvature where this happens.

In the flattest condition (Rref= 40 mm), participants performed with better
precision in the more rigid conditions (Figure 3.4(b)): Shore 00-10 JND=8.61 mm
(CI [6.35,11.36]), Shore 00-50 JND=7.14 mm (CI [5.93,9.38]), Shore A-30 JND=4.93
mm (CI [4.24,5.58]), Rigid JND=4.32 mm (CI [3.53,5.06]). However, in Figure 3.4(c), in
Rref=40 mm condition, the error bars of the pairs of Shore 00-10–Shore 00-50 and Shore A-
30–Rigid cross zero. This suggests similar perception precision in the two hardest
conditions and also in the two softest conditions, for the flattest curvature.
Participants performed with better perception precision in the two hardest
conditions than in the two softest conditions. These might be explained by a
higher variability among participants, because the error bars are larger in Rref=40mm in
Figures 3.4(b) and 3.4(c).

Figure 3.4(b) shows that participants’ JND increased as the stimuli become flatter
from Rref=10 mm to 40mm. More precisely, the power-law fit results in Figure 3.4(b)
show that the exponent increases from 1.45 to 1.76 as the stimuli become softer from
Rigid to Shore 00-10. In addition, all exponents are larger than 1. This suggests that,
with a softer material, participants’ curvature perception precision may more strongly
decrease as the surface becomes flat. In addition, the difference in perception precision
between different softness conditions may be larger as the surface becomes flat.

Interestingly, Provancher et al. conducted similar curvature perception experiments
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(a) Perception accuracy in each curvature and softness.
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(b) Pairwise difference in accuracy between pairs of softness.

Figure 3.5 – Accuracy (i.e., distance between PSE and reference curvature).

with only rigid stimuli [351, 352]. Their results are shown in gray on Figure 3.4(b).
Their results are similar to our result with the rigid condition, with a slightly lower JND
with Rref=20 mm and a slightly higher JND with Rref=40 mm. We further discuss our
replication of their experiment with rigid stimuli in section 3.6.1.

3.5.2 Point of Subjective Equality (PSE)

H2 is not verified: Participants do not have a lower curvature perception accuracy
with a softer surface. I.e., there was not a larger distance between the PSE and the
reference curvature in softer conditions in each curvature condition.

Figure 3.5(a) shows that participants tended to be less accurate when exploring less
curved surfaces. The average distance between PSE and the reference curvature is 0.31
mm (CI=[0.26,0.38]) for Rref=10mm, 0.90 mm (CI=[0.69,1.15]) for Rref=20mm, and 2.67
mm (CI=[2.12,3.48]) for Rref=40mm. In the most curved condition (Rref=10 mm),
participants performed with similar perception accuracy in all four softness
conditions. The distance between the PSE and the reference curvature is 0.41 mm (CI
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[0.29, 0.63]) for Shore 00-10, 0.34 mm (CI [0.24, 0.43]) for Shore 00-50, 0.24 mm (CI [0.15,
0.33]) for Shore A-30, and 0.25 mm (CI [0.16, 0.37]) for rigid. We did not measure an
effect of softness. It is consistent with the pairwise differences shown in Figure 3.5(b):
the error bars of all softness pairs cross zero when Rref=10 mm.

In the middle curved condition (Rref= 20 mm), participant performed with
the highest perception accuracy in the little rigid condition and the lowest
perception accuracy in the softest condition. The distance between the PSE and
the reference curvature is 0.58 mm (CI [0.29, 1.09]) in the Shore A-30 condition, and 1.13
mm (CI [0.67, 1.62]) in the Shore 00-10 condition. Participants’ perception accuracy with
Shore 00-50 and Rigid conditions were similar and located between the accuracy of the
previous other two softness conditions. The distance between the PSE and the reference
curvature is 1.03 mm (CI [0.67, 1.41]) with Shore 00-50 and 0.83 mm (CI [0.45, 1.65])
with rigid stimuli. All error bars in Rref=20 mm condition (Figure 3.5(b)) cross zero or
near it. This suggests that participants’ perception accuracy was similar in all
four softness conditions.

In the flattest condition (Rref=40 mm), participants performed with de-
creasing perception accuracy with softer conditions (Figure 3.5(a)). The distance
between the PSE and the reference curvature is 3.46 mm (CI [1.96, 6.29]) with Shore
00-10, 3.01 mm (CI [2.08, 3.93]) with Shore 00-50, 2.24 mm (CI [1.62, 3.14]) with Shore
A-30, and 1.95 mm (CI [1.04, 3.14]) with rigid stimuli. However, Figure 3.5(b) shows
that error bars of the pairwise comparisons between all six softness pairs cross zero for
Rref=40 mm. This suggests that participants had similar perception accuracy in all
four softness conditions with the flattest curvature.

3.5.3 Exploration time

H3 is partially verified: Participants do not discriminate curvature slower with a softer
surface. I.e., not in all curvature conditions, participants needed longer exploration time
for the first stimulus, for the second stimulus, and for their average in softer conditions.

Figure 3.6(a) shows that participants need much less time to explore the second stimu-
lus in a trial after completing the exploration of the first one. This applies to all reference
curvature and softness conditions. After taking the time to memorize the first stimulus,
participants make their decision faster with the second stimulus.

In all three curvature conditions, the softer the stimulus, the longer the
exploration times (Figure 3.6(a)). For instance, when Rref= 10 mm, participants’
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(a) Exploration time of the first stimulus of a trial (top), of the second stimulus (middle), and their
average (bottom), in each curvature and softness condition.
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(b) Pairwise difference of the time between pairs of softness for each curvature condition.

Figure 3.6 – Exploration time.
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average exploration time increased from 3.21 s (CI [2.70, 4.03]) when exploring the rigid
stimuli to 3.46 s (CI [2.85, 4.37]) when exploring the softest stimuli (Shore 00-10). When
Rref= 20 mm, participants’ average exploration time increased from 3.54 s (CI [2.87,
4.64]) to 4.04 s (CI [3.17, 5.24]). When Rref= 40 mm, participants’ average exploration
time increased from 3.98 s (CI [3.11, 5.57]) to 4.37 s (CI [3.42, 5.78]). However, there
are large overlaps of error bars in almost all three curvature conditions for all the three
exploration times. This indicates the slow increase of the necessary time to explore
the curvatures of softer surfaces. This is consistent with the pairwise differences of
exploration times (Figure 3.6(b)). Seven out of the nine Shore 00-10–Rigid pairwise
comparisons do not cross zero, showing that there is a major increase of exploration times
between the softest and the rigid condition. However, all the error bars of the pairwise
difference of exploration time of two neighbor softness pairs cross zero or near it (Shore
00-10–Shore 00-50, Shore 00-50–Shore A-30, Shore A-30–Rigid). The only exception is
the pairwise difference of exploration time of Shore 00-10–Shore 00-50 for Rref=40mm. In
these conditions, the pairwise difference of exploration time is 0.59 s (CI [0.14, 1.15]) for
first stimulus, 0.47 s (CI [0.17, 0.99]) for the second stimulus, and 0.56 s (CI [0.18, 1.08]) for
their average. This exception suggests that in the flattest condition (Rref=40 mm),
participants need a much longer exploration time (all for the first stimulus,
the second stimulus, and their average) when exploring the softest (Shore 00-
10) stimuli than other softness conditions including its neighbor softness condition
(Shore 00-50).

3.5.4 Difficulty estimation

In addition to the three measures registered5, i.e., JND, PSE, and Exploration time, we
also studied participants’ subjective difficulty to discriminate the curvatures. Figure 3.7(a)
shows that participants clearly found more difficult to discriminate between
curvatures when the material is softer. E.g. in the most curved condition (Rref=10
mm), participants found it rather easy (M=1.83, CI [1.42, 2.17]) to discriminate the rigid
stimuli. However, they found it rather neutral (M=3.42, CI [2.58, 3.83]) to discriminate
the softest stimuli. In the middle curved condition (Rref=20 mm), participants found it
rather easy (M=2.17, CI [1.83, 2.59]) to discriminate the rigid stimuli. However, they
found it rather difficult (M=4.08, CI [3.33, 4.50]) to discriminate the softest stimuli. In
the little curved condition (Rref= 40 mm), participants found it rather easy (M=2.33,
CI [1.92, 2.75]) to discriminate the rigid stimuli. However, they found it rather difficult
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(a) The curvature perception difficulty estimated by participants in each curvature and softness
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(b) Pairwise difference in subjective difficulty between two softness for each curvature condi-
tion.

Figure 3.7 – Subjective discrimination difficulty.
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(M=4.17, CI [3.42, 4.50]) to discriminate the softest stimuli. These results are consistent
with the pairwise differences shown in Figure 3.7(b). All the error bars of the pairwise
differences between Shore 00-10 and rigid do not cross zero.

3.6 Discussion

3.6.1 Partial replication of prior work

Our experiment, through the curvature perception of rigid curved surfaces, was a
partial replication of previous work [351, 352]. While we shared the same curvature levels
of stimuli used in prior work, we extended the scope of Provancher et al.’s experiment to
stimuli with different softness. In their experiment, participants rolled their index finger
along the circumferential direction of rigid cylinders with different radii to explore their
curvature. On the contrary to our stimuli that had spherical surfaces, Provancher et al.’s
stimuli were curved only in the direction along the finger (distal-proximal direction), not
in the direction across the finger (radial-ulnar direction). The reason for this difference
is that one of our objectives was to prepare guidelines for the design of soft curvature-
changing UIs, such as buttons [132, 462, 157]. We found that spherical shapes were
more widespread than cylindrical shapes in soft curvature-changing UIs. For instance,
Pneumatibles [132], Fingertip Softness Tactile display [114], Haptic Jamming [419], and
Inflatable Hemispherical Multi-touch Display [423] are soft curvature-changing UIs with
spherical shapes.

Another difference with their experiment is the diameter D of the stimuli base cylinder
(Figure 3.2(b)). In their experiment, the flatter the stimulus (i.e., the larger the radius of
the curved surface), the larger the diameter of the stimulus. In our experiment, as shown
in Figure 3.2(b), all of our stimuli had the same base diameter. A reason for this difference
is that we wanted to prevent any confounding cues from the contact area [137], because
a larger diameter can result in a larger contact area with the participants’ finger pads, in
addition to larger exploratory movements. Another reason for this difference is that one
of our objectives was to prepare guidelines for the design of soft curvature-changing UIs.
Curvature and size are two independant dimensions of SCIs [226], and curvature-changing
UIs do not necessarily change their size (e.g., [132]). In addition, enlarging a UI might be
troublesome because of geometrical constrains from the body or environment [10]. Future
work should study the impact of the base diameter.
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As shown in Figure 3.4(b), Provancher et al. curvature perception precision (i.e., JND)
of rigid surfaces was similar to ours in Rref=10 mm: 0.84 mm [351] vs. 0.58 mm (CI [0.38,
0.83]). For Rref=20 mm, Provancher et al.’s participants were slightly more precise: 1.49
mm [351] vs. 1.97 mm (CI [1.64, 2.44]). For Rref=40 mm, Provancher et al.’s participants
were slightly less precise: 5.74 mm [351] vs. 4.31 mm (CI [3.53, 5.06]).

We hypothesize that these differences come from the two types of cues in curvature
perception: the kinesthetic and cutaneous cues. Pont, Kappers, and Koenderink [348]
found that kinesthetic cues were effective for participants to discriminate surface curva-
ture. In particular, when users slide their finger over the stimulus to explore the curvature,
an effective cue is the total height change over the surface. In other words, users discrim-
inate from the the ratio between the height and width of stimuli, i.e. the ratio of ∆h

D
in

Figure 3.2(b). As a consequence, when two stimuli have the same curvature but are of
different base diameters, the larger stimulus has the larger total height change over the
surface (∆h

D
), and therefore, this can improve participants’ curvature perception preci-

sion. When Rref=20 mm, the base diameter of Provancher et al.’ cylindrical stimuli was
larger than ours (see Figure 4-6 in [352]). For this reason, their participants could get
stronger kinesthetic cues from rolling their fingers on the stimuli than our participants.
This might explain why they found better precision when Rref=20 mm. However, this
cannot not explain why Provancher et al.’s curvature JND was slightly less precise when
Rref=40 mm.

Vogels, Kappers, and Koenderink studied participants’ curvature discrimination ab-
solute threshold, i.e., the just noticeable difference between a curved surface and a flat
surface (0m−1), through static touch –which involves only cutaneous cues. They stud-
ied stimuli with double curved surfaces (e.g., spherical and elliptical). They found a
lower threshold (0.2 − 0.32m−1, i.e., corresponding radius 3.125 − 5m) than the threshold
found by Pont, Kappers, and Koenderink in [346] (0.5−0.9m−1, i.e., corresponding radius
1.11−2m) with cylindrical stimuli. This suggests that double curved surfaces (e.g., spher-
ical surfaces) could provide participants with better cutaneous cues than single curved
surfaces (e.g., cylindrical surfaces). In our experiment, participants touched and explored
stimuli with spherical surfaces, which should provide them with better cutaneous cues
than stimuli with cylindrical surfaces [351, 352]. When exploring stimuli in Rref=40 mm,
the kinesthetic cue weakened both in Provancher et al.’s and our experiment because of
smaller ratio of ∆h

D
(detailed calculation in appendix A.2). The cutaneous cues might

play an more important role in curvature discrimination, while the kinesthetic cue was
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weaker. This might explain why the precision we found when Rref=40 mm was better
than prior work [351, 352].

We suppose that in nearly flat condition, the kinesthetic cues were so weak that the cu-
taneous cues played a more important role, while kinesthetic played a more important role
when the surface curvatures were more curved (Rref=20 mm). When exploring surfaces
very curved (Rref=10 mm), we suppose that both cutaneous and kinesthetic cues were
strong, and participants can well combine them. Thus, if one of these cues is weaker,
participants’ perception precision should not significantly decrease. This may also ex-
plain why users had similar perception precision and accuracy with very curved surfaces
in different softness conditions.

3.6.2 Impact of softness on precision (JND)

To propose an explanation of the impact of softness on JND as the surface becomes
flatter, we use Hertz contact theory [208]. Hertz contact theory provides a model for the
contact between two elastic bodies. Even though Hertz contact theory is a rough model
of finger pad contact [317], it helps to understand the process when our finger touches soft
curved surfaces. Based on Hertz contact theory, we can roughly simplify the contact and
deformation between participants’ finger pads and our curved surfaces as the contact and
deformation between two elastic curved spheres [37, 387] with respectively the radius of
RF ingerP ad and RStimulus, and Young’s modulus of EF ingerP ad and EStimulus. The contact
area between a finger and a curved soft stimulus can be approximated as a circle with the
following radius r [37, 387]:

r = (3PR

4E
) 1

3 (3.1)

Where P is the pressure that participants applied to the stimulus, R is the the relative
radius of curvature, and E is the equivalent modulus. These variables depend on the
radius and Young’s modulus of participants’ finger pad [317] and the stimulus: E =
(0.75( 1

EStimulus
+ 1

EF ingerP ad
))−1 and R = ( 1

RStimulus
+ 1

RF ingerP ad
)−1.

To simplify the analysis of the impact of the stimulus curvature RStimulus and stimulus
softness EStimulus on the deformation, we suppose that:

EF ingerP ad = a EStimulus, RF ingerP ad = b RStimulus (3.2)

Where a and b are participant-dependent constants. Then, the relative radius of cur-
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vature R and the equivalent modulus E can be written as: E = 4a
3(a+1) EStimulus, R =

b
b+1 RStimulus. Equation 3.1 can then be simplified as r = ( 9b(a+1)

16a(b+1))
1
3 (P RStimulus

EStimulus
)

1
3 . As

( 9b(a+1)
16a(b+1))

1
3 is constant for each participant, we can set it as a constant C in the purpose

of simplifying the analyze. Equation 3.1 can then be simplified as:

r = C(PRStimulus

EStimulus

)
1
3

(3.3)

According to equation 3.3, either the increase of stimulus softness (i.e., smaller
EStimulus) or the decrease of stimulus curvature (i.e., larger RStimulus) will lead to a larger
contact area.

The JND power-law fit on Figure 3.4(b) shows that the softer the stimuli, the larger
the exponent. In addition, all exponents were larger than 1. This suggests that, with a
softer material, participants’ curvature perception precision may more strongly decrease
as the surface becomes flat. Also, the difference in perception precision between different
softness conditions may be larger as the surface becomes flat. To better understand the
impact of surface softness on contact area under different curvature conditions, we can
calculate the derivatives of r over EStimulus:

∂r

∂EStimulus

= −C

3 (PRStimulus)
1
3
EStimulus

− 4
3 (3.4)

According to equation 3.4, with flatter stimuli (i.e., larger RStimulus), the contact area
increases more rapidly with softer stimuli (i.e., smaller EStimulus). This is consistent with
our JND power-law fit result: Figure 3.4(b) suggests a larger difference in perception
precision between different softness conditions as the surface becomes flatter. This might
be explained by the surface and/or the finger pad deformation. On the one hand, a
larger contact area slightly improves participants’ perception precision [137] when pas-
sively touching rigid stimuli. On the other hand, the larger contact area means also bigger
deformation of the stimulus and the finger pad. This deformation might inversely harm
our perception of the shape, e.g., when stimuli are too flat and/or too soft. So far, this did
not explain why participants could perform in soft conditions as precisely as in rigid con-
ditions with our most curved stimuli (Rref =10 mm). We suppose the reason is that both
cutaneous and kinesthetic cues were strong enough. A slight deformation of the stimulus
and/or the finger pad should then not significantly decrease participants’ precision.
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(a) Perception bias in each curvature and softness.
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(b) Pairwise difference in bias between two softness for each curvature.

Figure 3.8 – Perception bias (i.e., signed difference PSE - Rref).

3.6.3 Similar accuracy with different softness

One of our main finding was that participants’ perception accuracy did not differ
systematically between different softness conditions in all curvature conditions. Yet, when
exploring less curved surfaces, participants tended to be less accurate.

Previous work found factors possibly biasing participants’ curvature perception accu-
racy with rigid stimuli. Among them, Vogels, Kappers, and Koenderink [470] observed
bias from the shape of the surface around participants’ fingers: they experimented with
stimuli with double curved surfaces (e.g., spherical and elliptical), which can be defined
by two principal curvatures. They found that the curvature in the direction perpendicular
to participants’ finger (radial–ulnar direction) biases participants’ perception accuracy of
the curvature along their finger (distal-proximal direction). E.g., their participant judged
a curvature to be more convex when the perpendicular curvature was convex than when
this curvature was concave. The fact that participants tended to be less accurate (i.e.,
larger absolute values bias) when exploring less curved surfaces in our experiment might
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be explained by the bias of the shape of the surface around participants’ fingers [470].
The deformation of stimuli and/or finger pads during the exploration may change the cur-
vature distribution around participants’ finger pads, as the surface is no longer a sphere.
According to Hertz’s contact theory [208], when exploring less curved surfaces (larger
RStimulus in equation 3.3), the deformation is larger (larger r in equation 3.3). This may
explain the tendency for a lower accuracy.

The PSE indicates the curvature that participants subjectively feel equal to the corre-
sponding reference curvature. To design accurate feedback with softness- and/or curvature-
changing UIs, we should compensate for the difference between the real curvature and the
curvature we expect participants will subjectively feel. For this reason, it is important
to know whether systematic bias exists in any curvature and/or softness condition. Fig-
ure 3.8(a) shows the bias (i.e., the difference between PSE and the reference curvature)
in each curvature and softness condition 6. We can see that almost all error bars cross
zero, except two in the flattest condition: For Rref= 40 mm, the bias for the Shore 00-10
material is 3.23 mm (CI [1.60, 6.07]), and the bias of the rigid material is 1.59 mm (CI
[0.46, 2.93]). This indicates that, in average, participants overestimated the curvature
of rigid and softest stimuli in the flattest condition. I.e. participants felt that a rigid
stimuli with an actual radius of 43.23 mm was a radius of 40 mm, and that participants
felt that a Shore00-10 stimuli with an actual radius of 41.59 mm was a radius of 40 mm.
This suggested that we should shift very soft (Shore 00-10) or rigid UIs’ curvature to less
curved when developing nearly flat UIs (R ≈ 40mm).

In our experiment, the loss in accuracy occurred only in two extreme softness condi-
tions (i.e., Shore 00-10 and rigid) when discriminating the lowest curvatures (R ≈ 40mm).
In addition, the participants in average overestimated the curvature under these conditions
only. A larger RStimulus can lead to larger deformation, and thus more bias. Furthermore,
in the two extreme softness conditions, the large difference of softness between finger pads
and stimulus lead to great deformation of either the stimuli (Shore 00-10 condition) or
the finger pad (Rigid condition). This may explain the bias specific to these conditions.
To better understand the overestimation of curvature for these conditions, future work
can consider techniques for modeling the finger pad deformation when pressing on a rigid
surface [145]. In addition, Figure 3.8 show a large variation among participants (blue
dots). This may be explained by participant-dependent constants a and b in equation 3.2.

6. Figure 3.5 shows the distance between PSE and the reference curvature, i.e. the absolute value of
the difference between PSE and the reference curvature. Figure 3.8 shows the difference, which can be
either negative or positive.
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Modeling techniques [145] may also help future understanding of the variation among
participants.

3.6.4 Slower exploration and higher difficulty with softer mate-
rial

There is no prior work on the exploration time of soft and curvy surfaces. We found
that participants’ exploration time in the softest condition was longer than the rigid con-
dition for all curvatures (for the first and second stimulus, and their average). At the same
time, the increase of the exploration time was slow when surfaces become softer. We can
explain the slow increase in exploration time thanks to prior work. Neurophysiologists
found that the SAI afferents play a major role in the cutaneous cues to encode the object
shape (i.e., surface curvature in our experiment) [1, 209]. Prior work passively applied
surfaces with different curvatures on participants’ finger pads with controlled force and
recorded the response of SAI afferents [1]. They found that the form of stimulus-response
functions (i.e., the number of responses of SAI to different curvature of stimulus) mea-
sured over 1s were similar to the responses measured over 0.2s. This suggested our tactile
mechanoreceptors are capable of rapidly encoding surface curvature information (within
0.2s). We hypothesize that the rapid shape-encoding capability of our mechanoreceptors
might rapidly provide us with important cutaneous cues to estimate the curvature when
our finger pads first touches a surface of any softness. On the contrary to passive percep-
tion [1], active curvature perception involved both cutaneous and kinesthetic cues [116].
We suppose the poorer kinesthetic cues with softer stimuli (i.e., the larger deformation of
stimuli leads to less height change during exploration) may play a major role in the in-
crease of the exploration time. The fact that mechanoreceptors rapidly provide cutaneous
cues may explain the slow increase of exploration time.

These two types of cues involved in curvature perception may also explain why partic-
ipants estimate the discrimination difficulty to be larger in softer conditions. Participants
perceived both kinesthetic and cutaneous cues for curvature discrimination. Both are af-
fected by surface deformation and may hinder participants’ discrimination. Future work
can further study the impact of softness on participants’ subjective difficulty to perceive
curvature.
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3.6.5 Different measures of softness

The softness of an object can express different physical quantity. First, the Young’s
modulus (E) of a material is the ratio between the pressure, i.e., the force per unit area
(F/A) applied to the object and the strain, i.e., the relative deformation of the object
(∆l/l): E = F/A

∆l/l
[438, 439]. The Young’s modulus is a property of the material and is

independent of the size and shape of the object.
Second, the stiffness (k) of an object is the ratio between the applied force and the

deformation: k = F
∆l

. The stiffness is a property of the object and depends on its shape
and size. E.g., a silicone cylinder is half stiff as another silicone cylinder of the same
material, if it has the same cross-sectional area but half the thickness [31].

Bergmann Tiest and Kappers compared these two measures of softness [31]: they
demonstrate the major contribution of the Young’s modulus (E) for softness discrimina-
tion (90% on average) and show the less important contribution of stiffness (k) (10% on
average).

Both the Young’s modulus and the stiffness can be measured through compression
tests. Such tests control the force applied and measures the resulting displacement while
the material is compressed. We conducted compression tests to measure the stiffness of our
stimuli and the Young’s modulus of our materials (Figure 3.9(a)). We used a shimadzu
Autograph ags-x Precision Universal Tester [398]. We followed the standard procedure
with a loading speed of 0.2 mm/s [439]. Figure 3.9(a) presents the force-displacement
curves that we measured with test specimens made of the same silicone as our soft stimuli.
We used linear least-square regression to determine the slope of these curves (as in [31]).
Although we computed the stiffness k as the slope –as in the definition– we notice that
this is an approximation: Figure 3.9(a) shows that the stiffness of the Shore 00-10 test
specimen is nonlinear, i.e., the slope is not constant during the whole test. However, the
R2 of the linear least-square regression is 0.86 for Shore 00-10, which is acceptable. The
regression for all other curves have R2 ≥ 0.96. We found the stiffness of the stimuli to be
k00−10 = 1.54Nmm−1, k00−50 = 2.75Nmm−1, and kA−30 = 10.70Nmm−1. We found the
Young’s modulus of each silicone to be E00−10 = 0.088MPa, E00−50 = 0.193MPa, and
EA−30 = 0.573MPa.

Third, the Shore hardness is another measure of the softness of a material, similar to
the Young’s modulus. Shore hardness can be easily measured with a durometer. Com-
pared with a compression test machine, a durometer is portable, cheap and does not need
expertise for its operation. A compression test (Figure 3.9(a)) compress the whole test
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(a) Compression tests: Young’s Modulus (dotted line, left) measured following the stan-
dard [439]. The indentor is 3D printed with rigid resin; The stiffness (solid line, right) measured
with specimens with the same dimension as the stimuli used in our experiment.
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Figure 3.9 – Measurements of the softness of our stimuli.
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specimen and measure the deflection of the whole specimen. In contrast, during a hard-
ness test with a durometer, the surface of the indentor of a durometer, in contact with the
test specimen, typically has a diameter ranging between 2.8 mm and 3.6 mm 7[437]. The
surface of the indentor of a durometer is smaller than the contact area between the partic-
ipants’ finger and the stimuli during our softness perception experiment. As opposed to
the deflection of the whole specimen in a compression test (Figure 3.9(a)), the Shore hard-
ness test measures the local deformation of the surface of the test specimen. There is no
prior work studying participants’ softness perception performance using Shore hardness
as a measure of the softness of the stimuli. As a consequence, we do not know the respec-
tive contribution of the local deformation –Shore hardness– and the global deformation
–Young’s modulus– in users’ softness perception. To help the design of soft UIs, designers
can convert Young’s modulus to Shore hardness and vice-versa [278]. The x axis of Fig-
ure 3.9(b) presents our measurements of the Shore hardness, with bareiss hp Shore 00
and walfront Shore-A durometers, following [439]. The y axis of Figure 3.9(b) presents
the Young’s modulus of the same object. The points in the graph show the Young’s mod-
ulus we measured as in Figure 3.9(a). The lines in the graph show the Young’s modulus
we predicted using the existing conversion formula [278]. We found the Shore 00 hard-
ness of each silicone to be ShoreHardness0000−10 = 15, ShoreHardness0000−50 = 39,
and ShoreHardness00A−30 = 74. We found the ShoreA hardness of each silicone to
be ShoreHardnessA00−50 = 2, and ShoreHardnessAA−30 = 28. The Shore 00-10 sili-
cone is out range of a ShoreA durometer, which returns 0. Figure 3.9(b) shows that the
Shore00 hardness highly correlate with the measured Young’s modulus (correlation coef-
ficient r ≥ 0.98). In contrast, the formulas [278] did not fit well our Shore00 (R2=0.31).
The low R2 might come from the small sampling size, i.e., only three data points [51].
For the measurement of Shore A, we do not study the correlation coefficient (r) and R2,
as we had only two data points.

The non-linearity of stiffness during the compression (Figure 3.9(a)) impacts par-
ticipants’ perception of softness [340]. For this reason, we provide our whole force-
displacement curve in addition to the three direct measurements of softness, i.e., Young’s
modulus, Stiffness, and Shore Hardness.

7. Different type of durometers have different dimension and form of indentor and used for measuring
different scale of hardness. For example, a Shore 00 Durometer has a hemispherical indentor with a
diameter of 2.38 mm and is typically used for testing extreme soft rubber, human and animal tissue, etc.
A Shore A durometer has a truncated cone indentor with its top surface diameter of 0.79 mm and is
typically used for testing harder rubber, leather, etc.
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In our experiment, we chose the softness of our three soft stimuli based on the softness
of the fingers pad, i.e., softer, as soft as, and harder than the index finger pad. We used
the Shore hardness as a measure of softness, as it is convenient to measure on finger
pads, contrary to other softness measurements. Meanwhile, there is no prior work on how
the different measures of softness may impact our results. We provide different measures
of softness, including Young’s modulus, Stiffness, and Shore hardness (both Shore A and
Shore 00) with force-displacement curves, which should help other designers to build their
devices based on our results.

3.6.6 Linearity of curvature and softness

For each curvature condition, the curvature of comparison stimuli was linearly dis-
tributed around the reference curvature, as explained in [127]. The curvature of our
reference stimuli was not strictly linear: 100 m−1 for Rref=10 mm, 50 m−1 for Rref=20
mm and 25 m−1 for Rref=40 mm. Figure 3.4(b) shows that the decrease of participants’
curvature perception precision, i.e., the increase of JND, was exponential and non-linear.
This suggests an exponential decrease of curvature perception precision when the stimuli
become flatter, consistent with [351, 352, 138, 255]. Besides the three conditions of cur-
vature we studied, i.e., Rref=10 mm, 20mm, and 40 mm, Provancher et al. also studied
the condition with Rref=30 mm. We did not study the condition of Rref=30 mm to reduce
the total experiment time (around 4h). We found the exponent in the softness condition
of the rigid stimuli was 1.45, which is similar to the exponent of 1.43 in [351, 352] 8. This
suggested that we can use our power fitted curve (Figure 3.4(b)) to predict the JND in
curvature condition not studied in our experiment despite the non-linearity of the distri-
bution of the curvature of our stimuli, in particular with rigid stimuli whose curvature
range is located between our studied values, i.e., Rref from 10 mm to 40 mm.

In our three soft conditions, the JND also increased exponentially with respective
exponent: 1.61 for Shore 00-10, 1.70 for Shore 00-50, and 1.76 for Shore A-30. This
suggests a higher non-linear increase of JND with a softer surface: the softer the surface,
the more the participants’ curvature perception precision decrease as the surface becomes
flat. The respective Young’s modulus of the three soft stimuli were E00−10 = 0.088 MPa,
E00−50 = 0.193 MPa, and EA−30 = 0.573 MPa, whose distribution is not linear. We
noticed however that the exponents of the three JND curves (1.76 for Shore 00-10, 1.70

8. The exponent is computed with the JND data provided in [351, 352].
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for Shore 00-50, 1.61 for Shore A-30) seem linearly distributed according to the three
Young’s modulus (R2=0.92). However, further experiments are necessary to confirm this
through the study of users’ curvature perception with additional softness levels.

3.7 Guidelines for soft curvy devices

This experiment provides quantitative data to design precise and accurate haptic feed-
back with soft curvy UIs. First, users can perceive with high precision and accuracy in
the most curved condition (R ≈10 mm) with any softness. Designers can use material
of any softness to construct very curved UIs (radius ≈ 10 mm) for the most precise and
accurate haptic feedback. In average, users can distinguish the surface curvature with
a precision of 0.63 mm (CI=[0.53,0.78]) and an accuracy of 0.31 mm (CI=[0.26,0.38]).
On the contrary, when UIs are less curved (radius ≥ 20 mm), designers should avoid
using very soft material (softness < Shore 00-50) or dynamically stiffen the UI to reach a
softness ≥ Shore 00-50. If the UI cannot change its softness, designers should provide a
curvature change larger than the JND measured (Figure 3.4(b)) in corresponding softness
and curvature condition, to ensure the curvature change is perceived. For example, a UI
with a radius ≈ 20 mm should bend or flatten more than 2.72 mm if softer than Shore
00-50, and more than 2.00 mm if softer than Shore A-30.

Second, users can perceive the curvature of a very curved surface more accurately.
The average accuracy of participants is 0.31 mm (CI=[0.26,0.38]) in Rref = 10 mm; 0.90
mm (CI=[0.69,1.15]) in Rref = 20 mm; 2.67 mm (CI=[2.13,3.49]) in Rref = 40 mm. As
a consequence, for better accuracy of curvature-based haptic feedback, designers should
focus on the highest curvatures. At the same time, users can perceive the curvature
of a surface with similar accuracy in all softnesses. This suggests that using stiff –or
stiffening– material without changing the UI curvature will not improve users accuracy.
When designing soft curvature-changing UIs, designers can fully focus on the interaction
design and the application context, without worrying about the softness of a specific
material: the softness will not have a significant impact on the output accuracy of the UI.

We observed a systematic curvature overestimation of 3.23 mm (CI=[1.60,6.07]) in the
softest and flattest curvature. If designers cannot avoid these softness and curvature but
still require accurate curvature feedback, they can offset by 3.23 mm the curvature of very
soft and flat UIs (e.g., with a radius > 40 mm and softness ≈ Shore 00-10). Providing an
even flatter surface (R=43.23 mm) will be perceived as a curvature of R= 40 mm.
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Third, users need longer exploration time to perceive the curvature of softer surfaces.
Users took in average 3.95s to explore a Shore 00-10 curvature vs. 3.39s to explore a rigid
curvature. This suggests that stiffening the UIs [107] will enable more rapid feedback. If
UIs cannot change their softness, the time between each refresh of UIs’ curvature may
need to be longer than the exploration time we measured. For instance, the curvature
refresh rate of UIs softer than Shore 00-10 may need to be lower than 0.25 Hz, 0.27 Hz
for UIs softer than Shore 00-50, and 0.28 Hz for UIs softer than Shore A-30 respectively.
This is an opportunity for slow [149] ambiant on-body feedback supporting long-term
interaction.

3.8 Applications: Building precise and accurate in-
teractive devices

Recent work explored interactive devices where the softness plays an important role
[117]. We now show how our measurements of users’ precision, accuracy and speed when
perceiving the curvature of soft devices, inform the design of efficient haptic display
through curvature and softness for such devices.

First, recent work presented technologies to vary participants’ perception of softness of
objects (e.g., Shore hardness of objects [434]). Recent work also proposed devices with dif-
ferent softness, e.g., different Shore hardness (e.g., [228]), different Young’s modulus [340],
or different stiffness [418]. We provide the measurements of the Young’s modulus (Fig-
ures 3.9(a) and 3.9(b)), Shore hardness (Figure 3.9(b)), and stiffness (Figure 3.9(a)) used
in our experiment, so that designers can directly apply our results when building their
own soft devices. We summarize these findings in Table 3.1 to quickly enable precise and
accurate curvature perception of future devices.

Second, we further distinguish three cases for the application of our results to current
devices: (1) augmenting daily objects, building devices with (2) customized softness and
shape, and (3) with changing softness and shape.

3.8.1 Augmented daily objects

Leveraging daily objects for interaction enable ubiquitous devices [121, 382]. VR
systems can now scan users’ surroundings to find daily objects with the most similar
shape to the object manipulated in VR [165]. This reduces the visual-haptic mismatch,
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Table 3.1 – Correspondence table for designers of novel soft and curvy devices.
softness

Curvature
(radius in mm)

Precision
(mm)

Accuracy
(mm)

Time
(s)Shore hardness Stiffness

(N.mm-1)

Young’s
modulus
(MPa)

Jamming
vacuum

(inHg) [418]

00-10 N.A. 1.54 0.088

0

10 0.75 0.41 3.46
20 2.63 1.13 4.04
40 8.61 3.46 4.37

00-50 A-02 2.75 0.193
10 0.68 0.34 3.43
20 2.72 1.03 3.79
40 7.14 3.01 3.80

00-74 A-30 10.70 0.573 15
10 0.53 0.24 3.20
20 2.03 0.58 3.65
40 4.98 2.24 3.68

Rigid
10 0.58 0.25 3.21
20 1.97 0.83 3.54
40 4.31 1.95 3.98

i.e., the mismatch between what users see in VR and what they touch and manipulate
physically. Current technology (e.g., [24, 96]) also automatically measures the softness
of objects. This can provide VR systems with softness information about surrounding
daily objects. Our results help designers to fine-tune their algorithm to better choose soft
objects in users’ surroundings for haptic feedback in VR. For instance, when choosing a
very soft and flat UIs (e.g., with R>40 mm and ~Shore 00-10), the algorithm can choose
an even flatter surface (R=43.23 mm) to provide a curvature perception of R=40 mm.

In addition, prior work proposed a technique changing users’ perceived softness of
daily objects by controlling the expansion of the finger pad [434]. This device allows to
change the perceived hardness ≥ Shore A-50 to ≈ Shore A-40. This range of softness
is within the range of our experiment, i.e., between Shore A-30 and rigid. Their device
leaves the center of the finger pad free, which allow users to directly perceive the curvature
of the object. Our study informs future work with such devices by allowing the prediction
of users’ perception of the curvature of objects according to their perceived softness. For
instance, when touching an object of curvature R=10mm with the device, designers can
expect 0.53-0.58mm precision and 0.24-0.25mm accuracy in curvature perception.
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3.8.2 Devices with custom softness and shape

3D printing eases the building of personal interactive devices [289] with complex geo-
metric shape (e.g., [448]) and embedded interactive capabilities (e.g., [198]). 3D printing
now also enables the customization of softness [228, 279, 448, 265, 340] to reach the
desired haptic properties. Our results allow designers to predict users’ accuracy and pre-
cision of curvature perception when manipulating 3D printed soft objects. For instance,
OmniSoft [228] allows to build devices in the range of Shore A-02 to Shore A-30 –a range
included in our experiment. Our results now extend Omnisoft with information about
users perception of the object’s local curvature depending on its local softness.

Our results can also be readily used together with a new model that converts a softness,
e.g., a Young’s modulus, into an infill geometry ensuring the same perceived softness [340].
Using our measurements of the Young’s modulus (Table 3.1) as an input to the model, our
results now extend this prior work with the corresponding users’ precision and accuracy
in perception of the object’s local curvature depending on its local softness.

3.8.3 Devices with changing softness and shape

Prior work enabled devices capable of changing their softness, e.g., through jam-
ming [418, 107]. Adding a jamming layer on top of an existing shape-changing device such
as LayerPump [120], dynamically changeable buttons [157, 132], the inflatable hemispher-
ical display [423], PneUI [509], AirPinch [133], MultiJam [507], Pneumatic Auxetics [93],
StringTouch [374], or PneuSeries [59], allows building devices providing haptic feedback
through both softness and shape. The jamming layer can follow the shape of the shape-
changing device, thanks to its malleability prior to jamming [418, 509]. By controlling
the vacuum level in the jamming layer [418, 107], a device can change its softness: the
higher the vacuum level, the stiffer the jamming layer.

Our results can be used to refine the design of such devices. We illustrate this on the
example of a device that changes its curvature and softness through pneumatic actuation
and a jamming layer [418]. Figure 3.10 shows two sets of force-displacement curves: one
(in gray) that we reproduce from [418], and the other (in color) that we measured as
in [418] with our specimen made of silicone of different softness. To measure the force-
displacement, we used the same indentor as in [418], i.e., a printed rigid sphere with
a diameter of 9.5 mm (Figure 3.10, right). We can see in Figure 3.10 that the force-
displacement measurements of the jamming layer at the 15 inHg level of vacuum overlaps

119



Human capabilities

0

10

20

0 5 10
Displacement (mm)

Fo
rc
e
(N
)

indentor
( 9.5mm [418])

vacuum level
from [80]

0inHg
1inHg
6inHg
15inHg

softness
measurements

00−10
00−50
A−30

16mm

16mm

Figure 3.10 – (Left) Force displacement curves resulting from (right) compression tests
with a 3D printed spherical indentor as in [418]. Colored lines show our results on a
specimen with the same dimensions as the stimuli used in our experiment. Gray lines
show prior results [418] from compression test on a jamming layer. The level of vacuum
are expressed in inches of mercury (inHg). The larger the value, the higher the vacuum
and the stiffer the UI.

with our Shore A-30 specimen measurements. In addition, the 0 inHg level of vacuum
partially overlaps with Shore 00-10 specimen measurements when the displacement of the
indentor is < 5 mm. We can also see that the measurements of our Shore 00-50 lie between
the jamming layer at 0 and 1 inHg. This suggests that a jamming layer with a vacuum
level between 0 and 1 inHg might produce force-displacement measurements that overlap
or partially overlaps with the measurements of our Shore 00-50. Based on Figure 3.10,
we can now predict the precision and accuracy in curvature perception of such a device
changing its curvature and softness. For instance, a curved UI with a jamming layer
like [418] at 15 inHg of vacuum should provide users with similar curvature perception
precision and accuracy as our stimuli in Shore A-30 condition (Table 3.1). When the
vacuum level is at 1 inHg, the UI should provide better curvature perception precision
than our Shore 00-50 stimuli, in particular when the UI surface is very flat (e.g., with a
radius > 40 mm). When the vacuum level is at 0 inHg, the UI should provide similar
curvature perception precision and accuracy as our Shore 00-10 stimuli, if users’ fingers
do not press too deep into the UI (e.g., ≤ 5 mm).
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3.9 Conclusion

In this chapter, we addressed user behavior challenges of SCI research by isolating
a new factor, softness, imported by programmable soft materials into SCIs development
and studying its impact on users’ shape perception abilities of UIs. We experimented to
assess the accuracy (point of subjective equality), precision (just noticeable difference),
and exploration time when perceiving the curvature of UIs across four levels of softness.
Our results reveal six new findings.

— Users perceive our curviest surfaces (surface radius R ≈ 10mm) as precisely (JND
≈ 0.63 mm) in different softness conditions.

— Users perceive our middle curved surfaces (R ≈ 20mm ) 25% more precisely in the
two least soft conditions (JND ≈ 2mm) compared to the two softest conditions
(JND ≈ 2.68mm).

— Users perceive our least curved surfaces (R ≈ 40mm) in the softest condition
(JND= 8.61 mm) with half the precision of the rigid condition (JND= 4.31 mm).

— Users perceive curvier surfaces with better accuracy, from 2.67 mm to 0.31 mm.
— Users perceive surface curvature with similar accuracy in different softness condi-

tions.
— Users perceive 17% slower all curvatures in the softest condition (3.95 s) compared

to the rigid condition (3.39 s).

HCI designers can readily use the resulting guidelines to design efficient soft curvature-
changing UIs. If feedback precision is crucial, designers should focus on very curved
UIs (R ≈ 10mm), where any softness can provide users with precise haptic curvature
information. Alternatively, if designers need a larger range of curvatures, designers should
change the stiffness to little rigid material (Shore A-30 in Figure 3.1). If feedback accuracy
is crucial, designers should focus on very curved UIs (R ≈ 10mm). Stiffening the material
cannot improve the accuracy. If UIs need a high curvature refresh rate (e.g., > 0.25Hz),
designers should use materials of softness >Shore 00-10 (Figure 3.1), and keep very soft
curvature-changing UIs for a slower refresh rate.

As discussed in Chapter 2, the versatility of curvature-changing UIs extends to various
other types of SCIs. The HCI community can build upon this work to design SCIs with soft
materials, incorporating different soft shape-changing abilities. In the subsequent chapters
(Part II), we will address technological challenges in SCIs reseaech. More specifically,
we propose a series of shape-changing modules in Chapter 4 to facilitate researchers

121



Human capabilities

developing diverse SCIs using programmable soft materials to create diverse SCIs and
introduce a novel technology in Chapter 5 that enables UIs to change both their curvature
and softness/strength.
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Technological explorations
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Chapter 4

SOFTMORPHEES: HIGH SHAPE

RESOLUTION SOFT SHAPE-CHANGING

MODULES

4.1 Introduction

In Chapter 2, we comprehensively reviewed different technologies using programmable
soft materials to realize different shape-changing features of Morphees+ taxonomy [226].
The lack of a toolkit for HCI researchers to realize all or most shape-changing features is
one of the technological challenges in HCI. Certain technologies, such as PneUI [509], en-
able the creation of more shape-changing features, i.e., Size, Curvature, Zero-crossing, and
Closure (refer to Figure 2.2(c), 2.5(b), 2.9(c) and 2.10(a)) by combining rigid materials
(e.g., paper) and soft materials (e.g., silicone elastomer). However, these approaches rely
on the non-stretchable nature of rigid materials, such as paper, to achieve the intended
shape-changing features. This reliance could compromise the stretchability and deforma-
bility of the UIs themselves. Moreover, isolating factors when conducting experiments
with such UIs was recognized as a grand challenge in SCIs research [10]. Current pro-
totypes lack material/technological consistency, making it difficult to avoid confounding
factors in experiments can thus suffer from user behavior challenges. Using the same ma-
terials and technology for different shape-changing features can help address this challenge
as only a single factor remains: the design, with a single material/technology.

Instead of directly developing the SCIs toolkit, we start with a technological explo-
ration of novel materials to answer an essential question: what shape changes can be
realized with programmable soft materials? Recent advancements in programmable soft
materials like Baromorph [402] provide the possibility to realize various shape changes
involving purely soft materials(Figure 2.6(e)). In this chapter, primarily based on Baro-
morph, we try to develop a technology using only soft materials, i.e., elastomers, to cover
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as many Morphees+ features as possible. We currently create SoftMorphees, a series of
shape-changing modules encompassing six out of the eleven Morphees+ shape-changing
features, exclusively utilizing soft materials, i.e., Size, Curvature, Amplitude, Porosity, Clo-
sure and Zero-crossing. We also provide their feature measurements under different air
pressures with respective regression equations to facilitate other researchers’ designs. They
can pave the way from a technological aspect to develop further a toolkit for HCI re-
searchers to create their soft SCIs with desired shape changes, which can help lower the
barrier to constructing SCIs. Meanwhile, using the same materials and technology for dif-
ferent shape-changing features can help address the challenges of isolating factors when
conducting experiments on users’ experiences with different SCIs [10]. Additionally, we
discussed the challenges associated with existing technologies for developing SCIs using
only soft materials.

4.2 Related work

Emerging SCIs with programmable soft materials were created in recent years [376,
363]. However, challenges [10] still exist for developing SCIs, including the need for toolkits
for developing different SCIs. As presented in Chapter 2, bi-layer structures, i.e., bonding
two layers with different stretchability, are commonly seen in HCI research for creating
different shape changes. For example, Yao et al. [509] embedded non-stretchable papers
into elastomers bladders to limit their stretches in some designed directions to realize
Size, Curvature, Zero-crossing and Closure controlling. Similarly, Kilic Afsar et al. [225]
braided non-stretchable nylon sheaths around silicone tubes to limit their expansion in
some designed directions to realize Size, Curvature, Zero-crossing and Closure. However,
the bi-layer structures have an intrinsic limit [337] in creating curved surfaces other than
cylindrical surfaces 2.6, as discussed in Section 2.1.2. Furthermore, the involvement of
non-stretchable materials could compromise the stretchability and deformability of the
UIs themselves.

Recently, a series of toolkits [227, 518, 266, 78] for developing SCIs were developed
for facilitating the prototyping barrier [10]. Most were built by connecting a few prim-
itive moduless with simple shape-changing abilities to realize other shape changes. For
example, Martinez Castro et al. [266] glued a few elastomer bending actuators (like Fig-
ure 2.5(a)) under fabric to actuate it forms a planar plane to a surface with various
Zero-crossing values. Cui et al. realize different shape-change UIs by connecting a few
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two length-changing elastomer bladders with origami structures embedded inside (like Fig-
ure 2.2(c)) together. For example, they bonded two length-changing elastomer bladders
to form a bi-layer structure that can bend to one side and change the Curvature when
the pressure inside one bladder changes. Different from them, Kim et al. developed a
toolkit, MorpheesPlug [227], includes six different primitive 3D-printable shape-changing
modules, providing designers with more primitive shape-changes. Their modules cover
five different Morphees+ shape-changing features, including Size, Curvature, Amplitude
Closure, and Posrosity. Zero-crossing is realized by connecting a few primitive modules,
i.e., connecting a few Amplitude changes modules together and using a few actuators
separately inflating them.

Similar to MorpheesPlug [227], we developed a series of primitive shape-changing
modules, SoftMorphees, to realize different shape-changes, covering six out of the eleven
Morphees+ shape-changing features, i.e., Size, Curvature, Amplitude, Porosity, Closure
and Zero-crossing. They will serve as the technological foundation to develop a SCIs
toolkit with novel programmable soft materials. Different from [227], our module (Fig-
ure 4.12(b)) can realize multiple Zero-crossing values, i.e., 0,1,2,3,4, with only one actua-
tor, which can help to reduce the bulkiness. Furthermore, we can build thinner prototypes
compared with MorpheesPlug [227]. MorpheesPlug [227]’s tructures need to be thick, as
their structures have little shape-change when the thickness is less than 2 cm. However,
the thinness of UI is important, particularly for wearable applications [112]. The mod-
ules that we developed in this chapter are approximate 5 mm thin (Figure 4.2(c), 4.3(c),
4.5, 4.7), 4.8(c), 4.9(c), 4.10(c), 4.11 and 4.12(b). In section 6.4, we further present our
instructions to fabricate thinner prototypes with a thickness of 3 mm.

4.3 SoftMorphees

This section presents the technology SoftMorphees, mainly based on the new soft ma-
terial, Baromorph [402]. We developed a group of pneumatically actuated shape-change
modules to address 6 among 11 different shape-change features of Morphees+ [226] using
only soft materials (elastomers), i.e., Size, Curvature, Amplitude, Porosity, Closure and
Zero-crossing. We also developed new technologies to address the Strength and Stretch-
ability changing features, Jamming Origami Endoskeleton, which concerns using rigid
materials (Mylar plastic sheets) as jamming media. We will present it in Chapter 5. As
for the Modularity changing feature, it is practical to realize it by connecting different
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pneumatically actuated modules with tubes, solenoid valves, or other sophisticatedly de-
signed electronic-free modules [257] as previously discussed in section 2.1.10. The Speed
feature is orthogonal to other shape-changing features [227]. Our prototypes are actuated
by pneumatical inflation whose Speed depends on air pressure and pumps’ flow rate con-
trolling [401] rather than our UIs’ design. For this reason, we will not address the Speed
feature here.

4.3.1 Fabrication

We first briefly introduce the fabrication procedures of our prototypes before presenting
different prototypes for different shape-changing features. You can also find a video of the
Baromorph fabrication tutorial in [373]. Baromorph’s fabrication contains three major
steps:

1. Mold design and printing: Siéfert et al. suggested that one main factor impact-
ing the shape of a Baromorph [402] plate after pressurization is the density of air
channels, i.e., larger channels density lead to larger stretch strain. This is the basic
principle of designing a Baromorph’s mold. Figure 4.1 presents one Baromorph
and its air channels pattern and mold as an example. It has a larger air channel
density in the center than in the edge (Figure 4.1(a) and 4.1(c)), leading to larger
stretch strain in the center than in the edge when inflated (Figure 4.1(d)).

2. Elastomer structures molding: We mold the elastomer structures with the
silicone elastomers. We also fabricated a membrane with the same silicone to be
sealed with the molded part.

3. Assembling: Finally, we glue the membrane and molded part together to make
the prototype airproof by spreading a thin film of uncured silicone of the same
type.

Prototypes presented in this chapter are all molded using DragonSkin10NV [191] as it
provided a trade-off between large shape-changing ability and fast curing and fabrication.
Their molds are printed with photo-polymer resin (Formlabs standard clear resin [368])
using a stereo-lithography 3d printer (Formlabs Form3 [109]) to ensure the printing pre-
cision. To measure the shapes of our prototypes, we use a Panasonic Lumix G Hybrides
camera with a LUMIX G VARIO 14-140 lens (Focal length f=135 mm, resolution 1096×
2160) to take photos of our prototypes with different inner air pressures. Then, we detect
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10mm

(a) Air channels pattern of a Baromorph
whose density of air channels (rings) pro-
gressively increases from the edge to the
center with the distance between air chan-
nels decreasing from 3.2 mm to 1.2 mm.
Bars between rings are auxiliary channels
connecting them. The far right bar is an
auxiliary channel to insert a needle as an
air inlet and outlet.

10mm

(b) A Baromorph mold 3D printed with a Form3 high
precision Stereolithography (SLA) 3D printer [109] in
clear resin [368].

10mm
Bottom
membrane

Top
membrane

10mm

(c) Bottom: a Baromorph fabricated with the
mold as presented in Figure 4.1(b) using Drag-
onSkin10 NV sillicone [191]. Top: A Baromorph
cut in the middle. We can see two membranes
covering air channels. One is directly molded
together with air channels during the molding
step. One is glued to the molded part after de-
molding.

10mm

(d) The Baromorph inflates with an inner air
pressure of 12 Psi. We can see that the mem-
brane covering air channels stretch in the center
more than in the edge. This leads to the inflated
Baromorph having a larger slope in the center
than in the edge.

Figure 4.1 – An example Baromorph with its air channels pattern and mold.
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and analyze their contours with OpenCV [315]. Details of measurement can be seen in
appendix A.3.

4.3.2 Size

The Size features are categorized into three subtypes: Length, Area, and Volume,
which often exhibit correlations. In this section, we explicitly present two prototypes,
i.e., one majorly increases its size in one direction when pressurized, leading to Length
increase, and one majorly increases its size in two orthogonal directions in a plan when
pressurized, leading to Area increase.

Length

Figure 4.2(a) presents the patterns of air channels in this Baromorph capable of in-
creasing its Length as inner air pressure increases. In this prototype, the width of air
channels is equal to 1.2 mm, the same as the distance between channels, i.e., the width of
the walls between channels. In the original concept of Baromorph [402], Baromorphs usu-
ally have thicker an external wall compared with the thickness of walls between channels,
for limiting their in-plane expansion when pressurized but bulging out in the perpendic-
ular direction instead. For example, Figure 4.1 presents a prototype with walls thickness
ranges from 1.2 mm to 3.2 mm while having the thickness of the external wall as 4 mm. In
this Length increasing prototype, it needs to have its external silicone walls thin enough to
facilitate in-plane expansion. For this reason, we design this prototype with the external
wall’s thickness to be the same as air channel distance, i.e.,1.2 mm. The thickness of the
top and bottom membranes was also designed to have the same thickness of 1.2 mm. To-
gether with the 3 mm thick air channels, the total thickness of this prototype is 5.4 mm.
Figure 4.2(b) presents the measurement of this prototype’s length under different air
pressures, and Figure 4.2(c) presents its photos under different air pressures. When air
pressure increases from 0 Psi (Pound per square inch) to 6 Psi, its Length increases by
60% from 99 mm to 159 mm. With Figure 4.2(b) and 4.2(c), we can see that its Length
increases more rapidly as the air pressure becomes larger. Meanwhile, we can see the
prototype starts to curve (indicated in dashed white circles in Figure 4.2(c)) from 5.0 Psi.
I will further discuss its curving in section 4.4.5.

An exponential function can well fit its Length increase by air pressure with a R2
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10mm

(a) Air channels pattern of our Length changing
prototype.
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(b) Length of Length changing prototype under
different air pressures and respective regression.
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(c) Photos of Length changing prototype under different
air pressures.

Figure 4.2 – Length changing prototype. Dashed white circles show that the prototype
starts curving when inner pressure reaches 5.0 Psi.
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(Coefficient of determination) equal to 0.99:

Length = 100 + 0.145eP ressure (R2 = 0.99), 0Psi ≤ Pressure ≤ 6Psi (4.1)

Area

Figure 4.3(a) presents the patterns of air channels of a prototype capable of increasing
its Area as inner air pressure increases. We get inspiration from [125] to design its zig-zag
shape air channels for in-plane expansion in two orthogonal directions. Same as Length
increasing prototype (Figure 4.2), we design this prototype’s external wall with a thickness
of 1.2 mm, same as its air channel distance. Figure 4.3(b) presents the measurement of
this prototype’s area under different air pressures, with Figure 4.3(c) presenting respective
photos. When its inner pressure increases from 0 Psi to 2.5 Psi, its Area increases by 26%
from 2044 mm2 to 2566 mm2. In this air pressure range, an exponential function can well
fit its Area increase by air pressure with a R2 larger than 0.99:

Area = 1988 + 46.37eP ressure (R2 > 0.99), 0Psi ≤ Pressure ≤ 2.5Psi (4.2)

Increasing its inner pressure to 3.0 Psi will lead to approximately doubling its Area to
5012 mm2 and a clear curving up from this plane. I will further discuss its curving
in section 4.4.5. Including this data point, an exponential function fits worse the Area
increase with a R2 equal to 0.83. Further increasing its inner pressure to larger than
3.0 Psi has led to the prototypes’ fragmenting. The 3.0 Psi is thus near the maximum
pressure this prototype can support.

Currently, we focus on prototypes with changing Size in-plane, i.e, 1D Length changing
and 2D Area changing. Volume changing structures with size changing in all three dimen-
sions using soft materials can achieved by inflating an elastomer bladder like inflating a
ballon [119].

4.3.3 Curvature

As presented in Figure 2.6(e), Baromorph can create both surfaces with positive Gaus-
sian curvature (either concave or convex domed shape) and with negative Gaussian curva-
ture (saddle shape). We developed two prototypes capable of increasing their Curvatures
from flat shapes (0 curvature ) to convex domed shapes (positive curvature). Figure 4.4(a)
presents the patterns of air channels of these two prototypes. We create these patterns
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(a) Air channels pattern of Area changing
prototype.
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(b) Area of Area changing prototype under differ-
ent air pressures and respective regression.

10mm

3.0Psi

10mm

0.0Psi

10mm

1.0Psi

10mm

1.5Psi

10mm

2.0Psi

10mm

2.5Psi

10mm

0.5Psi

(c) Photos of Area changing prototype under different air
pressures.

Figure 4.3 – Area changing prototype under different air pressures.
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R20

R10

10mm

(a) Air channels pattern of Curvature changing
prototype. The left one (R10) is created based
on the contour lines of a demi sphere with a ra-
dius of 10 mm, and the right one (R20) is based on
the contour lines of a demi sphere with a radius of
20 mm.
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(b) Curvature of Curvature changing prototypes
under different air pressures and respective regres-
sion. Points sizes indicate the R2 values of circu-
lar fitting [214] to calculate their Curvatures. At
the beginning of inflation, prototypes are nearly
flat and thus poorly fitted by a circle with respec-
tively small circular fitting R2. Points in dashed
white circles are excluded from regression fitting.
In these points, our prototypes’ Curvature stop to
increase (decrease instead) as pressure increases
and result in poor regression fitting.

Figure 4.4 – Curvature changing prototypes under different air pressures.
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Figure 4.5 – Photos of Curvature changing prototype under different air pressures.

by projecting an objective 3D shape on a plane to get its contour lines as the shape of
air channels as proposed in [402]. The air channels (R10 Prototype) on the left in Fig-
ure 4.4(a) are based on the contour lines of a demi sphere with a radius of 10 mm with
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a few auxiliary channels (i.e., bars between rings ) connecting them. Figure 4.4(a) right
presents air channels (R20 Prototype) based on the contour lines of a demi sphere with a
radius of 20 mm . Figure 4.5 presents photos of these two prototypes with different inner
air pressures. Figure 4.4(b) presents the Curvature measurement of these two prototypes
with different inner air pressures. We calculate their curvature by circular fitting [214] the
contours of their top surfaces, which is detected using the OpenCV 4.6.0 [315]. Figure 4.5
and 4.4(b) indicates that Curvature of these two prototypes increases more rapidly as
the air pressure becomes larger before arriving at their maximum Curvature. The R10
prototype arrives at its maximum Curvature of 0.054mm−1 (i.e., radius of 18.7 mm) with
inner air presssure of 3.6 Psi and the R20 prototype arrives at its maximum Curvature
of 0.06mm−1 (i.e., radius of 16.6 mm) with inner air presssure of 5.2 Psi. Before arriving
at their maximum values, the following exponential functions can well fit their Curvature
increase by air pressure.

R10 Prototype:

Curvature = 0.0074 + 0.0012eP ressure (R2 = 0.99), 0Psi ≤ Pressure ≤ 3.6Psi (4.3)

R20 Prototype:

Curvature = 0.0064 + 0.00025eP ressure (R2 = 0.95), 0Psi ≤ Pressure ≤ 5.2Psi (4.4)

When reaching their maximum Curvature, further increasing the air pressure will
reversely decrease their Curvature.

We have currently developed these two flat to convex domed shapes prototypes; we
leave for future work prototypes to create other types of curved shapes like concave domed
shapes and saddle shapes with precise Curvature controlling and prototypes with different
Curvature distribution over the surface like the one shown in Figure 4.1(d) and 1.3.

4.3.4 Amplitude

A larger Baromorph’s channel density can lead to larger stretch strain [402]. Thus,
under the same pressure condition, higher channel density will lead to larger Amplitude
change when its radial expansion is limited by its external wall [402]. Here, we cre-
ated a series of 5 prototypes with different channel densities by varying the distance
between channels, i.e., the width of the walls between channels. On the left of Fig-
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(a) Amplitude changing prototype with Wall-
AirChannels width ratio of 1. Left: Air channels
pattern. Right: Amplitude values under different
air pressures and respective regression.
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(b) Amplitude changing prototype with Wall-
AirChannels width ratio of 2. Left: Air channels
pattern. Right: Amplitude values under different
air pressures and respective regression.

10mm
0

10

20

30

40

0.0 2.5 5.0 7.5 10.0 12.5
Pressure (psi)

A
m

pl
itu

de
 (

m
m

)

DeformationRegion

QuickInflation

SlowInflation

Quick Inflation
Slow Inflation

y=-0.19+0.26x (R
2
=0.91)Slow Inflation:

y=-11.4+2.35x (R
2
=0.95)Quick Inflation:

(c) Amplitude changing prototype with Wall-
AirChannels width ratio of 3. Left: Air channels
pattern. Right: Amplitude values under different
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(d) Amplitude changing prototype with Wall-
AirChannels width ratio of 4. Left: Air channels
pattern. Right: Amplitude values under different
air pressures and respective regression.
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(e) Amplitude changing prototype with Wall-
AirChannels width ratio of 5. Left: Air channels
pattern. Right: Amplitude values under different
air pressures and respective regression.

Figure 4.6 – Amplitude changing prototypes with different Wall-AirChannels thickness
ratios under different air pressures.
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Figure 4.7 – Photos of Amplitude changing prototype (Wall-AirChannels width ratio of
2) under different air pressures

ures 4.6(a), 4.6(b), 4.6(c), 4.6(d), 4.6(e), we present air channels shape patterns of these
Baromorphs. They all have the same width of air channels as 1.2 mm, and the distance
between air channels varies from 1.2 mm to 6 mm with respective Wall-AirChannels width
ratio being 1, 2, 3, 4 and 5. On the right of Figures 4.6(a), 4.6(b), 4.6(c), 4.6(d), 4.6(e),
we present the measurement these Baromophs’ Amplitude with different inner air pres-
sures and respective regression result. In these figures, we can see that our prototypes’
Amplitude increases more rapidly as the air pressure becomes larger, while exponential
functions can not well fit each prototype’s Amplitude in different air pressure conditions
with small R2 values of around 0.6. In contrast, we can see that there exists a pressure
threshold for each prototype, i.e., 5 Psi for Wall-AirChannels width ratio 1 prototype, 7
Psi for ratios 2, 3, and 4 prototypes, and 8 Psi for ratio 5 prototype. Before the thresh-
old, each prototype’s Amplitude increases slowly, and after the threshold, their Amplitude
increases quickly. Separately considering these two regions for each Baromorph, linear
functions can well fit their Amplitude increase by air pressure.
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Wall-AirChannels width ratio 1 prototype:

Amplitude =

−0.11 + 0.36 × Pressure (R2 = 0.90), 0Psi ≤ Pressure ≤ 5Psi

−20.4 + 4.65 × Pressure (R2 = 0.91), P ressure > 5Psi

(4.5)
Wall-AirChannels width ratio 2 prototype:

Amplitude =

−0.20 + 0.32 × Pressure (R2 = 0.90), 0Psi ≤ Pressure ≤ 7Psi

−12.3 + 2.78 × Pressure (R2 = 0.97), P ressure > 7Psi

(4.6)
Wall-AirChannels width ratio 3 prototype:

Amplitude =

−0.19 + 0.26 × Pressure (R2 = 0.91), 0Psi ≤ Pressure ≤ 7Psi

−11.4 + 2.35 × Pressure (R2 = 0.95), P ressure > 7Psi

(4.7)
Wall-AirChannels width ratio 4 prototype:

Amplitude =

−0.27 + 0.21 × Pressure (R2 = 0.85), 0Psi ≤ Pressure ≤ 7Psi

−17.7 + 2.43 × Pressure (R2 = 0.99), P ressure > 7Psi

(4.8)
Wall-AirChannels width ratio 5 prototype:

Amplitude =

−0.36 + 0.27 × Pressure (R2 = 0.82), 0Psi ≤ Pressure ≤ 8Psi

−13.4 + 2.12 × Pressure (R2 = 0.97), P ressure > 8Psi

(4.9)
In Figure 4.7, we present the photos of a prototype with the Wall-AirChannels width

ratio of 2 under different pressure conditions as an illustration.

4.3.5 Porosity

Here, we present two prototypes capable of changing the Porosity when inner air
pressures change. One is inspired by the ventilation flaps (Figure 2.8(b)) introduced
in [475], which can be curved up over a hole that they covered to increase the Porosity.
One is based on the Length changing prototype that we presented before (Figure 4.2),
which can increase their length to cover a hole to decrease the Porosity.
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Porosity change via curving flaps

Figure 4.8(a) presents the air channels pattern of the Porosity changing via curving
flaps prototype. To make sure the flaps bend upward instead of bending downward, this
prototype’s bottom membrane is designed to be slightly thinner than its top membrane
as 1 mm vs. 1.2 mm. Together with air channels’ thickness of 3 mm, this prototype’s total
thickness equal to 5.2 mm. It has four flaps connected. To facilitate the flaps’ bending
up, we slightly cut off some silicone around each flap, which leaves some spaces around
them. This makes it have a small original Porosity as 0.3% before increasing inner air
pressure (Figure 4.8(b) and 4.8(c)). Figure 4.8(c) presents photos of this prototype with
different inner air pressures. In each pressure condition, we present two photos of our
prototypes. The top one is taken over the prototype, which is used then for calculating
the Porosity, and the bottom one is taken from the side of the prototype to visualize the
flaps’ curving up. Figure 4.8(b) presents the measurement of Porosity under different air
pressures. From these two figures, we can see that, before flaps bend out of the original
plane at 6.0 Psi, flaps inflate as air pressure increases, progressively decreasing its porosity
from 0.3% to 0.02%. At 6.0 Psi, flaps’ bending out increases porosity to increase to 0.6%.
Further increasing the air pressure to 6.5 Psi leads to the porosity increasing to 0.7%, while
increasing the air pressure further to 7.0 Psi will reversely lead to its porosity decrease
to 0.6% as flaps inflate and cover the hole in the center. Before flaps’ bending out at 6.0
Psi, a linear function can well fit the prototypes’ Porosity change by air pressure with a
R2 as 0.98, while it fits much worse after 6.0 Psi with a R2 as 0.61:

Porosity =

0.32 − 0.053 × Pressure (R2 = 0.98), 0Psi ≤ Pressure < 6Psi

0.23 + 0.06 × Pressure (R2 = 0.97), P ressure ≥ 6Psi
(4.10)

Porosity change via length change

In section 4.3.2, we have already presented the prototype capable of increasing its
Length as inner pressure increases. We develop a Porosity changing prototype with flaps
capable of increasing their lengths to fill a hole in the center (Figure 4.9(c)). Figure 4.9(a)
presents the air patterns of this prototype. It comprises two flaps capable of increasing
their Length as pressure increases. Same as earlier presented Length increasing prototypes,
this prototype’s top and bottom membrane thickness is designed to be the same, i.e.,
1.2 mm. Together with air channels’s thickness of 3 mm, this prototype’s total thickness
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(a) Air channels pattern of Porosity
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(c) Photos of Porosity changing via curvature prototype under different air
pressures. In each pressure condition, we present two photos of our prototypes.
The top one is taken over the prototype, and the bottom one is taken from the
side of the prototype.

Figure 4.8 – Porosity changing via curving flaps prototype.
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(a) The shape pattern of air channels of Porosity
changing via length change prototype.
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(c) Photos of Porosity of Porosity changing via length change prototype under different
air pressures.

Figure 4.9 – Porosity changing via length change prototype under different air pressures.
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equal to 5.4 mm. Figure 4.9(c) presents photos of this prototype with different inner air
pressures. Similar to the Porosity changing via curving flaps prototype (Figure 4.9(c)), we
slightly cut off some silicone around each flap to facilitate their movement. Figure 4.9(b)
presents its Porosity measurement with different inner air pressures. With pressure in-
creases from 0 Psi to 8 Psi, the Length increases of two flaps, making the hole between
them smaller, leading its Porosity to decrease from 14% to 2%. At 8 Psi, the two flaps
start to contact each other, and its Porosity thus arrives at the minimum value. Further
pressure increase will lead to flaps’ tilting as shown in Figure 4.9(c) the prototype with an
inner pressure of 9 Psi. Before flaps’ tilting, we can roughly use an exponential function
to fit its Porosity change by air pressure with a R2 as 0.86:

Porosity = 12.1 − 0.004eP ressure (R2 = 0.86), 0Psi ≤ Pressure ≤ 8Psi (4.11)

We choose an exponential function here to fit the Porosity as it is based on our technology
of Length changing (Figure 4.2), which can fit well with an exponential function (R2=0.99).
Future work should further study better functions to fit its Porosity change.

The earlier presented Porosity changing via curving flaps prototype (Figure 4.9(c)) is
capable of decreasing its Porosity from 0.3% to 0.02% before flaps bending out and then
increasing the Porosity to a maximum value of 0.7% with flaps bending out, which lead to
prototypes’ thickness increasing approximately 20 mm. Compared with it, this Porosity
changing via length change prototype presents a larger Porosity controlling range from
14% to 2% without increasing the prototype’s thickness.

4.3.6 Closure

Figure 4.10(a) presents the air channels pattern of our prototype of Closure changing.
This is the same as our Length changing prototype shown in Figure 4.2(a). We use
the same mold to fabricate these two prototypes. The difference between them is that
our Length changing prototype’s top and bottom membranes have the same thickness
of 1.2 mm, while the Closure changing prototype has different membrane thickness, one
of 1.2 mm and one of 1.0 mm, which enable its bending to the thicker membrane side
when inner pressure increases. Figure 4.10(c) presents photos of this prototype under
different pressure conditions. Figure 4.10(b) presents the measurement of its Closure
under different pressure conditions. From these two Figures, we can see that before 2.4
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(a) The shape pattern of air channels of Closure
changing prototype.
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(b) Closure of Closure changing prototype under
different air pressures and respective regression.
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(c) Photos of Closure changing prototype under different air pressures.

Figure 4.10 – Closure changing prototype under different air pressures.
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Figure 4.11 – Air channel pattern and photos of Closure changing flowers

Psi, the prototype barely bends, which leads to its Closure staying at 0. It starts to
curve at 2.4 Psi, which leads to the increase of Closure, and we can see that its Closure
increases more rapidly as the air pressure increases. When pressure arrives at 4.4 Psi, its
Closure reaches 30%. Then, further increasing the pressure to 4.6 Psi leads to the two
extremities contacting each other, leading to a Closure value of 100%. We further discuss
the sudden change in its shape in section 4.4.2. We can roughly fit its Curvature increase
by air pressure using an exponential function with the R2 as 0.82:

Closure = −0.85 + 0.72eP ressure (R2 = 0.82), 0Psi ≤ Pressure ≤ 5Psi (4.12)

Based on this prototype, we construct a flower with 5 bendable petals (Figure 4.11)
to change their Closure, which is inspired by [510]. Similar to the prototype shown in
Figure 4.11, its Closure suddenly increases to nearly 100% when pressure arrives at a
certain level, i.e., 2.4 Psi. We will discuss it in section 4.4.2.

4.3.7 Zero-crossing

As shown in Figure 4.10(c), the prototype starts curving until its inner air pressure
arrives at a certain level, i.e., 2.4 Psi for this prototype. We also find that varying the
Wall-AirChannels width ratio can impact the pressure that a prototype needs to start
curving, i.e., a larger Wall-AirChannels width ratio will lead to the need for larger air
pressure for bending it. Based on this, we connected four bendable structures similar
to the one presented in Figure 4.10 with different Wall-AirChannels width ratios, i.e.,
1, 1.33, 1.66, and 2 as four branches. Their air channel widths are all 1.2 mm, while
their distances between channels are different, i.e., 1.2 mm, 1.6 mm, 2 mm and 2.4 mm.
Figure 4.12(a) presents the air channels pattern of our Zero-crossing changing prototype.
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(a) The shape pattern of air channels of Zero-
crossing changing prototype.
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(b) Photos of Zero-crossing changing prototype under different air pressures. In this
pressure condition, we present two photos of the prototype: the top one taken from a side
and the bottom one taken above it. Green curves in the side-view photos (Top) indicate
the curved surfaces of branches bent after inflation, and green curves in the above-view
photos (Bottom) indicate the surface shape with zero-crossing points greater than 0.

Figure 4.12 – Zero-crossing changing prototype under different air pressures.
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Same as the Closure changing prototype, our Zero-crossing protype has different top and
bottom membrane thickness, i.e., the top membrane of 1 mm and the bottom membrane
of 1.2 mm. Figure 4.12(b) presents photos of our prototypes with different inner air
pressures. We present two photos for each pressure condition: the top one taken from
a side and the bottom one taken above it. From this figure, we can see that when the
pressure arrives at 2.5 Psi, with the Wall-AirChannels width ratio = 1 branch starts to
curve up, leading the prototype’s Zero-crossing increasing from 0 to 1. The ratio = 2
branch curves at 3.5 Psi, leading the prototype’s Zero-crossing to increase from 1 to 2.
The ratio = 3 branch curves at 4.5 Psi, leading the prototype’s Zero-crossing to increase
from 2 to 3. Finally, at 5.0 Psi, all branches curve up, leading to the prototype’s Zero-
crossing increasing from 3 to 4. Compared to previous related work in section 2.1.5, our
prototype provides a solution for creating UIs with multiple Zero-crossing values needing
only a single actuator.

4.4 Discussion

This section discusses existing challenges and future work for developing UIs with
different shape-changing features using programmable soft materials.

4.4.1 Toolkit for programming SCIs with novel programmable
soft materials

In Figure 2.20, the significance of curvature change is evident, playing a pivotal role
in the creation of diverse SCIs, including Amplitude, Porosity, Zero-crossing and Clo-
sure. Adopting bi-layer structures in SCIs has attracted substantial attention from HCI
researchers. Numerous software tools have been developed to facilitate the utilization
of these technologies by designers, as demonstrated by previous works [318, 225, 256,
476, 510, 474]. Emerging programmable soft materials, exemplified by Baromorph [402],
offer substantial potential for realizing intricate surface shapes, especially with complex
curvature distributions, such as the human face mask illustrated in Figure 2.6(e). To
achieve objective surface morphing using Baromorph from a planar plate, Siéfert et al.
proposed projecting the intended surface shape onto a plane. This process generates con-
tour lines representing the air channels of a Baromorph plate. Notably, the density of
contour lines or air channels correlates with the steepness of the slope on the Baromorph
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post-inflation. This projection technique is a fundamental principle for designing shape-
changing surfaces with Baromorph. However, there is a current absence of toolkits to aid
designers in working with such novel materials, particularly lacking software as developed
in previous work [409, 318, 225, 256, 476, 510, 474] for designing a Baromorph based
on an objective surface shape or simulating surface shape variations under different air
pressures. Our SoftMorphees modules developed in this chapter provide a large range
of different primitives for shape change. Our measurements of their shapes under differ-
ent air pressures and respective regression equations can help other researchers develop
their UIs. Further study should provide end-users with an SCI toolkit by addressing
end-user programming tools for designing customized SCIs, considering different design
parameters, such as materials types, pressure, prototype thickness, and air channel width.

4.4.2 User’s perception precision and shape controlling preci-
sion on soft UIs with different shape features

In Chapter 3, we delve into users’ Curvature perception precision, i.e., Just Noticeable
Difference (JND), under different softness conditions. Figure 4.13 presents our mea-
surement of users’ Curvature perception precision and the Curvature measurement of
our Curvature changing prototype in the same plot. Points in this figure present the
Curvature measurement of our two prototypes, i.e., R10 and R20, with inner air pres-
sures changing in steps of 0.2 Psi 1. Bars with colors in this figure present users’ per-
ception precision range in different softness conditions and Curvature conditions with
their center located at the height of the respective reference Curvature value, i.e., 10 mm,
20 mm and 40 mm and with their tops and bottoms present respectively the value of
CurvatureReference+CurvatureJND and CurvatureReference−CurvatureJND respectively.
From this figure, we can see that our prototypes can well satisfy users’ Curvature percep-
tion precision when UIs are nearly flat (Radius ≈ 40 mm) with a few points located at
bars presenting users’ perception precision range, i.e., we can control our prototypes’ Cur-
vature more precisely than users’ Curvature perception precision (JND). When UIs are
medium-curved (Radius ≈ 20 mm), bars barely touch two points, i.e., our prototypes’ Cur-
vature controlling precision merely satisfy users’ Curvature perception precision (JND).
This indicates that we should further improve the Curvature controlling precision of our

1. The system that we developed for controlling the pressure currently has a controlling precision of
approximately 0.1 Psi. We control thus our prototypes in steps of 0.2 Psi to ensure the measurement
accuracy.
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Figure 4.13 – Curvature measurements of our Curvature changing prototypes (Figure 4.4)
and users’ Curvature perception precision measured in Chapter 3. Data points present
the Cuvature of our prototypes; we present them using their radius (1/Curvature) to keep
consistent with Chapter 3 and improve the legibility. Bars in different colors present
users’ perception precision range in different softness conditions. Bars’ center locates at
the height of the respective reference Curvature value, i.e., 10 mm, 20 mm and 40 mm with
their tops at the respective value of CurvatureReference + CurvatureJND and bottoms at
CurvatureReference − CurvatureJND. One example is indicated with text and arrows in
red colors with users’ Curvature JND in rigid and 40 mm reference condition measured as
4.32 mm (Chapter 3). The widths of the bars are chosen to cover points in their ranges
(if any) and to avoid complete overlaps among bars for better legibility.

prototypes. In contrast, as for UIs very curved (Radius ≈ 10 mm), our UIs can not cur-
rently create Curvature values located in users’ perception range. Thus, we should further
work on creating more curved prototypes.

In fact, our Curvature changing prototypes are not exactly the same as stimuli in
Chapter 3, e.g., our prototypes are not solid as stimuli in Chapter 3, and the air pressure
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inside our prototypes might also impact the softness that users’ perceived [430]. For this
reason, Figure 4.13 roughly indicates how we should improve our prototype design; further
psychophysical experiments should be conducted to measure users’ Curvature perception
precision using our prototypes directly. Similarly, psychophysical experiments should be
conducted on users’ perception precision of other shape-changing features on UIs in soft
materials, e.g., with our other prototypes. With these measurements, future-designed
SCIs’ shape-controlling precision of these features should be fine enough to satisfy users’
perception precision on them respectively.

Besides satisfying users’ perception precision, another phenomenon we observed with
our prototypes also suggests the importance of further improving shape-controlling pre-
cision: the sudden shape change. For instance, our Closure changing prototype’s Closure
increases suddenly from 32% to 100% when pressure increases from 4.4 Psi to 4.6 Psi,
while its Closure increasing slowly before (Figure 4.10). With similar technology, we built
a Closure changing flower (Figure 4.11). When pressure increases from 2.6 Psi to 2.8 Psi,
the flower suddenly almost completely closes its petals. This suggests that we should
control the inflation pressure more precisely to improve some of our prototype’s shape-
changing precision, e.g., with the pressure more precise than 0.2 Psi to get more precise
control of the Closure.

4.4.3 Rigid materials involved in connecting pneumatically ac-
tuated soft shape-changing modules

In Section 2.1.10, the interconnection of various SCIs modules actuated by dielec-
tric elastomers or SMA wires can be achieved using conductive wires to share actuation
sources and control signals. In MorpheesPlug [227], authors proposed changing Modu-
larity through attaching Length-changing modules to other modules in a slot, and then
extend the Length to lock them through the slot. However, they just connect together
but do not address the problem of sharing actuation sources. For sharing actuation
sources in pneumatically actuated SCIs modules—utilizing pumps for air intake or evac-
uation—serial connectivity via air-proof tubes, as demonstrated [243], is feasible. To
achieve independent control of each pneumatic module or to actuate specific modules
within a connected series, such as under particular air pressure conditions (as illustrated
in [301]), the incorporation of solenoid valves [401] or intricately designed and fabricated
electronic-free valves [257] is necessary. Notably, solenoid valves typically require rigid
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components, including springs, solenoids, and other electronic elements [212]. Similarly,
current electronic-free valve systems often necessitate rigid materials, such as plastic tub-
ing surrounding spring-ball systems (as depicted in Figure 2.17(a) of [59]), acrylic orifice
plates (Figure 2.17(b) in [301]), and top and bottom acrylic components (Figure 2.17(c)
in [257]). These rigid structures are essential to prevent deformation under pressuriza-
tion and avoid unintended air passage; for instance, the inflation of the tube around the
spring-ball system (Figure 2.17(a) in [59]) may lead to air leakage around the ball designed
to block airflow. While specific microfluidic systems have successfully employed purely
soft materials, predominantly PDMS elastomers [485], the high fabrication complexity
associated with microfluidic systems [305] and the technologies specific to micron-scale
applications pose challenges when applied directly to macroscopic systems (e.g., milli-scale
or larger, typical in most pneumatic SCIs). Notably, laminar flow 2, a crucial criterion for
microfluidic systems [204], is absent in macroscopic systems. Consequently, the develop-
ment of valves using purely soft materials in macroscopic systems remains a challenging
endeavor.

4.4.4 Strength/Stretchability changing technologies involving rigid
materials

Two widely employed technologies for altering the Strength/Stretchability of user in-
terfaces (UIs) are phase/glass transition materials (e.g., [385, 276, 217, 64, 520]) and
jamming transition (e.g., [8, 107, 269, 406, 405, 319, 277]). Adjusting the temperature
of phase/glass transition materials can transform their state from solid to liquid/glassy,
making them soft with decreased Strength and increased Stretchability, respectively. How-
ever, using phase/glass transition materials for modifying Strength/Stretchability presents
four evident disadvantages: (1) dichotomous Strength control, either soft when melted or
rigid when not melted (e.g., [461]), leading to low Strength controlling precision (e.g., [7]);
(2) necessitating additional heat insulation for wearable applications (e.g., [153]); (3) ex-
periencing slow Strength increase due to the prolonged cooling time of melting materials
(e.g., 7 min needed for cooling down melted LMM ≈ 6 min at room temperature [184]);
and (4) requiring continuous heating of materials to maintain a soft state 3, resulting in

2. Laminar flow is the opposite of turbulent flow. Air or a liquid flows parallelly in different layers
without mixing between layers in laminar flow. In contrast, it flows chaotically with convection between
different layers in a turbulent flow.

3. For thermoresponsive hydrogel, it requires continuous heating to maintain a rigid state and needs
to wait a long time for cooling down to get back to soft
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low energy efficiency.
Compared with phase/glass transition materials, jamming transition actuated by vac-

uum offers a quicker, continuously tunable solution for Strength/Stretchability without
heating. Various jamming media with different structures, such as granular (e.g., ground
coffee used in [8]), fibrous (e.g., nylon fibers used in [44]), or laminar (e.g., sketch papers
used in [319]), can be employed in jamming transitions. Aktaş et al. [7] analyzed the
Strength of jamming systems using different jamming media under diverse load condi-
tions, such as stretching, compressing, and bending. They observed that the Strength
of systems after jamming transition is proportional to the rigidity of jamming materials
(either Young’s modulus or shear modulus 4), especially when using laminar or fibrous
jamming media. In contrast, the rigidity of granular jamming media has little impact on
the Strength of systems. Soft materials, like foam beads, are also utilized in some granular
jamming systems [277]. However, granular jamming systems still require rigid materials
in the encasing membrane, such as thin plastic, to envelop them and provide sufficient
Strength when used as haptic devices [8]. Rigid materials remain indispensable in jam-
ming systems, whether as jamming media in laminar or fibrous jamming systems or as
envelop in granular jamming systems, for efficiently tuning the Strength and Stretchability
of the systems. The involvement of rigid materials might harm systems’ stretchability as
they are non-stretchable.

4.4.5 Limitations of building Size-changing UIs using solely soft
materials

Soft materials, such as elastomers, exhibit significant stretchability compared to their
original Size, with some instances of Length stretching exceeding 1000% [56]. However,
when subjected to specific stimuli (e.g., increasing air pressure for air-proof elastomer
bladders [509]), they typically undergo homogeneous changes in shape in all directions,
posing challenges for achieving inhomogeneous shape changes, such as linearly increasing
Length in one dimension. As detailed in Section 2.1.1, our technology for creating user
interfaces (UIs) that change both Length and Area relies exclusively on soft materials,
specifically silicone elastomers, utilizing in-plane expansion of embedded air channels un-

4. The Young’s modulus and shear modulus are both measures of the rigidity of materials. Young’s
modulus is defined by the ratio between the lengthwise tension or compression on a material and its
change of length [438]. The shear modulus is defined by the ratio between the force applied parallel
or tangential to the face of a material and its deformation in the force direction [437]. Rigid materials
usually have larger Young’s modulus and shear modulus.
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der pressurization. It is essential to ensure that the top and bottom membranes of the
UIs have a uniform thickness to prevent curvature toward the thicker membrane side
in a bi-layer structure. When fabricating the membrane to be glued with the molded
part of our prototypes, we tried to spread the non-cured silicone with a high precision
film casting knife [106] in different thicknesses and measured their thickness when dried.
We found that non-cured silicone with a thickness of 1.7 mm will form a membrane of
1.2 mm, equal to the membrane thickness of the part molded for Size changing prototypes.
1.4 mm non-cured silicone will form a membrane of 1 mm and we use them in Closure and
Zero-crossing prototypes which have one side of membrane thinner than another side for
facilitating the bending toward the thinner side. Additionally, the external wall of the
flat silicone plate must be thin enough to facilitate in-plane expansion, deviating from
the original concept of Baromorph [402]. Although we fabricate Size changing prototypes
with membrane thickness and external wall width carefully controlled, our prototypes
still tend to curve when inflated to relatively high pressure, i.e., when Length increases
approximately 24% under air pressure of 5 Psi (Figure 4.2(c)) and when Area increases
approximately 46% under air pressure of 3 Psi (Figure 4.2(c)). This phenomenon may be
attributed to the lower energy required for curving compared to stretching [337] when the
plates are under tension. Another limitation of creating Size-changing interfaces using
only soft materials is that Volume increase is confined to balloon-like inflated bladders
(e.g., [284, 282, 157, 132, 114, 423, 81, 67, 160, 230]), where the membranes uniformly
stretch to form a spherical shape, as depicted in Figure 2.2(a). To achieve inhomogeneous
Volume changes in UIs, such as rectangular cuboid-like shape changes illustrated in Fig-
ure 2.2(c), rigid/non-stretchable materials like papers become indispensable to restrict
their stretching in certain directions [509]. However, using non-stretchable materials will
thus reversely limit the whole structure’s stretchability.

4.5 Conclusion

In this chapter, we successfully created a series of shape-changing modules using ex-
clusively soft materials, specifically silicone elastomers, to implement six distinct shape-
change features in Morphees+: Size,Curvature, Amplitude, Porosity, Closure and Zero-
crossing. However, challenges persist in developing UIs with changing Volume, Modular-
ity, Strength and Stretchability features using only soft materials and current technologies.
While soft materials offer great potential for constructing UIs with diverse shape-changing
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abilities due to their high Stretchability, their elevated Stretchability often comes at the
expense of reduced Strength. One key question that needs to be addressed is how we
can integrate Strength-changing technologies with those affecting other shape-changing
features such as Curvature. This question is pivotal in the development of UIs with
significant shape-change capabilities while still maintaining high Strength—a crucial con-
sideration for addressing the trade-off between Strength and Stretchability when employing
programmable soft materials for building SCIs [358]. The next chapter will explore this
research question (Chapter 5).
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Chapter 5

JAMMING ORIGAMI ENDOSKELETON:
SHAPE-STRENGTH CONTROLLING

TECHNOLOGY

5.1 Introduction

As we have seen in Chapter 2, recent advances in material science [358] make soft
materials, such as elastomers [509] a promising choice for constructing shape-changing
interfaces (SCIs). This provides a vital technology basis for developing SCIs with high
shape-changing abilities. These materials possess high stretchability, allowing for easy de-
formation, with some examples being stretched over 1000% [56]. Deformability allows to
change the geometric shapes of UIs–through some primary geometric shape-changes (Fig-
ure 2.20 such as size [119], curvature [509], amplitude [132], porosity [475], closure [510]
and zero-crossing (e.g., [157]). The remarkable deformability of elastomers also holds the
potential for achieving high-resolution SCIs [358, 376], for instance, overcoming the reso-
lution constraints imposed by the size of actuators used in actuated pin-based 2.5D shape
displays [349].

Because of their high deformability, soft materials present a trade-off between stretcha-
bility and strength [358]. Highly deformable materials typically exhibit low strength, while
UI strength [376] also play a crucial role in providing users with essential haptic feedback,
such as simulating the stiffness of different materials [107]. Meanwhile, our psychophysical
experiment in Chapter 3 revealed that UIs with higher strength (lower softness) could give
users more precise feedback on their geometric shapes, such as curvature. Addressing the
trade-off between high deformability and strength is vital when utilizing soft materials to
construct SCIs. Addressing this trade-off requires the development of novel technologies
that leverage the stretchability of these materials while enhancing their range of strength.
Such new technologies would enable richer haptic feedback.
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By combining elastomers with jamming technologies [107], designers can control the
strength of elastomer-based interfaces. For instance, using an air-proof bladder (e.g.,
silicone bladder [107]) filled with jamming media (e.g., glass beads [107]) allows for trans-
forming the bladder from a soft state to a rigid state trough vacuuming out air, effectively
enhancing its strength. However, current research progress in this domain has mainly
focused on separate aspects, with some studies concentrating on interfaces capable of
geometrically changing their shapes and others on interfaces capable of controlling their
strength. One notable challenge in developing such interfaces is that multiple independent
actuating systems are required to control geometric shapes and strength. For example, a
system [419] overlays an extra layer of jamming for strength control on an air chamber
for geometric shape control, necessitating several pumps and resulting in bulky actuation
systems and significantly increasing the thickness (e.g., 8 mm extra thickness because of
the jamming layer [419] ) Interfaces capable of controlling their geometric shapes and
strength without importing extra actuators and significant thickness have yet to be devel-
oped, which is crucial to addressing the trade-off between high deformability and strength.
In particular, for developing wearable applications where UIs’ low bulkiness is critical [112,
288].

Prism

Tooth

Origami Jamming sheets
Elastomer structure

Air-tight skin

A P = atmospheric pressure

B P < atmospheric pressure

Figure 5.1 – Our curvature+stiffness actuation mechanism: (A) origami jamming sheets
sandwiched between elastomer structures. (B) When air is vacuumed out of the airtight
skin, the structure deforms to reach its maximum curvature and stiffness progressively.

This chapter presents a novel technology for SCIs capable of controlling their geo-
metric shapes and strength using a single actuating system: a pump. As illustrated in
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Figure 5.1, our system consists of a stretchable air-proof bladder (TPU membrane of 0.1
mm thickness) containing two layers of elastomer gears –whose shapes are designed for a
specific final curvature–and several layers of plastic origami jamming sheets sandwiched
between the elastomer gear layers. The two layers of gears are designed to have different
shapes, which leaves spaces between them. When the air inside the bladder is vacuumed
out, the pressure gradient inside and outside our prototype drives our elastomer structures
to bend to squeeze out the air in the space between gears, causing the whole structure
to change shape. Plastic origami jamming sheets are pre-cut to be able to fold with the
elastomer structures (see details of our Fabrication process in section 5.5 and Figure 5.15)
and change their shapes together with elastomer structures. To differentiate the two layers
of gears, we call the thicker one “Prisms” and the thinner one “Teeth”, as in Figure 5.1.
At the same time the vacuum driving the “Prisms” and “Teeth” close to each other and
changes the prototype’s shape; the origami jamming sheets are more and more strongly
pressed by ‘Prisms” and “Teeth” which can lead them to jam together and increasing the
structure strength [107, 319, 7]. The shape-change and strength-change are driven by
the pressure gradient inside and outside our prototype when air is vacuumed; thus, we
can control geometric shapes and strength using a single actuating system: a pump. We
currently focus on curvature control for geometric shape controlling in this chapter –as
curvature-changing interfaces are prevalent in HCI research [509, 300, 236, 462, 157, 132,
114, 419, 423] . At the same time, it is a fundamental feature for realizing many other
shape-changing features ( Figure 2.20). In section 5.7.5, we will discuss the possibility of
using our technology to create shape-change UIs other than curvature-changing ones.

In this chapter, we first review existing related work controlling both geometric shape
and strength control of UIs. Then, we describe our novel shape-changing technology
and discuss the design space of our technology, exploring various design parameters and
assessing their impact on the shape and strength of our structures. Finally, we envision
applications based on this novel technology to enrich users’ interaction and discuss future
work to improve our technology for creating UIs with richer shape-change ability.

5.2 Related work

In Chapter 2, we have presented previous research addressing UIs’ geometric shape
and strength control separately. Complementarily, this section summarizes prior work on
UIs capable of controlling both geometric shapes and strength.
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One jamming cell

pressure-controllable
air chamber

(a) Pneumatically inflating + Jamming: A
matrix of jamming cells was added on the top of
a pressure-controllable chamber. Before jamming,
the matrix of cells can be bent with increasing pres-
sure in the chamber, and each cell can be jammed
to become rigid [418]

LMM composite Inflated elastomer bladder

(b) Pneumatically inflating + Phase-
changing materials: A layer of LMM composite
was added to an elastomer bladder. When the
composite is heated to soft, the composite layer
can be pushed to change shape by the elastomer
bladder inflated. The composite can return rigid
when cooled down [184].

ABS plastic- SMA
twisted pair

(c) Shape-memory alloys + Phase-changing
materials: An ABS plastic- SMA twisted pair ca-
bling is sewn into the fabric. The ABS plastic fiber
can be heated to become soft; the SMA wire can be
heated to change shape (curling up). When cool-
ing down, the rigid ABS plastic fiber can help keep
the shape [520].

(d) Motorized 2.5D shape-display: Each mo-
torized bar in the matrix can change height when
pressed by users according to respectively stimu-
lated surface feature. [298]

5mm

5mm

5mm5mm

5mm

5mm

with jamming layerswithout jamming layers

Pressure decreased Pressure decreased

(e) Our technology: two of our prototypes (left
without origami jamming sheets and right with
origami jamming sheets) change-shape with decreas-
ing pressure and support load (a single wight is
20 g). Our technology with embedded origami jam-
ming sheets (7 layers of 0.1 mm mylar film) slightly
deformed under the weight of 60 g, while the proto-
type without origami jamming sheets collapses under
the same wight.

Figure 5.2 – Different technologies for creating geometric shape and strength changing
UIs.
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Pneumatically inflating + Jamming Wall, Deimel, and Brock proposed to add an
additional jamming system [471] on top of a pneumatically inflating SCI. This system can
be inflated to bend (similar to [393]) and also for strength control. When the jamming
system is not vacuumed, inflating the shape-changing system will bend it as the jamming
media (e.g., ground coffee) is not pressed together and can slide freely. After vacuuming
the jamming system, the jamming media is pressed together, increasing the system’s
strength to resist shape changes caused by external forces. Stanley and Okamura also
proposed Haptic jamming [419, 416, 418] to achieve strength control and richer geometric
shapes control, such as creating the shape of a Stanford bunny [495] from a planar surface.
Haptic jamming consists of a 2D matrix of jamming cells (bladders of coffee) bonded over
a pressure-controllable air chamber. Each jamming cell can be individually vacuumed
by controlling its connection to the vacuum via valves. Increasing the pressure inside
the air chamber, non-vacuumed cells are pushed up, while vacuumed cells remain locked
in their original position, resulting in a 2.5D shape [246]. However, adding an extra
jamming system to pneumatically inflating SCIs increases the thickness of the UI (e.g.,
extra thickness ≈ 8 mm in [419, 416, 418]). In contrast, our prototype does not add any
extra thickness as the origami jamming sheets are placed directly in the gap between two
elastomer structures. We have successfully fabricated thin prototypes with total thickness
≈ 4 mm (Figure 5.3). Furthermore, the whole system becomes less portable as needing
at least two pumps as actuators, i.e., one for inflating shape-changing system and one
for vacuuming jamming system, and more pumps or valves are needed to control each
jamming cell in systems like [419, 416, 418].

Pneumatically inflating + Phase-changing materials Phase-changing materials
like low melting point metals (LMM) can become soft when heated beyond their phase
transition point (e.g., 62 ◦C in [461]). Van Meerbeek et al. heated LMM until it became
liquid and then filled it into porous silicone, creating a silicone/low melting point metals
composite [461]. This composite softens when the LMM is heated to a liquid state and
becomes rigid again when the LMM cools down. It can be bonded to a pneumatic SCI
(e.g., PneUI [509]) as an extra layer for controlling surface stiffness. A similar compos-
ite was fabricated in [48]. Hwang et al. [184] improved the technology by cutting the
composite into kirigami shapes [65], enhancing its stretchability when the LMM melts,
allowing it to stretch up to 100%. However, these systems using phase-changing materials
for strength control inherit the same disadvantages as earlier discussed in section 4.4.4:
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(1) dichotomous strength control of either soft when melted or rigid when not melted
(e.g., [461]), thus lacking continuous stiffness feedback (e.g., [7]); (2) requiring additional
heat insulation for wearable applications (e.g., [153]); (3) slow strength increase due to
the long cooling time of melting materials (e.g., 7 min needed for cooling down melted
LMM ≈ 6 mm at room temperature [184]); and (4) continuous heating to maintain a soft
state, resulting in low energy efficiency.

Shape-memory alloys + Phase-changing materials Shape-memory alloys [73] can
be heated to change shape and phase-changing materials like thermoplastics (e.g., PLA
and ABS used in [64, 520]) can be heated to become softer. This thus allows constructing
UIs sharing one actuation system, i.e., heating system, for both shape and strength con-
trol. Yuen, Bilodeau, and Kramer [520] twisted together two wires: a shape-memory alloy
(SMA) and a thermoplastics fiber containing a metal wire. The rigid thermoplastics fiber
becomes soft by heating the metal wire above its glass transition point. Upon cooling,
the thermoplastics fiber becomes rigid again. Leveraging the shape-memory effect of the
SMA [73], the SMA wire can change shape to return to its programmed shape (e.g., from
a straight wire to a helical coil in [520]) when heated above its activation temperature
(e.g., 70 ◦C in [520]). When the thermoplastic fiber is heated to soften, the twisted SMA
wire can actuate the thermoplastic fiber to change its shape. When the thermoplastics
fiber cools and becomes rigid, it retains the shape of the SMA wire despite external forces.
The advantage of [520] is that it only requires a single actuation, as geometric shape and
strength control share the same heating source. However, similar to the technology men-
tioned above,Pneumatically inflating + Phase-changing materials, using phase-changing
materials for strength control inherits all disadvantages as discussed in section 4.4.4 such
as slow strength increase speed after heated.

Motorized 2.5D shape-display Emerging 2.5D shape displays (e.g., [246, 297, 244,
108]) were recently developed using a 2D matrix of height-changing bars, which can create
various geometric shapes by controlling the height of each bar. It is like a relief sculpture:
Carving a flat surface into different depths in different positions can form a richer shape
globally. Materiable [298] expands on 2.5D shape display technologies by incorporating
surface material properties rendering. When users touch or press on Materiable, the sys-
tem can actively adapt the height of each bar to render the surface deformation according
to its surface properties. For instance, when the user applies the same force on Materiable
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5mm

Pressure decreased

5mm

Figure 5.3 – A thin prototype made using our technology

with fingers, it can keep the height of each bar to render the effect of pressing on a rigid
surface and can also vastly decrease the height of bars around fingers to render the effect
of pressing on a soft surface. Thus, this technology can create UIs, i.e., surfaces on which
users interact with controlled shape and strength. However, Materiable requires several
actuation motors beneath, which makes it unsuitable for portable or wearable devices.

Our technology, the Jamming Origami Endoskeleton (Figure 5.1), achieves geometric
shape control and strength control through pneumatically deflating. Compared with the
work above, our technology can provide designers of SCIs with the following advantages:
Geometric shape and strength control share (1) a single vacuum pump for actuation,
making the device more portable. In our system, the jamming layer is inserted into the
gap between the two layers of elastomer gears, thus (2) limiting extra thickness. We have
currently successfully created thin prototypes with total thickness around 4 mm (Fig-
ure 5.3). The jamming-based strength controlling does not need continuous energy input
to maintain strength, unlike heating LLM [461], resulting in (3) high energy efficiency. It
also allows (4) fine-tunes stiffness, providing users with continuous haptic feedback, and
(5) quick strength adjustment (less than 1 s to reach maximum vacuum with our current
prototypes). Furthermore, as our system does not require heating for either shape control
or strength control and has no rigid materials on both sides where it might come into
contact with users, it is (6) better suited for wearable applications.

5.3 Design Space and technical evaluation

As our control of the geometric shapes controlling is based on the imperfectly com-
patible elastomer gears shapes, i.e., the shape of “Prism” and “Tooth” respectively in
Figure 5.4 is different, we considered both the thickness difference ∆Thickness and angle
difference ∆Angle (Figure 5.4) between two elastomer gears layers as design parameters.
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Prism

Tooth

hMembrane

hPrism

hTooth

ΔAngle = α - βΔThickness = hPrism - hTooth

β

α

OrigamiJamming
sheet(s)

Elastomer structure

Air-tight skin

Figure 5.4 – Design parameters of our prototypes. To differentiate the two layers of gears,
we call the thicker one “Prism” and the thinner one “Tooth”. Our current design parame-
ters include the thickness and angle difference between “Prism” and “Tooth” (∆Thickness
and ∆Angle), thickness of “Prism” (hPrism) and thickness of membrane (hMembrane). We
also study the impact of vacuum level PVacuum on our prototypes’ curvature and strength.

As the thickness is also an essential factor, in particular for wearable UIs [399], we also
consider the thickness 1 as a design parameter. Besides, we also evaluate the impact
on both geometric shapes (i.e., curvature) and strength of vacuum level PVacuum and
whether having origami jamming sheets sandwiched. As presented in the white circles in
Figure 5.5(a), we can see that the buckling [336] of membrane connecting each layer of
elastomer gears hinders the full contact between elastomer gears, which might impact the
geometric shapes of our prototypes. For this reason, we also evaluate the impact of the
thickness of the membrane hMembrane (Figure 5.4) connecting elastomer gears. In this
section, we present how we measure the different curvature and strength of our proto-
types with different design parameters (i.e., ∆Thickness, ∆Angle, hPrism, hMembrane and
PVacuum) and our measurement results.

Curvature measurement To measure the curvature of our prototypes, we took pic-
tures of our stimuli after vacuuming out air (Figure 5.5(a) bottom left) with a Panasonic
Lumix G Hybrides camera with a LUMIX G VARIO 14-140 lens (Focal length f=135
mm, resolution 1096× 2160). As shown in Figure 5.5(a) (top left), the left side of one

1. We also consider the thickness difference between “Prism” and “Tooth” as a design parameter. In
contrast, the thickness of each gear layer is coupled with the parameter of ∆Thickness. To simplify the
analysis of the design parameter of thickness, we fix ∆Thickness as 1mm and considering the thickness
of the “Prism” (hPrism in Figure 5.4) as the design parameter for thickness. The total thickness of a
prototype equals the thickness of “Prisms” plus the thickness of membranes connecting gears and the
thickness of membranes enveloping the prototype.
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10mm

10mm

(a) Curvature measurement setup

(b) Strength measurement setup

Figure 5.5 – Curvature and strength measurement setup. (a) Curvature measurement.
Top left: a prototype before vacuuming our air; Bottom left: a prototype with air vacuum-
ing out; Top right: A prototype with edge detected, bolded and highlighted in red color for
visualization; Bottom right: a vernier scale fixed on the support facilitating the conversion
of pixels to millimeters.White circles in the left two figures show the buckling [336] of the
elastomer membrane connecting elastomer structures and the TPU enveloping membrane.
(b) Strength measurement setup. The measurement is done by the compression test with
a 3D printed spherical indentor as in [418] and in Chapter 3. The red circle shows the
form of "gear", which takes shape when vacuuming prototypes.
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prototype was fixed on a 3D-printed support before vacuuming. After vacuuming air and
the prototype curved (Figure 5.5(a) bottom left), we fixed the prototype’s right side and
took a photo. We then release the right side and the vacuum, and the prototype returns
to flat (Figure 5.5(a) top left). To ensure measurement accuracy, we repeat the process
of “Vacuuming-Releasing-Taking Pictures” of each prototype 10 times. We then detected
the contour of the curved surface of each prototype with OpenCV 4.6.0 [315]. Before the
contour detection, pictures were calibrated to remove the distortion of the camera lens
with OpenCV 4.6.0 [315]. We fitted points to this contour (Figure 5.5(a) top right) using
the circle-fit 0.1.3 [214] python package, to finally find its curvature. To convert curvature
from pixels (px) to mm, we fixed a vernier scale on the support to ensure the precision of
the conversion as in Figure 5.5(a) (bottom right). We found that 150.05 mm on the scale
equals 3248 px in the pictures. Therefore, we convert our curvature measurements with
0.046 mm/px. In Figures 5.6(a), 5.7(a), 5.8(a), 5.9(a), 5.10(a), 5.11(a), we also present the
95% bootstrapping confidence interval through error bar based on the 10 repetitions of
curvature measurement. All error bars in these figures are very small (smaller than data
points, thus hidden in the points), suggesting that our prototypes’ shape change during
repetitive measurements is very stable, and the measured curvature is nearly the same
among every 10 repetitions. In Figures 5.6(a), 5.7(a), 5.8(a), 5.9(a), 5.10(a), 5.11(a),
we also present the linear regression with our curvature measurement result for different
design parameters.

Strength measurement We conducted compression tests with a 3D printed spherical
indentor to measure the prototypes’ strength as in [418] using an INSTRON Universal
Testing System [194]. The loading speed is 0.2 mm/s as in Chapter 3. As shown in
Figure 5.12, referring to the standard flexural test methods [21], our prototypes were sup-
ported by two fixed metal cylinders, which allows the two extremities of each prototype to
slide during the measurement freely. To calculate the strength of our prototypes (abbrevi-
ated as S) with each design parameter, we calculate the slope of force-displacement curves,
by fitting data point between 0 and 4 mm (Figures 5.6(b), 5.7(b), 5.8(b), 5.9(b), 5.10(b), 5.11(b)),
where the curves are all nearly linear [21]. In Figures 5.6(b), 5.7(b), 5.8(b), 5.9(b), 5.10(b), 5.11(b),
we also present the linear regression of our strength measurement result of different design
parameters. We also present all force-displacement curves in Annex A.5 with Figures A.10,
A.11, A.12, A.13, A.14, A.15.

We provide detailed parameters of prototypes tested during our measurements with
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Table A.1 in appendix A.4.

5.3.1 Thickness difference (∆Thickness)
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Figure 5.6 – Curvature (left) and strength (right) measurement under different thickness
differences between “Prism” and “Tooth”.

As shown in Figure 5.6, both the curvature (Figure 5.6(a)) and strength (Figure 5.6(b))
show weak linear relationship with the thickness difference between “Prism” and “Tooth”,
i.e., ∆Thickness. We can also see that both the curvature (Figure 5.6(a)) and strength (Fig-
ure 5.6(b)) nearly keep constant in our measurement range of ∆Thickness, which suggests
that the thickness difference have little impact on our prototypes’ curvature and strength.

5.3.2 Angle difference (∆Angle)

As shown in Figure 5.7, both the curvature (Figure 5.7(a)) and strength (Figure A.11)
show a linear relationship with the angle difference between “Prism” and “Tooth”, i.e.,
∆Angle. We can see that both the curvature (Figure 5.7(a)) and strength (Figure 5.7(b))
show the tendency of decreasing when ∆Angle increases, which suggests that larger ∆Angle

will lead to prototypes’ smaller shape-change and weaker strength.

5.3.3 Thickness (hPrism)

From Figure 5.8, we can see that our prototypes’ curvature (Figure 5.8(a)) shows linear
relationship with the thickness of “Prism” hPrism

1, while the strength (Figure 5.8(b)) also
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Figure 5.7 – Curvature (left) and strength (right) measurement under different angle
differences between “Prism” and “Tooth”.
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Figure 5.8 – Curvature (left) and strength (right) measurement under different thicknesses
of “Prism”.

shows medium linear relationship with hPrism. Figure 5.8(a)) shows that with increasing
hPrism, the curvature of our prototypes decreases. The strength (Figure 5.8(b)) of our
prototypes also decreases with larger hPrism except when hPrism is very small, i.e, 2
mm. The exception of small strength when hPrism is as small as 2 mm might come
from our measurement errors. In the condition of hPrism being 2 mm, the length of
the prototype is very short (≈ 35 mm), which is too short 2 to be stably placed on the

2. All our prototypes had the same numbers of “Prism” and “Tooth”, i.e., 5 “Prism” and 4 “Tooth” as
in Figure 5.5(a). The whole length of a prototype equals to 5 × the base length of a prism, thus equal to
5 × 2hP rism

tan((180−α)/2) . All prototypes tested for measuring the impact of hPrism have the same angle values,
i.e., α = 120◦. The whole length of a prototype is thus linearly correlated with hPrism, and smaller hPrism
corresponds to shorter prototypes.
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two fixed metal cylinders supports (Figure 5.5(b)) during the compression test and thus
impact the measurement accuracy. In our future work, we will verify this by redoing the
measurement with an improved setup to avoid this error.

5.3.4 Thickness of membrane (hMembrane)
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Figure 5.9 – Curvature (left) and strength (right) measurement under different thicknesses
of membranes.

Figure 5.9 shows that both our prototypes’ curvature (Figure 5.9(a)) and strength (Fig-
ure 5.9(b)) show a weak linear relationship with the thickness of membrane hMembrane.
These two figures also show that our prototypes’ curvature (Figure 5.9(a)) tends to de-
crease slightly with a thicker membrane, and the strength tends to increase with a thicker
membrane slightly.

5.3.5 Vacuum level (PVacuum)

Figure 5.10 shows that, both our prototypes’ curvature (Figure 5.10(a)) and strength
(Figure 5.10(b)) show a linear relationship with the level of vacuum PVacuum. With
Figure 5.10, we can also see that, with higher PVacuum, our prototypes tend towards
being more curved (Figure 5.10(a)) and also exhibit larger strength (Figure 5.10(b)).

5.3.6 Whether having origami jamming sheets

Having origami jamming sheets sandwiched in elastomer structures is the principle of
our technology. To know whether the impact of origami jamming sheets on our prototypes’
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Figure 5.10 – Curvature (left) and strength (right) measurement under different vacuum
levels.
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Figure 5.11 – Curvature (left) and strength (right) measurement under conditions of
whether having origami jamming sheets between two layers of gears.

curvature and strength exists, we measured two prototypes: one without origami jamming
sheets and one with 7 origami jamming sheets 3. From Figure 5.11, we can see that
adding origami jamming sheets between elastomer structures can help to slightly increase
prototypes’ curvature (Figure 5.11(a)) and increase nearly twice the strength with 0.29
N/mm vs. 0.12 N/mm (Figure 5.11(b)).

3. We decide the number of 7 layers from our first successfully fabricated and controlled prototype:
Most thickness difference ∆Thickness of our prototypes is 1 mm, which thus leaves 1 mm of gap between
the apex of “Prism” and “Tooth” during our prototype assemblage. We used laser-cut Mylar film 0.1
mm thick as jamming media for prototypes. The 1 mm gap allows us to put up to 7 layers of such films
inside without much effort.
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5.3.7 Multiple linear regression on different design parameters

To further compare the impact of different design parameters on curvature and strength
of our prototypes, we do the multiple linear regression of Curvature (C) and Strength (S)
on different design parameters (i.e., the thickness difference between “Prism” and “Tooth”
∆Thickness, the angle difference ∆Angle, the thickness of “Prism” hPrism, the thickness
of membrane hMembrane and the level of vacuum PVacuum). Before the regression, we
normalize all data, which allows us to compare different parameters on a common scale.
Then, we can get the regression result:

C = 1.15 − 0.70∆Angle − 0.57hP rism + 0.10PV acuum

+0.056∆T hickness + 0.033hMembrane (R2 = 0.74)
(5.1)

S = 0.86 − 0.86∆Angle − 0.39hP rism + 0.18PV acuum

+0.097hMembrane + 0.0088∆T hickness (R2 = 0.81)
(5.2)

As shown in Equations 5.1 and 5.2, the ∆Angle, hPrism and PVacuum are the three
first design parameters which impact both the curvature and strength. In contrast, the
impact of other parameters is comparatively small. This is coherent with previously pre-
sented linearly fitting result on each design parameter (Figure 5.6, 5.7, 5.8, 5.9 and 5.10).
The regression result indicates that decreasing the angle difference ∆Angle, decreasing the
thickness of “Prism” hPrism or increasing the level of vacuum PVacuum can lead to in-
creasing curvature of our prototypes and the increasing strength. Meanwhile, the PVacuum

impacts more the Stength than the Curvature, with coefficient 0.18 vs. 0.10, which sug-
gests that although the Stength and Curvature of our prototypes are coupled with the
increasing PVacuum, the increasing of vacuum level lead to more important change on
Stength than Curvature.

5.4 Supplementary strength measurement

With force-displacement curves (Figure A.10, A.11, A.12, A.13, A.14, A.15) that we
obtained with measurements conducted in section 5.3, we can see clear “fluctuation” on
the curves. During the compressing tests, we observed that the “fluctuation” comes from
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Figure 5.12 – Supplementary strength measurement with two extremities fixed.

the sliding of “gears” (Figure 5.5(b)), which takes shape when prototypes are vacuumed
on the surface of two metal cylinders. The sliding of "gears" might lead to switching
gears that contact the metal cylinders, thus suddenly changing the contact force with the
indentor. This might decrease the precision of the measurement. To improve our mea-
surement precision, we did some supplementary measurements for the strength by fixing
the two extremities of tested prototypes to avoid the sliding of “gears”. We did 7 repetitive
measurements for each parameter. To calculate the strength of our prototypes with each
design parameter, we calculate the average slope of the 7 force-displacement curves by
fitting data points between 0 and 4 mm, where the curves are all nearly linear [21]. The
measured strength results are presented as data points in Figures 5.13(a) and 5.14(a),
with the error bar presenting the 95% bootstrapping confidence interval based on the 7
repetitions of measurements. The blue lines in Figures 5.13(a) and 5.14(a) present linear
regression curves. We report here also the detailed force-displacement curves in Fig-
ures 5.13(b) and 5.14(b) where the shadow under curves also presents the 95% confidence
interval estimated through the 7 repetitive measurements.

From section 5.3, we can see that having 7 origami jamming sheets leads to the strength
increasing nearly twice compared with a prototype without origami jamming sheets (Fig-
ure 5.11(b)). To further confirm the key benefit of our new technology for strength
enhancing and controlling, we conducted supplementary measurements to study further
the impact of the numbers of layers of origami jamming sheets NJammingLayers on the
strength of our prototypes. We also conducted supplementary measurements to study
further the impact of vacuum levels PVacuum, as the PVacuum is the only parameter that
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we can manipulate once the prototype is fabricated, i.e., can be manipulated during use.
Further measurements for the impact of other parameters will be conducted in future

work. We provide detailed parameters of these prototypes with Table A.2 in appendix A.4.

5.4.1 Origami jamming sheets layers (NJammingLayers)

0.0

0.2

0.4

0.6

0 3 6 9
Jamming layers

 S
tr

en
gt

h 
(N

/m
m

) y= 0.034x + 0.23 (R²=0.83)

(a) Strength measurements and linear regression re-
sult.

0

1

2

3

0 5 10
Displacement(mm)

Fo
rc
e
(N
)

Jamming Layers
0
3
7
11

(b) Force-displacement curves. Red circles show
where the force reaches its maximum values and de-
creases when the indentor compresses more deeply.

Figure 5.13 – Strength measurement in conditions of different layers of origami jamming
sheets. (a) Strength (b) Force-displacement curves

With Figure 5.13(a), we can see that our prototypes’ strength shows an apparent
linear relationship with the number of layers of origami jamming sheets NJammingLayers.
We can clearly see that the strength increases with larger NJammingLayers. Figure 5.13(b)
presents the force-displacement curves under different NJammingLayers conditions. With
Figure 5.13(b), we observed that the force increases when the indentor starts compressing
the prototype, while the force reversely decreases when the indentor descends more deeply.
Red circles in this Figure marked the position where the force arrives at the maximum
value. Figure 5.13(b) shows the tendency of these points shifting to the upper right with
larger NJammingLayers conditions, i.e., with larger NJammingLayers, the maximum force is
larger and needs to compress more deeply to arrive at the maximum force.

5.4.2 Vacuum level (PVacuum)

On Figure 5.14(a), we can see that our prototypes’ strength shows a strong linear
relationship with vacuum levels PVacuum and higher PVacuum can lead to larger strength.
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Figure 5.14 – Strength measurement under different vacuum levels.

Figure 5.14(b) presents the force-displacement curves with different PVacuum. Similarly
to Figure 5.13(b), we also observed that the force will arrive at the maximum value when
the indentor descends to a certain depth where marked by red circles in Figure 5.14(b).
With Figure 5.14(b), we can see that the tendency of these points shifting to the upper
right with higher PVacuum conditions, i.e., with higher PVacuum conditions the maximum
force is larger and need to compress more deeply to arrive at the maximum force.

5.5 Fabrication

In this section, we present the fabrication process of our prototypes. Figure 5.15
illustrates the process as three major steps:

1. Elastomer structures molding: We firstly mold the elastomer structures with
the silicone of Elite Double 32 [528], as its short cure time (≈ 20 minutes) allows
fast prototype iteration. To fabricate the mold with high precision, we print them
with photo-polymer resin (Formlabs standard clear resin [368]) using a stereo-
lithography 3d printer (Formlabs Form3 [109]).

2. Origami jamming sheets fabricating: We then fabricate the origami jamming
sheets by laser cutting Mylar film of 0.1 mm thickness as it provides a trade-off
between thinness to be easily embedded between elastomer structures and rigidity
for structure strength. The shape of each origami sheet is the same as the top
surface of the elastomer structures (side Prism) when folded by their origami seams,
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Laser cutting
Folding

Origami skeleton

Mold

Uncured silicone

Glass plate

Demoulding
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a Elastomer structure molding

b Origami jamming sheets fabricating

c Prototype enveloping

Jamming
SheetsPrism

Tooth
Elastomer
structures

Heat sealing
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Figure 5.15 – Fabrication process. (a) Molding Elastomer structures. (b) Laser cutting
origami jamming sheets. (c) Enveloping elastomer structures and origami jamming sheets
together.

which can ensure the origami jamming sheets well fit our elastomer structures. We
also cut a few holes on each origami sheet to ensure air circulation when vacuuming
out air for actuation.

3. Prototype enveloping: We embed a few origami jamming sheets between our
elastomer structures and then envelope them into a 0.1 mm thick TPU film by
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heat sealing. Before the heat sealing, we insert a short air-tight tube between
elastomer structures as the outlet for vacuuming. We chose the 0.1 mm thick TPU
film because of its advantages of heat sealing compatibility and high stretchability.

5.6 Examples applications

This section presents some examples of applications of our novel technology for build-
ing shape- and strength-changing UIs.

5.6.1 Tuning the range of shape and stiffness of shape-changing
physical buttons at the design stage

Figure 5.16 – A flat button can change shape into a curved button with higher strength.

Physical buttons represent a ubiquitous interface in our daily lives [9]. They play a cru-
cial role in enhancing users’ interaction experiences, such as improving input speed [482]
and enabling eye-free interactions [261, 71]. Buttons that possess reconfigurable attributes
in terms of shape and strength have the potential to enrich users’ interaction experience
further. For instance, the creation of a physical control panel with buttons that can be
pneumatically inflated or deflated to modify their shape [157], buttons with adjustable
actuation force levels [462] (e.g., requiring increased pressure for actuation when pneumat-
ically inflated), and buttons capable of providing haptic feedback through the inflation
and deflation of their top surface [132].

In addition to experimental prototypes (e.g., [157, 462, 132]), Alexander, Hardy, and
Wattam [9] conducted a survey of 1515 physical buttons in household environments,
characterizing them based on various properties, including the input force required to
activate the button and the seating depth, defined as the height difference between the
button’s top surface and the surrounding plane. Their findings indicated that the average
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input force for these buttons was 3.2 N (σ = 4.4N), with convex buttons having an
average seating depth of 1.65 mm (σ = 1.13mm) and concave buttons measuring 0.89 mm
(σ = 0.85mm).

Our technology can be employed during the design phase to assist designers in creating
and fine-tuning their buttons’ shape and stiffness characteristics. For example, we can
generate buttons with varying strength levels by adjusting the vacuum levels (as depicted
in Figure 5.14(b), where the maximum force our prototype can support ranges from ≈
0.8 N to ≈ 2.5 N under different vacuum levels). Furthermore, it is feasible to create but-
tons with different seating depths, with our prototypes’ protrusion height from the plane
surface varying from 1.89 mm to 14.44 mm as the design parameter ((hPrism)) increases
from 2 mm to 7 mm) 4.

5.6.2 Tunable strength of wearable haptic device for notifica-
tions

Figure 5.17 – A bracelet can change its shape to give wearer haptic feedback by contacting
with wearers. With our technology’s capability of strength controllability, we can tune
the strength of the UI according to the wearing site, i.e., UI tuned to have higher strength
for the body site where sensitivity is poorer.

In recent years, wearable haptic devices have emerged as a significant technological
advancement [323, 4, 472, 380]. One common application of these devices is to provide
wearers with notifications. Wearers can perceive various sensory inputs such as shape

4. Values corresponds to measuremnt result presented in section 5.3.3
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changes (e.g., [67]), vibrations (e.g., [500]), air jets (e.g., [35]), motion (e.g., [152]), and
temperature fluctuations (e.g., [151]) to receive notifications. Many of these applications
have been designed with specific technologies tailored for predefined wearables, including
finger pads (e.g., [151]), hands (e.g., [27]), forearms (e.g., [87]), wrists (e.g., [135]), and
the head (e.g., [32]).

Through Lederman’s two-point touch and point localization thresholds test, we can
discern variations in haptic sensitivity across different body sites in individuals [238, 240].
Consequently, a wearable haptic device designed for one specific body site may not be
suitable for use on another. As demonstrated in our psychophysical experiment in Chap-
ter 3, our research has revealed that users’ sensitivity can be enhanced, characterized
by lower sensation thresholds when employing a more rigid UI for specific interaction
positions, such as finger pads. Leveraging our technology, we can develop more versa-
tile wearable haptic devices by precisely adjusting the UI strength based on the wearing
position. For instance, higher UI strength may be applied to positions where sensitivity
is lower. Furthermore, in conjunction with technologies like [59] of serially connecting
different pneumatic shape-changing modules sharing pumps, it becomes feasible to inter-
connect multiple UIs developed using our approach to create scalable UI systems that
accommodate various sizes and wearing positions.

5.6.3 Wearable sitting posture guidance

Numerous studies have indicated that prolonged sitting in office chairs with poor
posture can lead to a growing number of health issues [477, 454], including neck pain [251],
back pain [444], musculoskeletal discomfort [468], fatigue [162], reduced productivity, and
diminished mood [321]. Therefore, it is imperative to develop user interfaces (UIs) that
can guide individuals in correcting their posture when it becomes suboptimal.

Various technologies have been developed for detecting users’ sitting posture [477, 454].
When it comes to addressing posture guidance, current technologies primarily employ
three approaches:

1. Alerting users when poor posture is detected [392, 218, 22], often through mecha-
nisms like vibration [527]

2. Corrcting users’ posture when they adopt poor postures [464, 463, 66], for example,
by increasing the resistance of garments worn on the back to discourage further
bending [464].
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Figure 5.18 – A wearable posture guidance can change shape to alert users of their poor
postures and increase movement resistance to correct them.

3. Adjusting the inclination of the chair (e.g., [122]) or the screen in front of users
(e.g., [400]) to compel users to correct their posture, which typically necessitates
bulky actuation systems, such as industrial robotic arms as seen in [400].

Our technology offers a wearable solution to create UIs capable of controlling posture
and strength. This enables the development of wearable garments (see Figure 5.18) with
dual functionalities: alerting users when having poor posture through shape changes and
correcting their poor posture by enhancing strength, making it more difficult to maintain
poor posture. Furthermore, our technology can be extended beyond posture guidance
by incorporating haptic feedback and motion limitations based on the wearer’s posture-
sensing capabilities. This can be achieved using conductive elastomers, as opposed to
non-conductive ones like ours, to detect stretching, i.e., changes in the wearer’s posture,
as demonstrated in previous works (e.g., [517, 480, 516]).

5.7 Discussion and future work

5.7.1 Setup for strength measurement

In previous sections 5.3 and 5.4, we introduced two distinct setups for strength mea-
surement. In Section 5.4, we enhanced the setup presented in Section 5.3 by fixing both
extremities of the prototypes to the testing support using clips. This modification ef-
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Figure 5.19 – Setup for strength measurement with two extremities fixed on the slider.
With this setup, the two extremities of the prototype are fixed on the slider before the
measurement. It can freely change its shape when vacuuming, releasing the vacuum, and
compressing during the strength measurement.

fectively prevents the unintended sliding of the "gears" along the metal cylinders, which
can introduce "fluctuations" in the force-displacement curves, potentially affecting mea-
surement precision. However, this improved setup necessitates manually removing one
or both clips before vacuuming to allow the prototype to change shape. Subsequently,
the clips must be reattached for each strength measurement. This manual manipulation
introduces the potential for measurement errors due to the release-fixing process.

Furthermore, the results obtained with the setup involving the fixation of both ex-
tremities may not directly apply to UI design scenarios in which at least one side of the
UI should remain free to accommodate shape changes and enable users to interact with
the UI’s shape and strength without prior fixation. To address this limitation, we intend
to conduct further strength measurements utilizing a setup that fixes both extremities of
the prototypes on sliders, as depicted in Figure 5.19. In this setup, the prototype can
undergo shape changes during vacuuming, release, and compression without requiring
manual release-fixing steps, as seen in Figure 5.12.
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In comparison to the configuration in Figure 5.5(b), where both extremities are placed
on metal cylinders, the setup with both extremities fixed on sliders ensures smoother
movement of the prototype’s extremities along the sliders, thus minimizing “fluctuations”
in the force-displacement curves. The adoption of this slider-based setup (Figure 5.19)
brings the measurement results closer to real-world application scenarios in which users
can interact with UIs placed on a flat surface, such as a desktop, without the need for
additional extremity fixation.

5.7.2 Shape and strength controlling mechanism

10mm10mm

Pressure decreased

Figure 5.20 – Theoretical shape-change of the prototype presented in Figure 5.5(a).
After the air has been vacuumed out, the neighbor inclined surfaces of the “Prisms” and
“Teeth” should come into parallel and perfect contact with the jamming sheets (line in
purple colors) between them.

Shape-controlling mechanism Our technology’s primary mechanism governing shape
control is the pressure gradient inside and outside our prototype. This gradient, generated
by the vacuum, compels our elastomer structures to bend, thereby expelling air between
the “Prisms” and “Teeth”. This occurs because the shapes of " prisms " and " teeth " are
inherently incompatible, leaving gaps between them. Ideally, once all the air inside our
prototypes is completely vacuumed, the neighbor inclined surfaces of the “Prisms” and
“Teeth” should come into parallel, resulting in the maximum achievable shape change for
the entire prototype (Figure 5.20).

The prototype presented in Figure 5.5(a) theoretically has the potential to bend
approximately 320◦ (Figure 5.20) when all the air is vacuumed out 5, the neighbor inclined

5. In Figure 5.5(a), the vertex angle of “Tooth” is 40◦ (β) in Figure 5.4, and the vertex angle of “Prism”
is 120◦ (β) in Figure 5.4. The respective base angle of “Prism” is 30◦. There thus exists around a space
of 80◦ that each “Prism” can turn around the apex of respective “Tooth” till their neighbor inclined
surfaces parallel to each other. Considering that we have 4 “Teeth” in each prototype, the prototype can
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surfaces of the “Prisms” and “Teeth” come into parallel and perfect contact with the
jamming sheets between them. However, during our measurements, we observed that the
prototype only bent to around 68◦ (as indicated by the central angle of the highlighted
arc in Figure 5.5(a) top right) when the vacuum level reached 0.95 bar, representing the
maximum vacuum level attainable in our experiments. We hypothesize that the measured
shape change is significantly lower than the ideal one due to the buckling phenomenon of
the membrane connecting each " tooth " and the TPU enveloping membrane. These factors
prevent our structure from achieving further shape change, resulting in non-squeezed
spaces between “Prisms” and “Teeth” (as shown in Figure 5.5(a)). This observation is
consistent with the curvature measurements presented in Figure 5.9(a), where thicker
membrane thickness hMembrane leads to slightly smaller curvature. Thicker membranes
introduce stronger resistance when undergoing bulk deformation during shape change.

Similar to the membranes of our elastomer structures, the enveloping TPU membrane
may also introduce resistance during bulk deformation during shape change. Thus, fu-
ture research should explore the enveloping membrane’s impact on our prototypes’ shape
change, considering factors such as membrane thickness and materials. Future work
should also address the design of these membranes to mitigate or reduce buckling.

Strength-controlling mechanism The fundamental mechanism governing strength
control relies on jamming principles, as described in previous works [107, 319]. When we
evacuate the air from the interior of our prototypes, a pressure gradient is established
between the inside and outside, inducing bending in our elastomer structures. Simulta-
neously, the pre-cut origami jamming sheets adapt their shapes to coincide with these
elastomer structures. When the origami jamming sheets come into contact with the elas-
tomer structures on both sides, further air removal compresses these sheets, increasing
inter-sheet friction. This, in turn, impedes the deformation of the prototype, resulting in
enhanced strength [7]. This observation aligns with our experimental data, as illustrated
in Figures 5.14(a) and 5.10(b).

Furthermore, as depicted in Figure 5.5(a), we observed that the buckling of the mem-
branes creates gaps between the elastomer structures and origami jamming sheets. Ad-
dressing this issue by optimizing the design of the elastomer structure’s membranes to
minimize or eliminate buckling could reduce the gaps between the elastomer structures
and origami jamming sheets. This optimization may further augment the strength of our

ideally bend 80◦ × 4 = 320◦.
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prototypes. Future research should focus on addressing this challenge.

5.7.3 Design parameters and design tools

With our measurements of Curvature and Strength in section 5.3, we observed that the
three main design parameters that impact both our prototypes’ Curvature and Strength
are ∆Angle, hPrism and PVacuum. With supplementary strength measurements in sec-
tion 5.4, we further confirmed that increasing PVacuum can lead to larger Strength. Be-
sides, we also found increasing layers of origami jamming sheets NJammingLayers can lead
to increased Strength. These measurements suggest that further prototype improvements
can focus on the aforementioned design parameters. To facilitate other researchers’ re-
search based on our technologies, we are developing a design tool that allows designers to
tune different design parameters and simulate the Curvature and Strength change based
on our measurements in section 5.3 and 5.4. Once we finish designing our UI with this
design tool, it should also provide users with STL files for 3D printing the mold of elas-
tomer structures and SVG files that can later be imported to a laser cutting machine for
fabricating the origami jamming sheets. Providing such a design tool should significantly
lower the barrier of constricting SCIs from technological aspects [10].

5.7.4 Force reverse during compression test

Figure 5.21 – Two shape status of a popper toy: convex (Left) and concave (Right). It can
suddenly turn from a convex to a concave shape and vice versa when a user continuously
pushes on it [427].

In Figures 5.13(b) and 5.14(b), we present force-displacement curves, revealing an
intriguing observation during the compression test. These curves indicate that, while
undergoing compression, the force reaches its maximum value at a certain depth and
decreases with further compression. This phenomenon can be elucidated through the
Snap-through effect, which has been extensively studied in the field of material science [29,
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325, 174]. The Snap-through effect refers to the abrupt change in shape observed in curved
surfaces when subjected to pressure. For instance, if you continuously push the center
of a popper’s toy (as shown in Figure 5.21), it can suddenly transition from a convex to
a concave shape and vice versa. During this sudden shape change, you can perceive a
decrease in the force applied to the toy.

Leveraging the Snap-through effect, we can enhance haptic feedback when interacting
with user interfaces developed using our technology. As demonstrated in Figures 5.13(b)
and 5.14(b), a prototype equipped with additional origami jamming sheets or subjected
to a higher vacuum level can result in an increased maximum force that users must apply
and a deeper compression required to reach this maximum force.

Current theories [29, 325, 174] for analyzing and modeling the Snap-through point,
i.e., determining the maximum force value and the depth at which it occurs, are primar-
ily designed for homogeneous materials, such as the Silicon (Si) beam studied in [174].
Our prototypes, however, consist of multiple layers of different materials, including TPU
membrane, elastomer structures, Mylar sheets, and air gaps between them. Consequently,
applying these current theories to analyze and model the Snap-through point in our pro-
totypes becomes challenging.

Future research will involve finite-element simulations (e.g., [58]) and synchronized
video recordings capturing the deformation of our prototypes during the compression test
and real-time force-displacement curves. This comprehensive approach aims to provide
a deeper understanding of the behavior of our prototypes at various positions along the
force-displacement curves, particularly concerning the Snap-through point. A more nu-
anced comprehension of the Snap-through point will enable us to design user interfaces
using our technology with enhanced haptic feedback by predefining both the maximum
input force and the depth of force reversal indentation.

5.7.5 Shape-changing capability

In our current study, each “Prism” and “Tooth” within a single prototype share an
identical shape and are evenly distributed in parallel across the elastomer membrane,
resulting in consistent shape changes for every pair of “Prism” and “Tooth”, i.e., uniform
local shape changes. Simultaneously, we focused solely on analyzing the curvature change
of the entire prototype and did not investigate further to examine local shape changes,
i.e., the between each pair of “Prism” and “Tooth’. We drew inspiration from previous
research, specifically CurveUps [147] (Figure 5.22). CurveUps [147] presents a technology
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Figure 5.22 – This Figure [147] presents CurveUps, the technology of 3D printing spaced
prisms on pre-stretched latex membrane to create 3D shapes when releasing the fixation
around the membrane and some examples of 3D objects created with this technology. Top
left: a flat latex membrane with 3D-printed spaced prisms on it, with the membrane’s
boundary fixed on the support plate. Top center: This demonstrates what happens as
a local shape changes when the membrane’s fixation is released. Top right: the flat
surface turns into the shape of a cow when the fixation is released. Bottom: Some other
exemplary 3D objects were created with CurveUps technology. From left to right: Half-
Sphere, Hyperboloid, Lilium, Turtle, Bump Cap and Mask.

that employs 3D printing of sparse prisms on a pre-stretched latex membrane to generate
3D shapes upon releasing the membrane’s tension. The release of tension in the pre-
stretched latex membrane causes it to contract, bringing the 3D-printed prisms closer
together and reducing their spacing. When adjacent prisms come into contact due to
this reduction in distance, they rotate around the point of contact, resulting in localized
deformation. CurveUps [147] also provides an algorithm for determining the shape and
distribution of each prism to achieve a specific 3D shape. Our JOE technology shares a
similar mechanism of shape change with the rotation of each pair of “Prism” and “Tooth”
when subjected to a vacuum, causing them to decrease the space between them. In our
future work, we can draw upon the insights from CurveUps [147] to create other shape
changes by meticulously designing the size and orientation of each “Prism” and “Tooth”
as well as the distances between them by our desired 3D shape.
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5.8 Conclusion

In this chapter, we present an innovative technology termed “Jamming Origami En-
doskeleton (JOE)”. This technology facilitates concurrent control over both the strength
and geometric shape, specifically the curvature of UIs. This technological advancement
can help to address soft programmable materials’ stretchability-strength trade-off [10]
and offer a new opportunity for an immersive haptic feedback experience. Through com-
prehensive measurements of curvature and strength in our prototypes, we have identi-
fied three key design factors influencing the strength and curvature of UIs utilizing our
technology. These factors encompass the angle differences between "Prism" and "Tooth"
∆Angle, the height of "Prism" hPrism, and the vacuum level PVacuum. Moreover, our re-
search demonstrates that an increased number of origami jamming layers NJammingLayers

can augment the strength of UIs. Future research endeavors to enhance our technology
should prioritize the optimization of these design parameters.

In conjunction with the preceding chapter, we emphasize the potential of utilizing soft
materials for the development of SCIs with high shape-changing abilities. The subsequent
chapter will address the design challenges of SCIs research by delving into specific HCI
application development with SCIs in programmable soft materials.
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Chapter 6

SHAPE MORPHING WATCH

6.1 Introduction

One design challenge of shape-changing interfaces (SCIs) research is to develop HCI
applications for users. In this chapter, we will address this challenge by developing an HCI
application with SCIs in programmable soft materials and evaluating users’ interaction
experience with them. We will focus on wearable SCIs since the high stretchability of
soft materials like elastomers [509] makes them stand out for wearable applications [480].
Wearable UIs endowed with shape-changing capabilities have emerged to deliver hap-
tic and visual experiences on the human body [220]. Notably, notifications conveyed
through shape changes have been overlooked less frequently than vibrations [85]. As the
exploration of soft and shape-changing technologies for wearable UIs gains momentum
(e.g., [146, 160, 391, 135, 181]), there is a timely need to empirically investigate their
potential applications on one of the most probable body locations—the wrist [522]—and
for one of the most crucial functions of smartwatches, i.e., notifications [6]. Additionally,
users tend to associate highly noticeable modalities with important notifications [267],
underscoring the significance of understanding the perceptibility of these novel modali-
ties.

Among various forms of shape changes [226], curvature change stands out as one of the
most prevalent [226]. Our earlier study in Chapter 3 has already affirmed users’ ability
to precisely perceive the curvature of soft UIs, especially when they exhibit pronounced
curvature. The central question addressed in this chapter pertains to determining the
optimal maximum curvature at which users are most likely to notice soft
shape changes on their wrist. While prior work studied (1) noticeability on the wrist
of many modalities, (2) shape-change on the wrist, (3) noticeability of shape-change, and
(4) tactile perception of soft and curved surfaces, none of these prior work has studied
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Figure 6.1 – We present a novel haptic notification mechanism for soft watches, through
the change of curvature and contact area of its back surface. The second picture (watch
side) shows a loosely tied bracelet for illustration purpose, unlike our experiment.

the impact of the curvature for users to notice soft shape-change on their wrist.

Addressing this research question poses a significant challenge, primarily involving the
isolation of parameters [10]. Specifically, it necessitates controlling the maximum curva-
ture while maintaining a constant watch size. Prior pneumatically-actuated prototypes
–based on simple air chambers–cannot keep the watch size constant to vary the maximum
curvature. With technologies we have explored in Chapter 4 on constructing SCIs with
soft materials primarily based on recent advances from material sciences: Baromorph [402]
materials, we introduce our original (1) fabrication of a wrist-worn Baromorph sur-
face measuring �42 mm in and 3 mm-thin. Furthermore, we (2) conduct a psy-
chophysical experiment to measure the absolute detection threshold (ADT)
on the posterior side of the wrist at 3.86 psi—prior to the surface starting curv-
ing. Through participant interviews, we demonstrate that (3) participants found this
novel feedback enjoyable, and (4) participants felt different sensations for each
maximum curvature.

6.2 Related work

We position our work (Figure 6.2) to the following research areas: (1) noticeability
studies on the wrist, (2) shape-change on the wrist, (3) perception of shape change, and
more particularly of curvature change, and (4) impact of curvature and softness on the
tactile experience.
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6.2.1 Noticeability on the wrist

Notifications on the wrist are already common on smartwatches. Most research and
industrial wrist-worn systems deliver vibrotactile feedback, e.g., [329, 17]. As an exam-
ple, Graham-Knight et al. studied the use of vibrations on a smartwatch for non-visual
communication for intimate people [141]. Vibrotactile feedback on the wrist was shown
to increase speakers’ awareness of time, help the coordination between a speaker and her
session chair, and reduced distraction [431].

Visual notifications were also studied. E.g., Kao et al. studied the perception of on-
skin visual notifications in social contexts [216]. Pohl, Medrek, and Rohs explored indirect
illumination on the wrist as a way to provide notifications to users [343]. Vibrotactile and
visual feedback have also been combined. E.g., Schäfer et al. studied visual (light), audio,
and haptic (vibration) notifications on the wrist to monitor questions and feedback during
online presentations [384]. Further modalities have been studied to provide notifications
to users on their wrists. E.g., Lee and Lee studied the absolute detection threshold of
airflow on the wrist [241].

Stronger push on users’ skin has been studied for notification. E.g., HapticClench [146]
uses shape-memory alloys to provide a squeezing sensation around the arm, and InCon-
tact [407] compares pinch, squeeze, and twist sensations to vibrotactile feedback for me-
diated social touch. However, both provide shear force feedback on the skin, in addition
to feedback perpendicular to the skin that we study here. In addition, these devices do
not use curvature for haptic feedback as we do.

PneuHaptic [160] pneumatically & independently actuates five silicone chambers worn
around the arm. In an informal evaluation, the authors show the effectiveness of PneuHap-
tic. However, the curvature of the inflated silicone chambers is fixed by their size (isotropic
deformation, Figure 6.3). In addition, chambers are always in contact with the users’ skin.
On the contrary, we propose to explore the impact of two different curvatures temporarily
touching the skin on the absolute detection threshold, for the same watch size.

6.2.2 Shape-change on the wrist

Shape change on the wrist has been studied. E.g., Doppio [391] explores the design
space of a modular screen for smartwatches. WristOrigami explores the design space for
foldable multi-display smartwatches [529]. On the contrary, we explore a more organic
and soft design providing surface continuity and study the noticeability of its curvature
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Figure 6.2 – Positioning to prior wrist-worn feedback: we explore curvature change, while
prior work explored different types of feedback.

Figure 6.3 – Positioning to prior curvature-changing wrist-worn devices: PneuHaptic’s
airbag deforms in the same way in all directions (isotropic deformation), making the
curvature linked to the diameter of the airbag. In addition, it is always in contact with
the users’ wrist [160]. RetroShape provides low curvature resolution through its discrete 4
× 4 surface and its surface is made of hard material [181]. The eyes-free haptic wristwatch
relies on a membrane that is always in contact with the user’s wrist, requires high voltage
(up to 160V compared to our 12V) and provides limited maximum amplitude (a few mm
compared to our >15mm) [329].
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change.
Cito [135] explores movements of the watch face, namely orbiting the face around the

wrist, translating it out of the sleeve, rotating it around its orthogonal axis, tilting it, and
raising it. While rising, it provides the same kind of haptic feedback that we study here,
but it does not allow to vary the curvature of the watch face.

AmbienBeat [68] sticks electromagnets on silicone membranes to provide users with
haptic feedback with the repulsion and attraction force of electromagnets. The authors
find that haptic feedback from ambienBeat can better guide users’ heart rate regulation
comparing with auditory and visual guidance. However, they do not explore the feedback
from surfaces with different curvatures.

RetroShape [181] provides a 2.5D shape-display on the back side of a smartwatch.
The authors study the impact of the resolution of the 2.5D display on the illusion of the
presence of virtual objects. The shape display that we provide is different as it is soft and
continuous (Figure 6.3).

A haptic wristwatch [329] was proposed, where a piezoelectric disc on the back side of
a watch changes curvature to hit a membrane in contact with the users’ skin. However,
Pasquero, Stobbe, and Stonehouse’s change of curvature does not change the contact area
on the users’ skin as we do and requires higher voltage while providing lower amplitude
of shape-change (Figure 6.3).

6.2.3 Perception of shape-change

Prior work studied the noticeability of shape change. E.g., Lee, Lee, and Choe studied
visual notifications provided through a shape-changing plant [242]. Among other kinds of
shape change, the authors study the change in the plant’s curvature. However, its absolute
visual detection threshold has not been studied. Bending a flat panel has also been studied
as a way to provide visual notifications from the users’ environment [211]. Authors found
that such feedback in the users’ near periphery was efficient and not distracting. However,
these prior works study ambient notifications.

Closer to the users’ bodies, different types of shape-changing notifications were studied
in a video-based study [333]. In particular, around 82% of their participants said they
would attend to curvature-based notifications. MorePhone [134] provides notifications
by bending the whole mobile phone or its corners independently. Authors found that
bending the whole phone was rather matched to urgent notifications. Leveraging the
haptic information provided by the change of shape, Hoggan et al. studied if users can
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distinguish mobile shape-changing textures [167] at the surface of a mobile phone. On the
contrary, we investigates the noticeability of curvature change on the wrist. Dimitriadis
and Alexander studied if different types of shape-changing mobile phones were noticeable
in the front pocket of trousers [85]. However, it is hard to generalize these results to
another body part (wrist vs. tight) and to different types of shape-change.

Prior work studied more particularly curvature-changing interfaces (e.g., [63, 361,
157, 132]). E.g., HapTag [63] provides haptic feedback through the deformation of a thin
surface located on users’ skin. However, this prior work did not study the impact of the
curvature of the surface on noticeability. Pneumatibles [132] decreases the air pressure
step-by-step in a “detents” pattern. The authors studied users’ recognition precision with
different combinations of the number of detents and the initial maximum pressure in the
button. However, they did not study the combination of participants’ absolute detection
threshold and curvature of a wrist-worn device.

6.2.4 Touch, curvature, and softness

Touch between a system and users can happen actively or passively. Active touch
happens when users initiate the touch, e.g., when users voluntarily touch their capacitive
screen. Passive touch happens when users are touched without controlling the movement,
e.g., for haptic notifications.

When actively touching, humans can distinguish with their index finger a curved
surface –with a base-to-peak height of 0.09 mm– from a flat surface [139]. We have studied
in Chapter 3 the just-noticeable difference in curvature in different softness conditions.
However, we haven’t studied the absolute detection threshold on the wrist for passive
touch. Hu and Hoffman explored round and spiky bumps on a robot skin for emotional
expression [176, 177, 178]. However, they do not explore if these shapes can be used as
any other type of feedback.

Other work on active touch studied perception when users slide their finger over the
surface to explore the curvature [347]. However, active touch perception does not involve
the same perception mechanisms as passive touch, i.e. when receiving a notification.
Users only use cutaneous cues 1 when passively touched. On the contrary, active touch

1. Kinesthetic cues refer to the sense of position and motion of limbs, along with associated forces,
conveyed by the sensory receptors in the skin around the joints, joint capsules, tedons and muscles [240,
415]. The cutaneous cues refer to the responses of mechanoreceptors [209] innervating the finger pad skin
within and in the neighborhood of the contact area [240, 415].
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[129] involves kinesthetic cues1 [240].

When being passively touched on their index finger, humans judge stimuli slightly less
curved than they actually are when the contact force increases (e.g., from 0.196 N to
0.588 N) [136]. In addition, humans’ discrimination threshold slightly decreases when the
contact area increases [137]. While contact force and area play a role when being notified
through curvature change, both the effect of contact force [136] and contact area [137] are
much smaller than the effect of the surface curvature itself. For this reason and for the sake
of simplicity, we present our exploration around the exploration of the surface curvature
to provide notification feedback, although we are aware that the resulting contact area
and force play a role.

Actively touching soft objects, like passive touch, involves cutaneous cues. The contact
area of a finger with another soft surface increases as the finger presses deeper into the
surface [207]. The softer the surface, the more rapidly this contact area increases. Lever-
aging this phenomenon, Bicchi, Scilingo, and De Rossi proposed the Contact Area Spread
Rate (CASR) device [36, 386]. Through the contact area between the finger and the de-
vice, this device provides users with cutaneous information. The hard device can vary its
contact area with the user’s finger pad through telescopic concentric cylinders. The finger
presses at the top of the device and indents the cylinders more deeply. When the finger
comes in contact with larger cylinders, the contact area increases. Bicchi, Scilingo, and
De Rossi adapt the speed of the enlargement of the contact area according to the softness
of the simulated surface: the softer the simulated surface, the more rapidly the contact
area increases. The authors found that with this simulation, users recognize the softness
almost as well as with real objects: 75% with CASR vs. 87% with real objects. This
shows the important role of cutaneous cues, in particular the contact area, in softness
perception. In our study, users are passively touched by a soft surface. Depending on its
curvature, we expect the contact area to vary. Therefore, we expect cutaneous cues to
play a major role in the detection of the notification.

While prior work explored areas close to the problem addressed in this chapter, this
section shows that no prior work studied the absolute detection threshold of the soft
curvature-changing back-face of a watch. In addition, the work closest to ours use dif-
ferent technologies, e.g., either confounding maximum curvature and size [160], with low
curvature resolution [181], or with limited maximum curvature [329].
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Figure 6.4 – Design space of the maximum curvature.

6.3 Watch design

To design our watch, we considered the following parameters: shape change, temporal
pattern, and location.

Shape-change Among the many possible features for shape change, such as porosity,
modularity, or size [226, 363], we choose to first focus on curvature (Figure 6.4), as this is
one of the most common changes of shape studied in the literature. We leave for future
work the full exploration of the space for alternative shape change, and particularly focus
on the range of curvature that a surface can offer. In order to limit the number of
experimental variables for this first experiment, we chose the same curvature all around
the surface (rotational symmetry).

We considered concave and convex curvatures (Figure 6.4). We explored in a pilot
study flat-to-concave curvatures –away from the wrist as shown in Figure 6.4. It was
hardly noticeable without looking at the wrist. For this reason, we only consider flat-
to-convex deformation –towards the wrist. We then considered a range of maximum
curvatures from round to spiky. We discarded extremely spiky curvatures for user safety,
as even a low pressure on the skin can hurt if the contact area is extremely small [201]. As
shown in Figure 6.4, the spikiest prototype we could fabricate offers a maximum curvature
of 0.064 mm-1. We then fabricated an intermediate prototype, less spiky but able to touch
the skin when inflated, with a maximum curvature from 0.054 mm-1.
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Temporal pattern Kinetic parameters of the change of shape, such as speed, path and
direction [363], open a large design space for notifications through shape-change. Such
patterns are often studied for other notification mechanisms such as vibration, e.g., [141].
In this chapter, we study a simple ramp pattern: the surface linearly goes from flat to
curvy, stays constantly curvy for a certain amount of time, and then linearly goes back
to flat at the same speed as before.

Location We considered alternative locations for the curvature-changing surfaces, all
around the watch (Figure 6.5). The outside of the watch –watch face and outer bracelet in
Figure 6.5(a), left– allows for visual feedback, while the inside of the watch –watch back-
face and inner bracelet in Figure 6.5(a), right– allows for haptic feedback as it contacts
with the skin. We also considered the different sides of the wrist (Figure 6.5(b)): posterior,
medial, anterior, and lateral sides of the wrist. We only explore the watch back-face for
the study presented in this chapter (Figure 6.1) based on the following rationale: As
prior work already studied the visual feedback provided by the change of curvature very
close to the users’ wrist [211], we choose in this chapter to focus on the haptic feedback
provided by the change of curvature, i.e. the inner side of the watch. As the posterior
side of the forearm is the most sensitive side of the forearm [95], we choose to start with
the back-face of the watch (yellow in Figure 6.5(a)), rather than the other sides of the
wrist.

To fabricate a soft, round surface that changes curvature on the back face of a watch,
we leverage previous work in material sciences on soft shape-changing materials [402],
namely silicone surfaces with embedded air channels called baromorphs (Figure 6.1). The
arrangement of air channels defines the surface deformation when inflated. The distin-
guishing characteristic of different designs is the local curvature of the resulting inflated
material: varying arrangements of air channels show different local curvatures under the
same inner pressure. We focus in this chapter on rotation-invariant arrangements of air
channels (Figure 6.6) which allows us to explore the different maximum curvature (and
resulting contact areas and pressure) when inflated. This material is the single one we
found that allows the deformation of a continuous, soft surface in a single direction, with
low voltage (12V) and >1cm amplitude of shape-change (Figure 6.2).
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Figure 6.5 – Location design space, on the watch (left) and on the wrist (right).
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6.4 Watch fabrication

We are the first to fabricate such small baromorph surfaces. Making small prototypes
is a grand challenge in shape-changing research and an essential step to leverage results
from material science for wearable interaction [10]. We faced the three following challenges
when fabricating our �42 mm and 3 mm-thick baromorph surface following Siéfert et al.’s
instructions –made for larger surfaces [173].

3D printing a small and high-resolution mold To precisely control the shape of
a �42 mm and 3 mm-thick baromorph, the challenge lies in achieving a high density of
air channels in such a limited volume. We used a Form3 high precision Stereolithography
(SLA) 3D printer [109] and faced a printing precision challenge and a cleaning challenge.
The printer precision and the resin we used were bottlenecks to achieve thin air channels.
When cleaning with isopropyl alcohol [197] in FormWash [110] after printing, the mold
slightly deforms. At this scale, such fabrication defects lead to relatively large unwanted
deformation of the inflated surface. To solve these problems, we systematically tried to
print the molds for 0.1 mm- to 1 mm-wide air channels with the 3D printer. We tried to
print with Formlabs General Purpose black, white, and clear resins [368] and noticed that
the clear resin worked best. We also noticed that changing the isopropyl alcohol [197] in
the FormWash [110] more often than required by the manufacturer, prevented any residue
at the surface of the mold. The smallest air channels whose mold was of sufficient quality
to achieve the designed deformation were 0.4 mm wide.

Removing air bubbles trapped in the uncured silicone As the inner structure of
our baromorph is very thin, even one small air bubble inside the baromorph will lead to
strong local deformation around the bubble and thus lead to an unpredicted shape when
inflating the baromorph. To solve this problem when molding the silicone, we carefully
remove all entrapped air inside the mixture of silicone after pouring the silicone into the
mold. To do this, we vacuum degas the mixture for 3 minutes and use a needle to bring
bubbles entrapped in the mold to the surface.

Gluing the cover to the channels To complete the baromorph fabrication, we unmold
the baromorph, and we spread and cure a 0.4 mm-thin silicone membrane for the cover.
When gluing such a thin membrane on top of such thin and low channels, the risk lies in
obstructing the 0.6mm-high channels. Air channels that are obstructed by the glue or not
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perfectly glued to the cover lead to relatively large unwanted deformation of the inflated
surface. To solve this problem, we use the Sil-Poxy glue [403] instead of silicone [402].
The higher viscosity of the glue enables a more precise control of the thickness. We use a
high precision film casting knife [106] to precisely control the thickness of the glue [403]
to 0.3 mm, which is thick enough to strongly glue all inner structures but thin enough to
avoid the obstruction of channels.

We tested different silicone (Smooth On Ecoflex and Dragon Skin silicone series [191])
in a pilot: Shore 00-10, Shore 00-50, Shore A-10, Shore A-20, and Shore A-30. We selected
the Shore A-10 silicone, as it provided a trade-off between large shape-changing ability,
and fast curing and fabrication.

We 3D print the watch case and bracelet with Formlabs Flexible 50A Resin [368] with
the same printer [109].

To actuate the change of shape at the back of the watch, we developed a Python script
that controls three 12 V two-way peristaltic air pumps [140] connected in parallel to inflate
and deflate the shape-changing surface. The pumps are connected directly to the shape-
changing surface with a long and thin Flexible PVC Tube [PVCtube]: 1.5 m long, 0.8
mm inner diameter and 2.4 mm outer diameter. Through this technical design, the shape-
changing surface can rapidly increase its inner pressure from 0 psi to 12 psi within 1 second.
We paid particular attention to the parameters of the proportional–integral–derivative
(PID) controller in the software, to avoid the tingling sensation that we noticed during
early testing. We share all the necessary materials to fabricate our prototype, including
3D models and Python scripts with the parameters of the PID controller.

6.5 Absolute detection threshold

The absolute detection threshold is an important and fundamental initial psychophys-
ical measurement [127] that defines the threshold at which users can notice the feedback
from the backside of the watch. Rather than measuring human sensitivity, the aim of
our experiment is to determine a baseline when triggering the notification. This measure
is necessary to design future interfaces and applications with the soft curvature-changing
back face. We conducted this study in the lab with no distractions, to identify the base-
line notification. First, determining the ADT with no distraction is a standard procedure
in prior work, e.g., [146, 342, 28]. To reduce unintentional false positive inflation of
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Figure 6.6 – Design of the molds for the surface we compare, and corresponding shape-
changing watch upside down, showing the inside shape at different pressures and the
corresponding measured curvatures. The molds are then 3D printed, the shape-changing
surfaces are molded in silicone, and the bracelet is 3D printed using elastic resin (see
section 6.4).

results [111], we registered the experiment before collecting the data 2.

6.5.1 Experimental design

We conduct a within-subject experiment to find the absolute threshold at which users
notice the haptic feedback provided by the watch. Participants experience two different
designs of shape-change (Figure 6.6).

Independent variable We vary the homogeneity of the distance between air channels
as shown in Figure 6.6 in order to compare the two following maximum curvatures:

R: The flat-to-round surface has dense and regularly spaced air channels (Figure 6.6,
top). With baromorphs of �42 mm, we find that this design results at 12 psi in
the curvature of 0.054 mm-1, i.e. a curvature radius of 18.52 mm (Annex A.6).

P: The flat-to-pointy surface has air channels far from each other at the periphery
and air channels close to each other at the center (Figure 6.6, bottom). With
baromorphs of �42 mm, we find that this design results at 12 psi in the curvature
at the top of 0.064 mm-1, i.e. a curvature radius of 15.53 mm (Annex A.6).

We measured experimentally the curvature of our prototypes in the range of 1-13 psi.
We explain our procedure in detail in Annex A.6. In the range of 1-10 psi, curvatures are

2. https://osf.io/cqv7f/?view_only=3f9b0f47a67b40268e7204286bd9a458
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very similar as shown in Figures A.16(b) and A.16(c) in Annex A.6. In the range of 10-13
psi, the center of the P surface is curvier than the center of the R surface.

Half of the participants start the experiment with R and the other half starts with P.

Dependent variables We collect participants’ answers –whether they notice a stimulus–
at each trial. We also collect their answers to an AttrakDiff questionnaire [158] for each
maximum curvature, their ranking of maximum curvatures in terms of preference
and subjective detectability, and their qualitative feedback through semi-structured in-
terviews. We chose not to collect physical data, like the pressure on the skin or the
resulting indentation of the skin, because we aim to design a usable device (HCI) rather
than understanding biological mechanisms (psychophysics).

6.5.2 Apparatus

Participants wear the bracelet shown in Figure 6.1, 6.6, and 6.7(a). We fabricate the
prototype as explained in section 6.4. The watch face is a closed surface to ensure the
baromorph deforms towards the participants’ wrists. The experimenter kept the bracelet
securely closed with tape during the experiment. We control the fit of the bracelet by
measuring participants’ wrist circumference (C in cm) and adjusting the bracelet length
(L in cm) to this circumference following L = 0.8 × C + 5.8. To find this model, we
performed a fitting pilot with 5 participants (adjusted R2 = 0.93), where we made sure
that the bracelet was as tight as possible while comfortable to wear.

We developed Python software to run the experiment. We provide all the necessary
files to reproduce our hardware and software experimental apparatus in the supplementary
material.

6.5.3 Participants

We recruited 12 participants from our university campus. Twelve participants allow
us to test both orders of presentation of the two maximum curvatures. In addition,
12 participants are the most common sample size [52]. Participants were 21 to 40 years
old (median = 27). Six self-reported as women and six as men. Four of them own a
smartwatch providing vibrotactile feedback that they wear regularly or every day. All
participants have normal sensitivity on all sides of the wrist, except P7’s sensitivity on
the anterior side of the wrist (Figure 6.5(b)) which is slightly impaired.
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2

1
(a) (1) Overview of the experimental setup and
(2) close-up of the non-dominant hand wearing the
watch inside the box. The pumps and Arduino are
placed in a box on a separate table on the right (card-
board box in the background in (2)).
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Figure 6.7 – Experimental setup.

6.5.4 Procedure

Participants sit and rest their forearm at a table (Figure 6.7(a)). We first measure
participants’ wrist circumference, and sensitivity using a Semmes-Weinstein monofilament
test [388] on the posterior, anterior, lateral and medial sides of the wrist (Figure 6.5(b)).

The experimenter installs the shape-changing watch back-face with the first maximum
curvature. To control a tight while comfortable fitting of the bracelet, homogeneous
among participants according to the model presented in section 6.5.2, the experimenter
closes the bracelet at the position line corresponding to participants’ measured wrist
circumference –black lines labeled with wrist circumferences as shown in Figure 6.1. We
asked participants to confirm if the fitting was tight while comfortable. To isolate the
haptic sensation and avoid visual feedback, participants hide their forearm in a box as in
[146, 531]. The experimenter installs the prototype inside the box around the participants’
non-dominant wrist as in [146, 342, 531] (Figure 6.7(a)). While the dominant side is
more sensitive than the non-dominant side at the mid-posterior forearm [95], testing the
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feedback on the non-dominant side is more ecological: most users wear their watch on
the non-dominant arm [512]. In addition, to avoid any impact of the noise of the pumps,
participants wear headphones playing Brownian noise.

At the beginning of each block (one for each maximum curvature, Figure 6.7(c)),
the experimenter asks participants to test the prototype, as this type of feedback is novel.
To do so, the experimenter presents in a pseudo-random order either no stimulus (0 psi)
or a strong stimulus (10 psi). The training stops after participants correctly judged both
two zero stimuli and two strong stimuli successively 3.

We then follow a standard two-down, one-up staircase procedure [247]. In each stair-
case series, the first trial starts with the baromorph at 0 psi (Figure 6.7(b)). We maintain
the desired pressure for 1s as in [241, 531]. We do not consider longer times such as
2s [146] or 5s [342] as our pilot study showed that users rather notice changes in curva-
ture and get used to a stable curvature. We then decrease the pressure to 0 psi before
participants report whether they felt any stimulus by pressing the corresponding key on
a keyboard (Figure 6.7(a)). This is the standard procedure for non-distracted absolute
detection threshold experiments [146, 342, 531, 241].

As shown in Figure 6.7(b), if participants do not feel any stimulus, we increase the
target pressure of the next trial by a constant step of 3 psi. If participants feel the stimulus,
we keep the same target pressure for the next trial. If participants feel a stimulus twice
in a row, the target pressure of the next trial is reduced by the same constant step.

The increase/decrease steps are equal and constant before each reversal 4 [247]. Be-
tween the third and the fourth reversals, we decrease the step value to 1 psi to improve
threshold accuracy [146, 531]. The staircase series ends after nine reversals [146]. We
later compute the threshold as the mean of the last five reversals [146].

Participants take a break after each staircase series (Figure 6.7(c)). We repeat each
staircase series three times for each maximum curvature to further improve the accu-
racy. Thus, we collect 2 maximum curvature × 3 repetitions × 12 participants = 72
measurements of the threshold.

At the end of each block, participants fill an AttrakDiff questionnaire [158]. At the
end of the experiment, they rank the prototypes in terms of preference and subjective

3. Most participants succeeded in training in the first 4 trials with both 2 zero stimuli and 2 strong
stimuli. Only 3 participants needed slightly more trials for training with the pointy surface, i.e., 5 trials
for P5 and P11 and 7 trials for P10.

4. A reversal is a change in direction, i.e. a local extremum shown as a triangle (peak) or a square
(valley) in Figure 6.7(a).
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detectability. We then conduct a semi-structured interview to collect participants’ quali-
tative feedback. The topics planned in our interview guide were the location and descrip-
tions of the sensations, if users felt any difference between experimental conditions, and
if they had any strategy to answer the perception question. The experiment lasts around
60 min for each participant.

6.5.5 Data analysis

From participants’ answers, we compute the absolute detection threshold as the mean
of the last five reversals –as in, e.g., [531, 342, 146]. We report to computed thresholds
in psi –that can be converted to bar or kPa as in [531] and to mm-1 (Annex A.6). We
use estimation techniques based on geometric means. Figures between brackets show 95%
bootstrapped confidence intervals (CI) as recommended [90]. We use pairwise differences
to show effect sizes. These methods are recommended by the APA [20] and largely adopted
(e.g., [83, 221, 80, 206, 237, 293]). Rather than the dichotomous inference supported by
p-values, we opted for this more nuanced analysis of the direction and magnitude of the
effect. A p-value-approach reading of the results presented in this chapter can be done by
comparing the CIs spacing with common p-value spacing, as shown in Figure 3 in [235].
A pairwise difference is an intra-subject measurement that expresses the effect size and is
computed between each of the geometric means.

We analyzed the interviews’ transcripts using thematic analysis [379]. We chose the-
matic analysis to find out participants’ experiences from our interview transcripts. Our
research question was What are users’ experience with the wristwatch? We combined
inductive and deductive approaches to analyse the transcripts: While, e.g., location and
sensation were topics that we questionned explicitly during interviews (deductive ap-
proach), we analyse their subthemes through an inductive approach (bottom-up from
participants own words). In addition, we adopted a semantic approach, i.e. we analyzed
the explicit content of the transcripts, and did not rely on assumptions underlying the
data. We followed the six steps of thematic analysis:

1. Familiarization: we first transcribed the audio and read thoroughly the resulting
transcripts.

2. Coding: we thoroughly coded all the data using the taguette software. We high-
lighted and labeled/coded everything we found potentially interesting regarding
participants’ experience with the watch.
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Figure 6.8 – Analysis of the absolute detection thresholds. Error bars indicate bootstraped
95% confidence intervals.

3. Generating themes: we then looked over all the codes previously defined, and
grouped them into themes

4. Reviewing themes: we then read the transcripts again and analyzed if the gen-
erated themes were accurately and relevant representing the data. This lead us to
readjust some of our coding.

5. Naming themes: we finally reviewed the naming of each theme to make sure
each precisely pictures the data.

6.5.6 Results

Absolute detection threshold

Figure 6.8 presents the absolute detection threshold. Figure 6.8(a) shows that the
flat-to-round (R) surface has an average absolute detection threshold of 3.49 psi ([2.25,
5.07]), and that the flat-to-pointy (P) surface has an average absolute detection threshold
of 4.22 psi ([3.11, 5.65]). Although the P surface has a slightly higher absolute detection
threshold (M = +0.72 [-0.44, 1.46]) than the R surface (Figure 6.8(b)), the difference is
very small, and the 95% confidence interval crosses 0, meaning that the actual difference
might even be a little reverse. When looking at each surface at such low pressures (< 10
psi, Figure A.16(b) in Annex A.6), we find no curvature difference between the top center
of R and P surfaces.

To conclude, the maximum curvature of the surface has very little to no impact
on the absolute detection threshold. Overall, this notification modality has a low absolute
detection threshold (M = 3.86 psi [2.96, 4.91]).

204



Shape morphing watch

Pointy

Round

−2 0 2
AttrakDiff score for pragmatic.

Error Bars indicate Bootstrap 95% CIs(a) Pragmatic qualities

Pointy

Round

−2 0 2
AttrakDiff score for hedonic (stimulation).

Error Bars indicate Bootstrap 95% CIs(b) Hedonic qualities
(stimulation)

Pointy

Round

−2 0 2
AttrakDiff score for hedonic (identification).

Error Bars indicate Bootstrap 95% CIs(c) Hedonic qualities
(identity)

Pointy

Round

−2 0 2
AttrakDiff score for global attractivity.

Error Bars indicate Bootstrap 95% CIs(d) Global attractivity

Figure 6.9 – AttrakDiff scores. Error bars indicate bootstraped 95% confidence intervals.

Pragmatic and Hedonic Qualities

Figure 6.9 presents the AttrakDiff questionnaire results [158]. An interface rated as
neutral lies in the range [-1, 1], while [-3, 1] or [1, 3] denotes respectively rather negative or
positive ratings. Figure 6.9(a) shows that participants found both watches rather neutral
in terms of usability and perceived ease of use (Pointy M=0.81 [0.24, 1.33], Round M=0.57
[-0.25, 1.30]). This can be explained by the fact that the stimulus levels were very low
to measure the absolute detection threshold. Figure 6.9(b) shows that participants found
that both watches have rather positive stimulation qualities (Pointy M=1.09 [0.82, 1.38],
Round M=1.24 [0.86, 1.59]). Figure 6.9(c) shows that participants rated as neutral the
ability of both watches to support a social function and to communicate users’ identity
(Pointy M=0.20 [-0.25, 0.52], Round M=0.1 [-0.36, 0.42]). Figure 6.9(d) shows that
participants found the P surface slightly attractive (M=1.08 [0.38, 1.51]), while they
found the R surface slightly more neutral (M=0.77 [-0.14, 1.39]).

Ranking

At the very low levels of stimuli that participants experienced in this experiment, we
found no difference in the ranking of both R and P surfaces. Among 12 participants, half
of the participants preferred the R surface, while the other half preferred the P surface.
Seven participants think the deformation of the R surface was easier to perceive, while the
other 5 participants found the contrary. As P10 mentioned that he preferred P because
it was the first time he experienced this novel and pleasant stimulus, we explored if the
order of presentation of each surface had an impact on the ranking and found no impact.

Qualitative feedback

We identified the four following main themes in the final interviews. While location,
sensation and differences were themes that we asked explicitly during the interviews (top-
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down) while their subthemes were bottom-up (participants own words), enjoyment was a
theme that emerged during our bottom-up thematic analysis.

Enjoyment Five participants explicitly mentioned that the sensation was pleasant. For
instance, P9 said that it was “very smooth, delicate”, P10 said it was “soothing” and
“nice”, and P12 said it was “attractive”. P10 said that “there’s also a great deal of emotion
involved”. Prior work studied the relationship between shape-change and emotions [333,
424, 432]. However, these works are based on visual stimuli and not haptic ones, as in this
chapter. Although further work is needed to quantitatively measure how this prototype
positively affects users, this positive qualitative feedback from our participants shows that
this novel notification modality can be complementary to existing ones. Indeed, when
comparing to their smartphones –they did not own a smartwatch– P2 and P8 mentioned
that this novel type of feedback was more pleasant than vibrotactile (P2) and sound (P8)
feedback.

Location of the sensations As expected, all participants –except P9– mentioned feel-
ings on the posterior wrist side. P1 explicitly mentioned that she felt “at the top, for the
big pressures”. I.e., the main sensation was at the posterior side of the wrist when the
stimulus was higher than the threshold. The second most mentioned locations were the
wrist lateral and medial sides. Participants could feel the very low stimuli strength that
we tested during this experiment already on the sides of the wrist. As P4 said, “On the
sides, I felt less, well, I had the feeling that I could feel less on the sides”. Participants
mentioned less the anterior side of the wrist and for the same feeling as the lateral and
medial sides. As our experiment studied very subtle stimuli, P12 even mentioned that
he could feel these stimuli at the location of the cable connection. This shows that users
are very sensitive to this novel type of notification modality. This is promising for future
experiments exploring distracted detection threshold when users experience additional
haptic sensations, like when driving a bicycle.

Description of the sensations We found 21 subthemes describing participants’ sensa-
tions from their own words: inflation (24 occurrences), deflation (15 occurrences), press-
ing and vibrating (14 occurrences each), touching (10 occurrences), hairs (9 occurrences),
breathing (8 occurrences), squeezing (5 occurrences), spreading (3 occurrences), prick-
ing, curvature, release, waves, moving and air blowing (2 occurrences each), massaging,
sucking, tingling, pulse, skin (1 occurrence each).
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The most discussed theme during interviews was inflation (9 participants). Five par-
ticipants said they could feel the inflation more clearly (P4-8) than the deflation, while
only one found the deflation easier to detect (P2).

The second most discussed themes were touching (P2-5, P9-11), pressing (P4, P6-7,
P9, P11-12), and vibrating (P3, P4, P8, P10, P12). Participants described a local pressing
sensation: “It was pressing at a point” (P7). Participants also felt the spreading of the
pressure: “It really felt like it was crushing and spreading on my skin” (P11) and “it
touches a corner and then spreads out” (P2).

P3-4-8 mentioned that the vibration was very subtle. P3 said “I’m in a controlled
environment here, but I think that if I make everyday gestures, I might not notice the
vibration”. As said above, as we tested very low stimuli levels, participants could already
feel the vibration before the actual change of shape.

Subjective differences between R and P surfaces As our quantitative measure-
ment of the ADT predicts, P1-2, P4-6, P8, and P12 mentioned that both R and P surfaces
were similar during this absolute detection threshold experiment, e.g., “I had the feeling
that they were the same” (P1).

However, P2-5, P7 and P11-12 were able to discuss their different sensations: “it was
not the same sensation” (P11). P2 said, for instance, that “[R] must be more flat”, and
“with [P] you have the feeling that it touches”. P4 said that “[R] had a larger surface.
[P] was smaller, I think”. P1 and P5 also discussed a difference in the location of their
sensation: Both felt R stimulated them rather on the sides, while P stimulated them
rather at the center of the posterior wrist side.

Consistently with the results of the pragmatic qualities (Figure 6.9(a)) and the global
attractivity (Figure 6.9(d)), P1-4 and P10 explained during the interviews why they
preferred P: “It was easier to know if I felt it” (P1), “[I found R] less detectable, and since
it’s less detectable, it’s my least favorite.” (P2), “I had more sensations with P” (P3),
and “when [the stimuli] were clear, I think it was a bit clearer in P” (P4).

6.6 Discussion

Variance inter-participants We found that there are differences between our partic-
ipants. We made sure that all participants had normal sensitivity on the posterior side
of their wrist, but we did not test their actual sensitivity threshold with a more precise
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Semmes-Weinstein monofilament test [388]. We hypothesize that variations in users’ sen-
sory threshold might have an impact on the ADT of this prototype. During interviews,
two men (P2&11) mentioned their sensation came from hairs on the skin of the wrist:
both could feel the movement before any contact with the skin because the device at-
tracted their hair or made their hair move. Previous work [123] found that people can
perceive tactile sensation with hair on their skin, e.g., perceiving the vibration of an object
contacting with the hair on the dorsal part of the middle finger. Besides, in Pohl et al.’s
experiment [342] measuring users’ detection threshold of compression from a blood pres-
sure cuff on the forearm, they observed that participants with larger diameter arms have
a higher detection threshold. They supposed participants’ arms shape might influence
the cuff’s inflation characteristics. Further studies can investigate whether participants’
anthropometric measurements, such as arm shape and hair on the skin, can impact users’
threshold with our watch. Ecological testing of this novel notification modality should
include an initial calibration in order to adapt the threshold to individual sensitivity.

Fitting of the bracelet We paid great care to control the fitting of the bracelet (see
section 6.5.2) so that we could reliably compare the results between participants and
between blocks. However, in more ecological situations, users may fit the bracelet of their
watch differently: some like to have it tightly adjusted to their wrist, while others prefer
to wear it more loosely. Future work could explore the impact of the fitting of the bracelet
on the detectability. As above, ecological testing of this novel notification modality should
include an initial calibration in order to adapt to individual preferences, as this is already
the case with vibrotactile feedback on smartwatches.

Memory effect During interviews, three participants mentioned a possible memory
effect. P1&11 mentioned that they were not sure if the sensation they had was from
before or from the current stimulus. On the contrary, P4 mentioned that it was hard to
remember the sensation. The impact of memory on users’ haptic perception was observed
in previous research [459, 456, 469]. For example, Vogels, Kappers, and Koenderink found
that after touching a convex (resp. concave) surface, their participants perceived a flat
surface as concave (resp. convex) [469]. They also found that the memory effect can last
more than 40 seconds. In another study, Gilson and Baddeley found that their participants
can recall the position of a pen touching their forearm, while their remembered position
precision decreases over time [130]: E.g., three seconds after been touched, the average
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remembered position error was measured as 15 cm. Furthermore, our experiment studied
users’ haptic perception on the forearm which involves hairy skin [3]. In addition to the
mechanoreceptive afferents with high conduction speed (20-80 m/s) [272] that exist both
in glabrous and hairy skin 5, one unique characteristic of hairy skin is the presence of C-
tactile (CT) fibres, another kind of mechanoreceptive afferents with low conduction speed
(0.5-2 m/s) [272], which might introduce latency in neural signal processing [479]. We
could not explore the existence of a memory effect with our experimental setting. Future
work should measure if there is any memory effect in order to compensate in future design,
and measure the minimum interval needed between two successive stimuli to eliminate
any confusion between stimuli like P1&11 mentioned.

ADT and vibrations Our initial registered hypothesis was that participants would
have a lower absolute detection threshold when wearing a watch with higher curvature.
We therefore designed our experiment to compare curvatures. We eventually found little
difference between curvatures. During the experiment, the cable coming out of the watch
connects it to three pumps and does not touch the participants’ skin (Figure 6.7(a)-
2). The absolute detection threshold without distraction is so low that it might not
imply shape change as shown in Figure A.16(c) at 3 psi. However, we noted that the
difference between curvatures is greater when the deformable surface is enclosed inside
the watch (Figure 6.6 at 12 psi) compared to outside any enclosure (Figure A.16(b) at 12
psi). Nevertheless, we believe the experimental procedure does not question the ADT
we measured because we eliminated any contact with the cable and pumps (placed on
another table). In fact, our prototypes feature long and thin air channels (e.g., for the
rounded prototype, 664 mm long and 0.4 mm wide). Radial inflation of the channels
can induce vibrations in the channels themselves due to the turbulence of the airflow [42,
302]. Therefore, these vibrations are an integral part of the haptic modality presented.
These vibrations are perceptible to our participants and come from beneath our prototype,
unlike those coming from a pipe or a motor. Ultimately, we think that we cannot untie
the impact of vibrations caused by the inflation, barely perceptible, and the impact of the
curvature, at such a low level of stimulus needed for absolute detection.

Besides quantitative results, seven out of twelve participants explained during inter-
views (section 6.5.6) that they actually felt differences between round and pointy curva-

5. In contrast to hairy skin, glabrous skin is devoid of hairs. Glabrous skin mainly covers the palmar
region of the hand and and plantar region of the feet [3].
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tures. Ultimately, our results actually tell the scientific community that this novel feed-
back is easily detectable, and that curvature plays little role in the undistracted absolute
detection threshold. This does not mean that curvature will not play a role in other levels
of detection, like distracted absolute detection threshold or just noticeable difference, as
qualitative feedback showed that participants might be able to tell the difference.

Comparison To better understand this new modality, in this study we chose to compare
two alternative curvatures for the same modality. However, we have not compared this
new modality to existing ones, such as those presented in figures 6.2 and 6.3. Positioning
this new modality in relation to the state of the art will be necessary in future work.
In comparison, PneuHaptic [160] offers a different feedback through a series of inflatable
air chambers around the arm. Their authors did not measure users’ absolute detection
threshold with the device. SqueezeBack [342] offers a different feedback –compression–
through a blood pressure cuff applying pressure around users’ forearm. Their authors
measured an average detection threshold of 0.1 psi. This threshold is lower than the
one we found (3.49 or 4.22 psi depending on the curvature). Designers can balance this
difference with other requirements, such as multimodality, as the feedback we propose in
this chapter is different and relies on surface curvature change rather than compression. To
further enable designers to make a decision, future work should compare users’ subjective
evaluation of these different haptic modalities.

Mobility Although we have studied this new modality in the case of a connected watch,
the current prototype is not mobile yet. Although the technology is not yet ready to enable
this type of feedback on current watches, it is important to study the opportunities for
interaction with users today [156], in parallel with technological advances such as the
miniaturization of pumps.

6.7 Conclusion

In Chapter 4, we established that soft materials possess significant potential for con-
structing SCIs with versatile shape-changing capabilities. Building upon insights from
our psychophysical experiment in Chapter 3, we found that users can accurately and pre-
cisely perceive the shape of highly curved UIs (Radius ≈ 10 mm) even when constructed
on very soft materials (Shore 00-10). To address the SCIs design challenges, this chapter
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introduces a novel soft material-based watch designed to notify users through dynamic
changes in curvature on the back face of their smartwatch. To control the maximum
curvature, we utilize Baromorph surfaces [402], maintaining constant parameters such
as watch size. The adaptation of soft materials and our effort of making a Baromorph
surface as small as �42 mm and 3 mm-thin to well ensure its wearability on the wrist.
Through a standard two-down, one-up adaptive staircase procedure, we determined the
absolute detection threshold (ADT) to be 3.86 psi—the minimum pressure required for
users to detect the inflation of the watch. Impressively, users exhibited a remarkably
low threshold for detecting notifications in a controlled laboratory environment with no
distractions. Under such low pressure, the shape changes in our prototypes are barely
discernible in photos taken by a camera (Figure A.16(c)). Qualitative findings reveal that
participants not only enjoyed this innovative feedback mechanism but also experienced
distinct sensations with each watch. While these results highlight the promising potential
of our approach, further user studies are warranted. Future investigations should explore
users’ ADT measurements during primary tasks like walking or cycling.
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Chapter 7

CONCLUSION

7.1 Thesis Contributions

Soft materials like elastomers [509] are attracting more and more HCI researchers’ in-
terest. Their high stretchability and deformability make them instantly soft and safe [377],
which is particularly important when UIs are worn on the body [480]. With the advance-
ment of sensing technologies [40, 57], UIs made of soft materials are already capable of
sending users’ various inputs interaction with them, such as touch [484, 480], press [517,
441], bend [366] and stretch [225]. At the same time, the advancement of programmable
soft materials makes UIs in soft materials capable of changing their shapes for differ-
ent purposes (Figures 1.1 and 1.2). Considering the high potential of integrating pro-
grammable soft materials into SCIs and the growing synergies between material science
and HCI [358], it is opportune to investigate how to incorporate programmable soft ma-
terials more effectively into SCIs design. In this thesis, we focus on investing in using
programmable soft materials to construct SCIs, which sets them apart from traditional
rigid planar UIs like LCD screens. In Chapter 2, we first review different HCI research us-
ing programmable soft materials used to construct SCIs as the background of our research.
This chapter also serves as a takeaway for HCI researchers, giving them an overview of
new materials adopted in SCIs creation. We then investigate three major HCI research
questions with respective challenges coming from user behavior, technological, and design
aspects [10]: (1) Understanding the user experience of SCIs, (2) Technological barriers
to SCIs development using programable soft materials, and Design and implementation
of SCIs application using programable soft materials. In this section, we summarize our
contributions in these three dimensions.

User behavior. Users’ experiences with SCIs are multifaceted, including both the per-
ception of UIs’ physical properties like curvature [435] and association with multiple affec-
tive sensations like emotion [271]. When UIs change shape, they can also bring multiple
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effects, such as visual effects [333] and haptic effects [107]. One key difficulty in un-
derstanding the user experience of SCIs is the factors isolating [10]. For this purpose,
this thesis starts from the fundamental point of how effectively (precisely and accurately)
users can perceive the SCIs’ shapes under different softness conditions through touch. Our
study starts from this point as one critical distinction between SCIs and GUIs behind rigid
planar LCD screens is that users can physically touch SCIs, perceive their physical shapes,
and interact with them directly using their body, such as their fingers and hands [169].
Despite the increasing use of soft materials for constructing SCIs, the study of users’ shape
perception performance with UIs on soft materials still needs to be explored. To better
understand how soft UIs’ shape can convey tactile information to users, we conducted psy-
chophysical experiments to determine the just-noticeable-difference (JND) of UIs’ shape
under different softness. Our current focus is on a fundamental shape feature in our the-
sis, curvature, which is critical for developing UIs capable of changing many other shape
features (Section 2.2). We employed static stimuli instead of dynamic curvature-changing
UIs (e.g., PneUI [509]) to eliminate additional parameters, such as air pressure, which can
impact both curvature [509] and softness [39, 262]. We kept other parameters, such as
UIs’ size (i.e., height and diameter), constant to isolate the impact of softness. We have
made our experiment protocol, materials for fabricating experiment stimuli, experimental
data collecting software, empirical data, and the respective script for data analysis pub-
licly accessible 1. This transparency facilitates the reproducibility of our experiment and
encourages similar experiments on various shape features. For example, with our public
materials, Ghosh [128] recently extended our experiment from convex to concave surfaces.
Our experiment revealed that users can precisely and accurately perceive UIs’ shape even
when made of very soft materials, particularly when the UIs are highly curved. This
establishes the groundwork for using soft materials to create other UIs, providing users
with precise and accurate shape information through tactile feedback.

Technological. The technological barriers to SCIs development using programable soft
materials come from two aspects: (1) the lack of toolkits [10, 358] for HCI researchers de-
veloping UIs with various shape-changing abilities using programmable soft materials and
(2) the stretchability-strength trade-off [358] of programmable soft materials limit their
applications. Initially, we comprehensively reviewed various programmable soft materials
to realize the common shape-changing features studied in HCI [226]. Additionally, we

1. https://osf.io/r5w7x/
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introduced SoftMorphees, a series of shape-changing modules primarily utilizing a novel
programmable soft material, Baromorph [402], to achieve diverse shape-changing features
exclusively through soft materials. We also provide their feature measurements when ac-
tuated, i.e., under different air pressures, with respective regression equations to facilitate
other researchers’ designs. The insights from our review and SoftMorphees prototypes
will help other HCI researchers efficiently realize their desired shape-changing features
using programmable soft materials. Our work paves the way for technological aspects
to further develop SCI toolkits in programmable soft materials. Then, we addressed a
significant limitation of soft materials, such as elastomers, characterized by a trade-off
between stretchability and strength [358]. While high stretchability [56] offers increased
deformability and potential for shape change, it compromises strength due to easy defor-
mation. To overcome this challenge, we introduced the “Jamming Origami Endoskeleton
(JOE)” technology, enabling simultaneous control of UIs’ shape (currently focused on
curvature) and strength. This innovation is expected to broaden the applications of UIs
by incorporating geometric shape and strength changes.

Design. Finally, leveraging our understanding of users’ shape perception with UIs made
of soft materials and technologies for building SCIs with various shape-changing abilities
in soft materials, we designed new HCI applications with SCIs with different shapes
in programmable soft materials. We also conducted respective user studies to evaluate
users’ interaction experience with them to answer SCI design questions such as what
shape changes we should apply and what applications we should build. More specifically,
we developed SCIs installed at the BoD of a smartwatch with different shape changes
for delivering notifications to users. We meticulously designed thin SCIs with a total
thickness of 3 mm and developed two variations (pointy vs. round) to measure users’
absolute detection threshold (ADT). The low ADT value of approximately 3.86 psi for
both two watches, obtained under laboratory conditions, indicates the effectiveness of
this innovative feedback mechanism. Qualitative findings also reveal that participants
enjoyed this innovative feedback mechanism. This paved the way for developing such
SCIs to provide users with notifications effectively and addressed design challenges in SCIs
research by providing insights into how programmable soft materials can be integrated
into SCIs design.
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7.2 Short-term Future Work

Limitations exist in our current studies, raising questions for future studies. Here, we
discuss the short-term future work of this thesis.

7.2.1 Users’ shape perception ability for UIs dynamically chang-
ing shapes

Soft materials with emerging properties have been employed to develop SCIs for var-
ious applications. Focusing on the curvature of UIs, our psychophysical experiment in
Chapter 3 demonstrates that soft materials can offer users highly precise and accurate
feedback on the shape of UIs. To isolate different experimental parameters [10] and empha-
size the influence of UIs’ softness on users’ shape-perception performance, our experiment
maintains other parameters, such as UIs’ sizes (all stimuli with a base-to-peak height
and diameter of 16 mm, as illustrated in Figure 3.2(b)), at a constant level. However,
applications of SCIs typically involve multiple changes in shape features. For instance,
pneumatic actuation [509] is one of the most commonly used technologies for realizing
shape changes. Concurrent with the curvature change, when an airtight bladder is inflated
with inner air pressure, its diameter [119], height [132], and strength [39, 262] also in-
crease. Our empirical results indicate the high potential of using soft materials to convey
shape information to users through psychophysics experiments with static curved UIs.
Further experiments should be conducted with UIs dynamically changing their shapes,
possibly involving haptic cues [116] (e.g., height and size changes) in addition to surface
curvature. Moreover, with UIs dynamically changing their shape, such as curvature, an
exciting avenue for future work is the absolute estimation of curvature (magnitude esti-
mation) and the perception of continuous change in curvature, such as when users keep
their finger on top of the UI and experience a transition between two curvatures.

Furthermore, both in HCI research [376, 363] and everyday life [226], we encounter
UIs with shape-changing abilities beyond curvature change. In this thesis, we specifically
focused on studying UIs’ curvature for three main reasons: (1) Curved objects surround
our world, and we are familiar with them [169, 362]. (2) Curvature-changing UIs are
prevalent in current HCI research(e.g., [509, 300, 236, 462, 157, 132, 114, 419, 423]). (3)
Curvature-changing technologies play a crucial role in constructing other shape-changing
UIs (Figure 2.20), and curvature is a critical feature for encoding any 3D shapes [378].
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However, as discussed in Chapter 3, current studies on users’ shape perception are pri-
marily conducted with rigid UIs, either focusing on curvature [139, 347, 255, 137, 136] or
other shape features [219]. With advances in new materials and the synergies between
material science and HCI research [358], we can anticipate the proliferation of SCIs con-
structed with soft materials featuring various shape-changing abilities in the coming years.
Therefore, the impact of softness on users’ shape perception abilities for features other
than curvature should capture researchers’ interest.

7.2.2 Design tools for SCIs

In Chapter 4, we developed a series of soft material-based shape-changing modules,
termed SoftMorphees, showcasing various shape-changing features such as size, curvature,
amplitude, porosity, zero-crossing, closure, and speed. These modules underscore the po-
tential of utilizing programmable soft materials to create diverse SCIs. The foundation
of these technologies lies in the novel material called Baromorph [402]. Siéfert et al. out-
lined their approach to designing Baromorph, which involves projecting a 3D objective
shape onto a plane to determine the configuration of air channels embedded in a silicone
plate, akin to outlining contour lines on a map to represent a mountain. This methodol-
ogy results in increased channel density corresponding to greater stretch strain (steeper
surface) on the 3D shape after pressurizing these channels. However, this remains an ideal-
ized design approach based on Baromorph’s theoretical shape-changing principle without
considering measurements on actual prototypes. For instance, based on Baromorph, as
detailed in Chapter 6, the shape change observed in our prototypes deviates from our pre-
dictions. Notably, pointy prototypes exhibit lower channel density and steeper surfaces
(Figure A.16(c)) when strongly inflated, and the prototype with isometry air channels
was inflated into a demi-sphere-like shape instead of a cone shape predicted in [402].
This discrepancy may be attributed to the inflation pressure applied to Baromorph (≈
13 psi), surpassing its previous actuating pressure (≈ 5 psi) [402]. This underscores the
significance of combining theoretical calculations of Baromorph’s channel shape for objec-
tive 3D shapes with verification through measurements on actual prototypes. Our work
in Chapter 4 extends the capabilities of Baromorph and connects it with HCI research
by employing Baromorphs to realize specific shape-changing features commonly encoun-
tered in HCI [376, 226]. We provide detailed shape measurements to assist other HCI
researchers in utilizing Baromorph to develop their desired SCIs. However, a notable gap
remains in the absence of a design tool, similar to software tools developed in previous
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work [409, 318, 225, 256, 476, 510, 474] that aids designers in directly creating modules
to fabricate prototypes (i.e., STL files for 3D printing) from desired 3D shapes. This tool
should accommodate not only primitive shapes, as explored in Chapter 4, but also more
complex shapes that may involve a combination of various shape-changing features.

In Chapter 5, we introduce a novel technology called Jamming Origami Endoskeleton
(JOE), designed to control the shapes and strength of UIs concurrently. This innova-
tion addresses the inherent trade-off between soft materials’ high stretchability and low
strength [358]. JOE achieves shape-change through two imperfectly compatible layers of
elastomer gears, namely “Prism” and “Tooth”, creating gaps between them. Evacuating
air from the prototype induces gear rotation and expelling air, resulting in a global shape
change. Simultaneously, origami sheets jam between the layers, enhancing strength. The
development of SCIs using JOE involves consideration of multiple design parameters. We
provide measurements for curvature and strength, identifying three key design parameters
affecting UIs: the angle differences between “Prism” and “Tooth” ∆Angle, the height of
“Prism” hPrism and the vacuum level PVacuum. The number of origami jamming layers
NJammingLayers also significantly impacts UIs’ strength. Our current study isolates each
factor’s impact on UIs’ curvature and strength, maintaining other parameters constant
without exploring their interactions. A comprehensive analysis, considering interactions
between different design parameters, is essential to guide designers in selecting parameters
for desired UI shapes and strengths.

Like SoftMorphees, we lack a dedicated design tool software for directly generating
modules (STL files for 3D printing) for elastomer gears and form patterns (SVG files
for laser cutting) for origami jamming layers based on designers’ specifications. Such a
design tool should be developed, leveraging our prototype measurements under various
design parameters (including interactions), to aid designers in adopting our technology
for SCIs development. As discussed in Chapter 5, CurveUps [147], a non-reversible shape-
change technology, inspires us to expand our technology from curvature-changing UIs to
those with more intricate shape changes. The design tool can also integrate features from
CurveUps to refine our “Prisms” and “Teeth” shapes to assist designers in creating SCIs
with both strength and shape changes, surpassing mere curvature alterations.

7.2.3 Extending User study with our novel SCIs

In Chapter 6, we measured users’ Absolute Detection Threshold (ADT) using our
watches, novel SCIs changing curvature to convey notifications. In a controlled laboratory
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environment without distractions, users demonstrated a remarkably low threshold (3.86
psi) for detecting notifications. The subtle shape changes in our prototypes at such
low-pressure levels were scarcely discernible in photographs taken by a camera. This
outcome underscores the potential of employing our shape-changing watch for notification
functions. Qualitative insights also indicate that participants appreciated this innovative
feedback mechanism, opening avenues for further studies to deepen our understanding of
this novel feedback type.

On the perception side, having established the minimal detectable feedback, future
investigations could measure users’ ADT when engaged in primary tasks such as walking
or cycling and during cognitively demanding activities [146]. Additionally, future research
could explore users’ JND between two curvatures. Considering prior findings that users
desire persistent modalities for notifications [267], shape-change presents an opportunity
for such continuity, necessitating the exploration of users’ long-term perceptions.

On the design side, future work could integrate the system into bracelets or even the
entire body, recognizing variations in human sensitivity [397, 95]and exploring alternative
forms of shape change [226]. We plan a design workshop to investigate soft shape-changing
on-skin notifications systematically.

On the usage side, smartwatches serve as both personal devices and public displays [332],
and the unique feature of shape-changing UIs lies in the combination of haptic and vi-
sual feedback. Consequently, we aim to evaluate the visual and haptic feedback provided
by such surfaces on other parts of the watch, gauging responses from both wearers and
those in their vicinity. On the technical side, future efforts could explore mechanisms to
accelerate shape changes, utilizing more potent pumps or compressed air for actuation.
Additionally, we plan to extend the use of an air pressure sensor, previously applied to
a simple air balloon [342], to Baromorph surfaces, leveraging users’ actions to interact
with the system. In line with prior research [160, 181, 329], a critical aspect for future
adoption is the miniaturization of the hardware controlling the prototype.

7.3 Perspectives for Future SCIs

In this section, we discuss future research questions for SCIs developments and ap-
plications and envision SCIs’ future evolution based on current society and technology
trends.
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7.3.1 Lower technical barriers for customized SCIs

Navigating beyond the industrial age marked by the mass production of standardized
commodities in pipelines, we presently inhabit a post-industrial society characterized by
a growing demand for personalized everyday objects [164, 362]. This surge is driven by
diverse motivations, including the pursuit of individual identities [263], the democrati-
zation of technologies [26, 273], advancements in technical and cultural innovations [49,
118], and the creation of more sustainable objects [50, 310]. The advent of electronic
platforms, such as Arduino [18], portable computing platforms like Raspberry Pi [338],
hardware design accessibility facilitated by entities like Adafruit [193], open-source de-
velopment platforms exemplified by GitHub [131], and technical-oriented Q&A websites
like Stack Overflow [320], has significantly lowered the barriers for electronic prototyping
and software programming. This barrier reduction is attributed to their ease of learning,
utilization, and the continuous support and inspiration from the burgeoning communi-
ties associated with these platforms. The widespread adoption of technologies like 3D
Printing [289, 183, 60] and open-source 3D modeling software such as OpenSCAD [316]
has further empowered individuals to fabricate personal artifacts and prototype tests
efficiently across various forms and materials. Beyond electronic prototyping, software
programming, and 3D model printing, the development of SCIs involves the intricate con-
trol of programmable materials like shape-memory alloys [274], pneumatically inflatable
elastomers [509], dielectric elastomers [113] and hydrogels [203]. In contrast to the acces-
sible landscape of electronic prototyping, software programming, and 3D printing, new
materials for SCIs still present significant entry barriers and require specialized training
for designers. Nevertheless, many researchers, particularly in HCI [357, 358], are working
to lower these barriers. They contribute by creating design toolkits and tutorials [401,
113, 428, 292, 227, 202, 266, 282] to facilitate the learning path for other designers.

Our thesis work aims to help designers and researchers integrate soft programmable
materials into their projects. This facilitation spans understanding user interactions with
SCIs made from soft programmable materials and delving into the technologies necessary
for their development. Further studies on user perception and toolkit development, as
discussed in section 7.2, will extend this assistance beyond designers and researchers to
end-users, progressively making it easier for them to develop their SCIs. As material
science becomes more deeply integrated into HCI and researchers continue democratiz-
ing associated technologies, we envision a future where users can effortlessly conceive,
prototype, and utilize their SCIs as easily as they currently do with 3D printing.
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7.3.2 SCIs as standalone everyday objects

In Chapter 6, we introduced SCIs installed on the BoD of smartwatches. These SCIs
currently serve as accessories for standard electronic devices, i.e., shape-changing hap-
tic surfaces at the BoD of a smartwatch providing notifications. This aligns seamlessly
with the overarching SCIs research focus [10]-exploring SCIs’ shape-changing capabilities
and diverse applications. Meanwhile, Output capabilities through shape-changing abili-
ties [363, 376] and Input through sensing capabilities [40] are important when developing
HCI applications. Regarding Output, we have systematically presented different pro-
grammable soft materials in Chapter 2 for UIs’ shape control. Regarding Input, emerging
sensing technologies based on soft materials [40, 414] were developed and can enhance
UIs’ sensing capabilities. Some recent advance in materials science [452] allows 3D print-
ing direct structures using multiple materials, which integrates both Output (i.e., capable
of being inflated to bend) and Input (i.e., capable of changing materials’ resistance when
bent). Beyond materials themselves sensing users’ input and changing shape, current
SCIs usually need extra actuators like pumps [509] for actuating their shape-change and
extra controlling modules like Arduino [326] and smartphone [440] for processing sensing
data or sending commands to control actuators. For this reason, current SCIs prototypes
usually include tethered actuators and/or wired controlling boards and batteries. Soft
programmable materials like shape-memory alloys [295] and dielectric elastomers [113]
can be actuated by applying current or voltage to them; thus no need for tethered actu-
ators. However, they may still need connections to batteries and controlling modules for
power supply and control.

To move from vision to successfully embedding SCIs in everyday life [363], two tech-
nological trends are emerging. One is the miniaturization of batteries, actuators, and
controllers [163, 124, 41], making these conspicuous electronic components easier to em-
bed. Another is the development of electronic-free components to replace existing ones.
As for electronic-free components, Lu et al. recently introduced the Fluidic Computa-
tion Kit [257], capable of realizing control logics activated under specific pressure condi-
tions, thereby replacing some electronic controlling modules for pneumatically actuated
SCIs. Sustainflatable [257], another development by Lu et al., utilizes pressure changes
within an airtight box during physical transformations like evaporation/liquefaction to
inflate/deflate pneumatically SCIs, replacing traditional pumps. Other works like [59,
383, 301, 375] also provide insights into constructing electronic-free control components,
especially for pneumatically actuated UIs. Some other studies leverage pressure changes
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during chemical reactions [478] and explosions [394] to replace pumps in pneumatically
actuated SCIs. Additionally, emerging new technologies in material science, such as dis-
plays made of soft materials like textile [396], various energy harvesting technologies [268],
and soft circuitry [322], could help eliminate current rigid and conspicuous electronic com-
ponents, such as LED screens, batteries, PCB boards, and controllers, making UIs better
integrated into our everyday environments. With advancements in these technologies,
coupled with the ability of UIs to sense user interactions and changing shapes, we antici-
pate a future where everyday objects respond to our interactions by altering their shapes
and/or colors. These standalone SCIs will operate without needing external batteries,
actuators, and controllers, representing a significant step forward in the evolution of user
interfaces. One approach to achieve this goal is to develop synergies between material
science and HCI to develop toolkits for facilitating HCI researchers to develop SCIs using
new materials [358].

7.3.3 Wearable SCIs

Wearable devices represent a captivating trend in the mobile device market, with the
global wearables market projected to grow at a compound annual growth rate (CAGR)
of 11.3% from 2019, reaching $62.82 billion by 2025 [367]. Among the diverse range
of wearable devices, smartwatches (e.g., Apple Watch [489]), earwear devices (e.g., Air-
Pods [487]), and smart wristbands (e.g., Xiaomi Mi Band [496]) stand out as the three
most popular types [367]. Primarily utilized for functions such as navigation [13], no-
tifications [504], financial payments [15], and basic health data monitoring (e.g., blood
oxygen [16]) and sports data tracking (e.g., active calories [14]), these devices currently
lack shape-changing capabilities.

Recent research in HCI has seen a growing interest in wearable devices with shape-
changing abilities. For example, the surface shape of a watch [329, 181] or a wrist-
band [160] in contact with the wearer’s skin can change its curvature to deliver notifica-
tions, replacing the traditional vibration used in commercial smartwatches or smart wrist-
bands [504]. Innovations also extend to shoes with internally adaptable shapes conforming
to the wearer’s foot morphology [25]. Some applications involve inflatable bladders worn
on the user’s body, controlling bladders’ inflation pressure, frequency, and positions to
change the pressure applied to the wearers’ body to offer different tactile sensations such
as simulating being hugged or hit by a snowball [81]. This technology has also been used
to guide wearers’ breathing rates [69]. Additionally, length change UIs attached to the
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user’s body [531, 150] can generate shearing forces on the skin, providing notifications
through skin stretching rather than vibration [531]. Another noteworthy category of
shape-changing UIs is wearable exoskeletons [323], typically composed of bendable struc-
tures worn on joints like the phalangeal joints of hands, offering external force to aid
physical movements [523].

Beyond HCI research, designers and artists, particularly in the fashion industry, have
explored more dramatic changes with shape-changing garments, enabling wearers to ex-
press their identity and personal values and build social connections [77, 324, 390]. For
instance, transforming a day dress into a ball gown involves several motors pushing out-
wards to alter its silhouette and hemline [304] to adapt to a person’s multitasking lifestyle.
A spider-like structure [499] worn on the shoulder extends its legs, actuated by motors, to
protect the wearer and signal others to maintain a distance when a proximity sensor de-
tects intrusion into personal space. Similar work also designed shape-changing garments to
protect wearers’ personal space [498, 515]. Further explorations in fashion design include
garments made of silicone [514], actuated by actuators to continuously ripple, expand, and
contract, presenting the philosophical concept of the complexity of individuals’ alternat-
ing identities. Another example involves a cloth with spikes actuated by shape-memory
alloy [104], responding to onlookers’ gaze to increase wearers’ awareness of their social
context. Such avant-garde designs showcased during fashion shows [390, 447] indicate the
immense potential of interactive garments and wearable UIs, transcending conventional
boundaries.

When designing wearables for a broader population, subtlety becomes crucial [526,
112, 288], ensuring users can interact with UIs to achieve their objectives without compro-
mising privacy or social interaction (i.e., being observed) [344, 11]. Traditional garment
materials like fabric offer comfort due to their excellent air permeability and flexibil-
ity [399]. Technologies such as embedding shape-memory alloys [229, 34], coating with
hydration-swelling materials [475], sewing conductive fibers [313], and incorporating lu-
minescent fibers [313, 396] enable fabrics to change shape [229, 34, 475], sense user input
gestures [313], and display colorful images [396]. Consequently, fabric, a conventional
garment-making material [490], becomes easily adaptable for developing subtle wear-
able SCIs. Soft programmable materials like elastomers [402] further enhance wearable
UIs’ shape-changing [303] and sensing abilities [513], expanding their application con-
text. Their high stretchability makes them inherently body-compliant, ensuring comfort
for wearers [399]. Future studies should explore integrating emerging soft programmable
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materials seamlessly into wearable applications, taking subtlety, low bulkiness, and com-
fortability into consideration [112, 288, 526].

7.3.4 SCIs in Metaverse

With recent news in high-tech, such as Facebook renaming itself to Meta and introduc-
ing the concept of the Metaverse to outline its future plans [493], and Apple commercially
releasing its mixed reality (MR) headset, the Apple Vision Pro [488], the concept of the
Metaverse [294] is gaining increasing attention beyond the research realm. Metaverse
researchers are actively working towards enhancing crucial features, such as the sense of
presence and user immersion in a synthetic world amalgamated with digital information,
including visual effects, sound, and the physical surroundings that users can perceive with
their physical bodies [294]. In addition to highly advanced visual [410] and audio [453]
display technologies, as well as emerging smell rendering [47] and taste rendering [46]
technologies, the incorporation of physical objects into the Metaverse, allowing users to
experience haptic sensations as they interact with virtual elements, can significantly am-
plify the sense of immersion and presence [166, 369, 172].

However, when compared to the visually rendered complex environments filled with
objects of various shapes [404], creating physical UIs to simulate diverse shapes of objects
in a virtual environment remains challenging. Current technologies like TilePoP [436]
enable the construction of objects in a Minecraft style with a limited set of shapes using
inflatable cube airbags of varying sizes. Nevertheless, the resolution is constrained, with
a minimum edge size of 10 cm for their constructed objects. Addressing this limitation,
our research focuses on continuously enhancing the shape-changing capabilities of UIs.
Unlike TilePoP [436] or other technologies such as 2.5D displays [108] composed of
matrices of actuated pins to provide numbers of different shapes (discrete) using one UI
in limited resolution, SCIs in programmable soft materials typically have limited numbers
of (continuous) shapes specialized for specific contexts [168]. Despite these limitations,
users can integrate information from different senses, such as haptic and visual, to form
a robust perception of an object’s features [97, 98] even when they are not perfectly
matched. Previous work has validated and measured users’ tolerance of the incoherence
of softness [43], curvature [443] and size [435] between physical objects and their visually
rendered counterparts in Metaverse. Considering this, we anticipate that SCIs will not
only become pervasive in our physical world, as previously discussed but their integration
into the Metaverse is poised to significantly enhance user interaction experiences with
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haptic feedback, even within the constraints of their shape-changing abilities. Moreover,
recent research has demonstrated that users can relate their haptic experiences of touching
physical objects with different shapes to other senses, such as smells [275], colors [250],
softness [420] and emotions [105, 175]. Consequently, envisioning SCIs with dynamic
shapes provides users tactile sensations in the Metaverse, coupled with other technologies
rendering visual [410], auditory [453], olfactory [47], and gustatory [46] senses, promises
to elevate the immersive experience within the Metaverse substantially.
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Appendix

A.1 Stimuli curvature measurements

Block 3:
Softness 3

Block 4:
Softness 4

Repetition 1
(20,23.1)(16.7,20)(20,21.4)(25,20)(21.4,20)(20,18.8)
(20,16.7)(17.6,20)(20,17.6)(20,25)(23.1,20)(18.8,20)

Repetition 2 Repetition 3

Block 1: Softness 1
Block 2:

Softness 2

Series 1: Curvature levels 1
Training 1

Series 2:
Curvature
levels 2

Training 2

Series 3:
Curvature
levels 3

Training 3

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

0 2 4 6 0 2 4 6 0 2 4 6
00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

Pairwise difference of the JND (mm)

So
ftn
es
s
pa
ir

(A) (B) (C)

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
00−10
00−50
A−30
Rigid

So
ftn
es
s

Average Difficulty Estimated

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

−1 0 1 2 −1 0 1 2 −1 0 1 2
00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

Pairwise difference of the estimated difficulty

So
ftn
es
s
pa
ir

(A) (B)

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

First
exploration

tim
e

Second
exploration

tim
e

Average
exploration

tim
e

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

00−10
00−50
A−30
Rigid

00−10
00−50
A−30
Rigid

00−10
00−50
A−30
Rigid

Geometric mean of exploration time (s)

So
ftn
es
s

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

First
exploration

tim
e

Second
exploration

tim
e

Average
exploration

tim
e

−1 0 1 −1 0 1 −1 0 1

00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

Pairwise difference of exploration time (s)

So
ftn
es
s
pa
ir

(A) (B)

(A) (B)

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

0 2 4 6 0 2 4 6 0 2 4 6
00−10

00−50

A−30

Rigid

Accuracy (mm)

So
ftn
es
s

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

−1 0 1 2 3 4 −1 0 1 2 3 4 −1 0 1 2 3 4
00−10−00−50
00−10−A−30
00−10−Rigid
00−50−A−30
00−50−Rigid
A−30−Rigid

Pairwise difference of the accuracy (mm)

So
ftn
es
s
pa
ir

H=16mm

Δh=4mm
r (10 mm)

D=16mm
(A) (B) (C) (D)

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

−5 0 5 10 −5 0 5 10 −5 0 5 10
00−10
00−50
A−30
Rigid

Bias (mm)

So
ftn
es
s

(A) (B)

ref stimulus: 10mm ref stimulus: 20mm ref stimulus: 40mm

−5 0 5 10 −5 0 5 10 −5 0 5 10
00−10−00−50
00−10−A−30

00−10−Rigid
00−50−A−30

00−50−Rigid

A−30−Rigid

Pairwise difference of the bias (mm)

So
ftn
es
s
pa
ir

R
Δh

D

Dcurvature=2XR

4.0e+06

8.0e+06
1.2e+07
1.6e+07

0 20 40 60 80
Shore Hardness

Yo
un
g
M
od
ul
us

(P
a)

softness
00−10
00−50
A−30

ShoreType
Shore00
ShoreA

10

20

30

40

50

60

10 20 30 40 50

designedRadius (mm)

fit
te
dR
ad
iu
s
(m
m
)

softness
00−10
00−50
A−30
Rigid

0

3

6

9

0 10 20 30 40
reference stimulus radius (mm)

JN
D
(m
m
)

softness
00−10
00−50
A−30
Rigid
Rigid[83]

00−10: JND=0.0133 Radius1.76 (R2>0.99)
00−50: JND=0.0147 Radius1.70 (R2=0.99)
A−30: JND=0.0139 Radius1.61 (R2=0.99)
Rigid: JND=0.0219 Radius1.45 (R2=0.98)

Rigid[82]:JND=0.027 Radius1.43 (R2=0.95)

0.00

0.25

0.50

0.75

1.00

8 9 10 11 12 13
Radius of comparison stimuli (mm)

Pr
op
or
tio
n
of
tim

es
th
e
C
om

pa
ris
on

st
im
ul
us

re
po
rt
ed

as
th
e
Le
as
tC
ur
ve
d
(P
C
LC
)

JND

PSE 10.7
10.2

25

50

75

100

125

25 50 75 100 125
designed Curvature (m−1)m

ea
su
re
d
C
ur
va
tu
re
(m
−1
)

softness
00−10
00−50
A−30
Rigid

4.0e+06
8.0e+06
1.2e+071.6e+07

0 20 40 60 80
Shore Hardness

Yo
un
g
M
od
ul
us

(P
a)

softness
00−10
00−50
A−30

ShoreType
Shore00
ShoreA

Rref(mm) Softness Pair

Post-hoc test on
exploration time for first

stimulus

Post-hoc test on
exploration time for
second stimulus

Post-hoc test on average
exploration time

W Z p r W Z p r W Z p r

10

Shore 00-10 vs. Shore 00-50 49 0.78 1 0.16 38 -0.08 1 0.02 38 -0.08 1 0.016
Shore 00-10 vs. Shore A-30 54 1.18 1 0.24 53 1.10 1 0.22 56 1.33 0.81 0.27

Shore 00-10 vs. Rigid 63 1.88 0.38 0.38 38 -0.08 1 0.02 62 1.80 0.46 0.37
Shore 00-50 vs. Shore A-30 46 0.55 1 0.11 56 1.33 1 0.27 59 1.57 0.65 0.32

Shore 00-50 vs. Rigid 54 1.18 1 0.24 41 0.16 1 0.03 53 1.10 0.90 0.22
Shore A-30 vs. Rigid 36 -0.24 1 0.05 28 -0.86 1 0.18 37 -0.16 1 0.03

20

Shore 00-10 vs. Shore 00-50 43 0.31 1 0.06 60 1.65 0.55 0.34 51 0.94 1 0.19
Shore 00-10 vs. Shore A-30 42 0.24 1 0.05 59 1.57 0.55 0.32 54 1.18 1 0.24

Shore 00-10 vs. Rigid 57 1.41 1 0.29 75 2.82 <0.05 0.57 69 2.35 0.10 0.48
Shore 00-50 vs. Shore A-30 55 1.26 1 0.26 47 0.63 0.85 0.13 52 1.02 1 0.21

Shore 00-50 vs. Rigid 48 0.71 1 0.14 54 1.18 0.80 0.24 48 0.71 1 0.14
Shore A-30 vs. Rigid 37 -0.16 1 0.03 50 0.86 0.85 0.18 43 0.31 1 0.06

40

Shore 00-10 vs. Shore 00-50 62 1.80 0.39 0.37 66 2.12 0.17 0.43 63 1.88 0.32 0.38
Shore 00-10 vs. Shore A-30 61 1.73 0.39 0.35 66 2.12 0.17 0.43 62 1.80 0.32 0.37

Shore 00-10 vs. Rigid 73 2.67 <0.05 0.54 75 2.82 <0.05 0.58 74 2.75 <0.05 0.56
Shore 00-50 vs. Shore A-30 41 0.16 1 0.03 48 0.71 1 0.14 42 0.24 0.85 0.05

Shore 00-50 vs. Rigid 59 1.57 0.39 0.32 62 1.80 0.23 0.37 63 1.88 0.32 0.38
Shore A-30 vs. Rigid 47 0.63 1 0.13 46 0.55 1 0.11 52 1.02 0.68 0.21

Post-hoc test on Difficulty estimation
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 36 2.83 <0.05 0.58
Shore 00-10 vs. Shore A-30 45 2.88 <0.05 0.59

Shore 00-10 vs. Rigid 55 3.02 <0.05 0.62
Shore 00-50 vs. Shore A-30 25 1.94 0.19 0.40

Shore 00-50 vs. Rigid 45 2.92 <0.05 0.60
Shore A-30 vs. Rigid 17.5 1.63 0.22 0.33

20

Shore 00-10 vs. Shore 00-50 61.5 2.68 <0.05 0.55
Shore 00-10 vs. Shore A-30 75.5 2.89 <0.05 0.59

Shore 00-10 vs. Rigid 73 2.71 <0.05 0.55
Shore 00-50 vs. Shore A-30 41.5 2.37 0.07 0.48

Shore 00-50 vs. Rigid 68 2.39 0.07 0.49
Shore A-30 vs. Rigid 9 -0.64 0.69 0.13

40

Shore 00-10 vs. Shore 00-50 45 2.90 <0.05 0.59
Shore 00-10 vs. Shore A-30 57 2.18 0.15 0.44

Shore 00-10 vs. Rigid 54 2.74 <0.05 0.56
Shore 00-50 vs. Shore A-30 21.5 0.60 0.63 0.12

Shore 00-50 vs. Rigid 53 1.89 0.19 0.39
Shore A-30 vs. Rigid 32 2.14 0.19 0.44

Post-hoc test on Accuracy
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 44 0.39 1 0.08
Shore 00-10 vs. Shore A-30 66 2.12 0.21 0.43

Shore 00-10 vs. Rigid 63 1.89 0.32 0.38
Shore 00-50 vs. Shore A-30 57 1.41 0.71 0.29

Shore 00-50 vs. Rigid 53 1.10 0.90 0.22
Shore A-30 vs. Rigid 34 0.39 1 0.08

20

Shore 00-10 vs. Shore 00-50 42 0.24 1 0.05
Shore 00-10 vs. Shore A-30 56 1.33 1 0.27

Shore 00-10 vs. Rigid 54 1.18 1 0.24
Shore 00-50 vs. Shore A-30 55 1.26 1 0.26

Shore 00-50 vs. Rigid 56 1.33 1 0.27
Shore A-30 vs. Rigid 28 -0.86 1 0.18

40

Shore 00-10 vs. Shore 00-50 37 -0.16 1 0.03
Shore 00-10 vs. Shore A-30 54 1.17 1 0.24

Shore 00-10 vs. Rigid 53 1.10 1 0.23
Shore 00-50 vs. Shore A-30 61 1.73 0.55 0.35

Shore 00-50 vs. Rigid 51 0.94 1 0.19
Shore A-30 vs. Rigid 31 -0.62 1 0.13

Post-hoc test on JND
Rref(mm) Softness Pair W Z p r

10

Shore 00-10 vs. Shore 00-50 37 -0.16 1 0.03
Shore 00-10 vs. Shore A-30 54 1.18 1 0.24

Shore 00-10 vs. Rigid 53 1.10 1 0.22
Shore 00-50 vs. Shore A-30 61 1.73 0.55 0.35

Shore 00-50 vs. Rigid 51 0.94 1 0.19
Shore A-30 vs. Rigid 51 -0.63 1 0.13

20

Shore 00-10 vs. Shore 00-50 36 -0.24 1 0.05
Shore 00-10 vs. Shore A-30 62 1.80 0.23 0.30

Shore 00-10 vs. Rigid 67 2.20 0.16 0.45
Shore 00-50 vs. Shore A-30 65 2.04 0.21 0.42

Shore 00-50 vs. Rigid 64 1.96 0.21 0.4
Shore A-30 vs. Rigid 41 0.16 1 0.03

40

Shore 00-10 vs. Shore 00-50 40 0.59 0.59 0.12
Shore 00-10 vs. Shore A-30 63 1.88 0.19 0.38

Shore 00-10 vs. Rigid 72 2.59 <0.05 0.53
Shore 00-50 vs. Shore A-30 70 2.43 <0.05 0.50

Shore 00-50 vs. Rigid 75 2.82 <0.05 0.58
Shore A-30 vs. Rigid 54 1.18 0.53 0.24

0

10

20

0 5 10
Displacement (mm)

Fo
rc
e
(N
)

indentor
(⌀9.5mm [84])

vacuum level
from [84]

0inHg
1inHg
6inHg
15inHg

softness
measurements

00−10
00−50
A−30

16mm

16mm

EXAMPLES

SCALES

IN THIS PAPER

Gl
as
s[
29
]

PL
A

Pl
as
tic
[4
5]

Fa
t[7
]

M
us
cle
[5
4]

Fin
ge
r-
pa
d

So
ftn
es
s[
10
]

Gummycandy Gel shoe
insole

Rubber
band Shoe

heel
Tire
tread

Pencileraser

Fin
ge
r-
pa
d

So
ftn
es
s[
11
]

Sk
in
[4
4]

0 10 20 30 40 50 60 70 80 90SHORE00
0 10 20 30 40 50 60 70 80 90SHORE0

0 10 20 30 40 50 60 80 90SHOREA

104 105 106 107 108 109 1010

Rigid
Resin

Silicone softer
than the finger-pad

Silicone as soft
as the finger-pad

Silicone harder
than the finger-pad

YOUNG'S
MODULUS (Pa)

softness
00−10
00−50
A−30

0

5

10

15

20

0.0 2.5 5.0 7.5 10.0
Displacement (mm)

Fo
rc
e
(N
)

Young's Modulus
(material)

Stiffness
(stimulus)

16mm

16mm

28.6mm

indentor
of 29mm

12
.5
m
m

(a) A stimulus (Shore 00-10 R=21.4 mm) installed on 3D-printed support for the curvature measurement.
A vernier scale is fixed on the support to ensure the precision of conversion of our measurement on pixels
to mm.

(b) A stimulus (Shore 00-10 R=21.4 mm) with edge
detected, bolded, and highlighted in red color for
visualization.
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(c) The measured curvature of our stimuli vs. the
designed curvature of our stimuli. Data points were
slightly jittered horizontally to avoid total overlap.
The gray line indicates where the measured curva-
ture equals the designed curvature.

Figure A.1 – Validation of the curvature of our stimuli.
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Appendix

We verified the curvature of our stimuli as in [416]. We first took pictures of our stimuli
(Figure A.1(a)) with a Panasonic Lumix G Hybrides camera with a LUMIX G VARIO
14-140 lens (Focal length f=135 mm, resolution 1096× 2160). Pictures were calibrated
to remove the distortion of the camera lens with OpenCV 4.6.0. To ensure measurement
accuracy, we took pictures of each stimulus from 8 angles (Figure A.1(a) (bottom right))
by turning the stimulus around its axis in the placeholders, 3D printed support of the
stimulus.

We then detected the contour of the curved surface of each stimulus with OpenCV.
We fitted points to this contour (Figure A.1(b)) using the circle-fit 0.1.3 [214] python
package, to finally find its curvature (Figure A.1(c)). To convert curvature from pixels
(px) to mm as shown in the y-axis of Figure A.1(c), we fixed a vernier scale on the support
(Figure A.1(a)) to ensure the precision of the conversion. We found that 102.10 mm on
the scale equals 1945 px in the pictures. We, therefore, convert our measurements of
the curvature with 0.053 mm/px. Figure A.1(c) presents on the y-axis the results of our
measurements with the average curvature of each stimulus and respective 95% CI. The
exact values of this graph and the code to compute the curvature are available in the
supplementary material [100].
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A.2 Stimulus height change computation

Figure A.2 presents the profile of a curved surface with three parameters: the radius
of the curve surface R, the width D, and the total height change ∆h. The total height
change ∆h depends on the width D:

∆h = R −
√

R2 − D2

4 (R ≥ D

2 ) (A.1)

Pont, Kappers, and Koenderink [348] found that the total height change over the
surface ∆h

D
is an effective kinesthetic cue that humans used for curvature perception.

With Equation A.1, we have:

∆h

D
=

(R −
√

R2 − D2

4 )
D

(R ≥ D

2 ) (A.2)

R
Δh

D

Dcurvature=2XR

Figure A.2 – Parameters of the profile of the experimental apparatus (stimulus). The
gray dotted line presents a semicircle. The larger black solid line presents the part of the
semicircle that makes the stimulus.

To analyze the impact of the surface D on the ratio ∆h
D

, we compute the derivative of
∆h
D

over D:

∂(∆h
D

)
∂D

= 1
D2 ( R2√

R2 − D2

4

− R) (R ≥ D

2 ) (A.3)

In Equation A.3, as D > 0,
√

R2 − D2

4 < R is always true. We can deduce that
R2√

R2− D2
4

− R is always greater than 0 and ∂( ∆h
D

)
∂D

is always positive. As a consequence, the

ratio (∆h
D

) increases with a larger D.
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When two stimuli have the same curvature but are of different base diameters, the
larger stimulus has the larger total height change over the surface, i.e. the larger (∆h

D
).

Therefore, a larger base diameter can improve participants’ curvature perception precision
with better kinesthetic cues [348].

In our experiment, the stimulus width D is constant with D = 16 mm. The stimu-
lus width D is smaller than the smallest diameters of our curved surfaces (Dcurvature in
Figure A.1). I.e., 16.6 mm in the case of the curviest stimuli whose radius is 8.3 mm. In
contrast, in the Provancher et al.’s experiment [351, 352], the stimulus width D becomes
larger with a flatter stimulus, i.e., a larger stimulus radius R. The data provided in [351,
352] does not allow to precisely compute their stimuli width D and radius R. However,
from the schematic representation of their stimuli in Figure 4-6 from [352], we can easily
speculate that their stimuli width is larger than ours. As a consequence, we suppose that
their stimuli provide participants with more kinesthetic cues thanks to a larger ratio of
(∆h

D
) in their flatter conditions compared to our flatter conditions.
On the contrary to Provancher et al. [351, 352], we wanted to prevent any confounding

cues from the contact area [137]. In addition, curvature and size are two independent
dimensions of shape-changing UIs [226], and curvature-changing UIs do not necessarily
change their size (e.g., [132]).

We chose our base diameter D in order to prepare guidelines for the design of soft
curvature-changing UIs, such as buttons. A 16 mm button lies within the common range
of physical buttons [9]. Additionally, once the UIs are created and worn on the body,
it might be troublesome to enlarge too much because of geometrical constraints from
the body or the surrounding environment [10]. Further comparison of our experiment
and Provancher et al.’s experiment [351, 352] can be found in the discussion section of
Chapter 3.
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A.3 SoftMorphees shape measurements

(a) Setup for SoftMorphees shape measurement. In the front
of the 3D printed support, there is a 3D printed label holder
(indicated in the dashed white circle). Lable in this holder can
help to get prototype information when processing photos. For
example, in this figure, the label “ Amplitude Ratio 1 8.0Psi
” indicates photos of an Amplitude changing prototype with
a Wall-AirChannels width ratio of 1 under the pressure of 8.0
Psi. Markers in red colors are used for faciliating the photo
cropping during photo processing.

(b) A vernier scale measuring the label holder’s length to ensure
the precision of the conversion between pixels and mm.

Figure A.3 – SoftMorphees shape measurements setup

Figure A.3(a) presents our setup for measuring Softmorphees prototype shape. We
first took pictures of our prototypes (Figure A.16(a)) with a Panasonic Lumix G Hybrides
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camera with a LUMIX G VARIO 14-140 lens (Focal length f=135 mm, resolution 1096×
2160). Figure A.3(b) present using a vernier scale measuring the label holder’s length
to ensure the precision of the conversion between pixels and mm. For example, when
measuring the Amplitude changing of the prototype shown in Figure A.3(a), the two jaws
of the vernier scale measure as 70.64 mm as distance and 1245 pixels in photos. We,
therefore, convert our measurements of the curvature with 0.057 mm/px. Each time we
change the setup, e.g. measuring a new feature, we take a new photo with a vernier scale
to ensure precision.

Pictures were calibrated to remove the distortion of the camera lens and processed
with OpenCV 4.6.0 [315]. Shape features of Curvature and Amplitude are measured with
photos taken from a side view. Length, Area, Closure and Porosity are measures with
photos taken from a side view.

We introduce the following calculation of each shape’s feature.

1795 pixels

Figure A.4 – Length changing SoftMorphees Measurement. The dashed white circle in-
dicates the supplementary part for inserting the needle, which is not included in Length
measurement.

Length Figure A.4 presents a Length measurement of a Length changing prototype
under 3.0 Psi. Its Length is measured from the left end to the right end; the supplementary
part (indicated in the dashed white circle) for inserting the needle is not included. In this
photo, the prototype’s length is measured as 1795 pixels, which can be converted to 105
mm with a conversion ratio of 0.058 mm/px.

Area Figure A.5 presents a Area measurement of a Area changing prototype under 1.5
Psi. Its Area is measured by counting the number of pixels in white colors. For example,
the prototype in Figure A.5 is measured with 636002 pixels in white colors, which can be
converted to 2194 mm2 with a conversion ratio of 0.059 mm/px.

Curvature The Curvature calculation is calculated by fitting the prototype’s top sur-
face with a circle A.6. For example, Figure A.6 presents an R20 prototype under 4.8 psi.
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Figure A.5 – Area changing SoftMorphees Measurement.

Figure A.6 – A R20 Curvature changing SoftMorphees under the pressure of 4.8 psi. The
red curved line indicated the circular fitting edge using the circle-fit 0.1.3 [214] python
package.
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A circle with a radius of 569.21 mm can fit well with R2 > 0.99, which can be converted
to 32.27 mm with a conversion ratio of 0.057 mm/px.

352 pixels

Figure A.7 – An Amplitude changing SoftMorphees with a Wall-AirChannels width ratio
of 1 under the pressure of 8 psi.

Amplitude Figure A.7 presents a Amplitude measurement of a Amplitude changing
prototype with a Wall-AirChannels width ratio of 1 under the pressure of 8.0 Psi Its
Amplitude is measured height difference between the center and the border. For example,
the height difference in Figure A.7 is measured as 352 pixels, which can be converted to
19.95 mm with a conversion ratio of 0.057 mm/px.

Figure A.8 – A Porosity changing via length-changingSoftMorphees under the pressure
of 6.0 psi.

Porosity The Porosity is measured by calculating the area ratio between the hole and
the total surface of the prototype. Figure A.8 presents a photo of Porosity-changing via
length-changing prototype under a pressure of 6.0 psi. The hole area is calculated by
counting the number of pixels in black colors. The totoal prototype area is calculated
by counting the number of pixels both in black colors and white colors. Porosity can be
calculated as Porosity = 100 × Areahole

Areaprototype
= 100 × Areablack

Areablack+Areawhite
. For example, with

Figure A.8, 1034659 white pixels are counted, and 96408 black pixels are counted, which
leads to a Porosity value as 8.5%.
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2228 pixels

2181 pixels

Figure A.9 – A Closure changing SoftMorphees under the pressure of 3.4 psi.

Closure Figure A.9 presents photos of Closure changing prototype under the pressure
of 3.4 Psi. We measured the prototype’s Length (the red curve in Figure A.9) and the
boundary Length (the blue line in Figure A.9) to calculate the Closure, with Closure =
100 × Lengthprototype−Lengthboundary

Lengthboundary
The prototype Length Lengthprototype is measured as 2228

pixels and the boundary Length Lengthboundary is measured as 2181 pixels. Respective
Closure value is 2.1%.
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A.4 Details of design parameters of prototypes

We report detailed parameters of our prototypes in Table A.1 and A.2. Values in bold
blue were values of respective controlled parameter that we studied. Table A.1 presents
values of prototypes tested in section 5.3 and Table A.2 for section 5.4 respectively. We
decide these parameters based on the parameters of the first prototype that we succeeded
fabricated and controlled its curvature and strength, i.e., hPrism = 5 mm, hTooth =
4 mm, ∆Thickness = 1 mm, α = 120◦, β = 40◦, ∆Angle= 80◦, hMembrane = 0.5 mm,
NJammingLayers = 7 mm.
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A.5 Force-displacement curves with different design
parameters

Plot here are result of compression test with the setup as shown in Figure 5.5(b).
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Figure A.10 – Force-displacement curves in conditions of different thickness between two
gear layers
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Figure A.11 – Force-displacement curves in conditions of different angles between two
gear layers
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Figure A.12 – Force-displacement curves in conditions of different thickness of the thicker
gears
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Figure A.13 – Force-displacement curves in conditions of different thickness of membranes
connecting gears
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Figure A.14 – Force-displacement curves in conditions of different vacuum levels
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Figure A.15 – Force-displacement curves in conditions of whether having origami layers
between gears
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A.6 Curvature measurements for Morphing watch

(a) Setup for curvature measurement. The fitted
arc is shown in purple.
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(b) curvature measurements of each prototype in-
flated at different air pressures.
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(c) Prototypes at different air pressures.

Figure A.16 – curvature measurement setup and results.

We verified the curvature of our prototypes as in [417]. We first took pictures of our
prototypes (Figure A.16(a)) with a Panasonic Lumix G Hybrides camera with a LUMIX
G VARIO 14-140 lens (Focal length f=135 mm, resolution 1096× 2160). Pictures were
calibrated to remove the distortion of the camera lens with OpenCV 4.6.0 [315]. To ensure
measurement accuracy, we took pictures of each prototype with each air pressure three
times, by inflating them from 0 psi to objective pressure each time.
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We then detected the contour of the curved surface of each stimulus with OpenCV. We
fitted points to this contour (Figure A.16(a)) using the circle-fit 0.1.3 [215] python package,
to finally find its curvature as presented in the green square in Figure A.16(a). As shown in
Figure A.16(c), the curvatures of our prototypes are not constant across the whole surface,
so we fitted the central part where the prototype firstly contact with participants’ skin
for curvature calculation. We take the central �15 mm part, as cropping images with
smaller size leads to failed circle fitting because of too little pixels of prototypes among
noise. To convert to curvature from pixels (px) to mm as shown in the y axis of Figure
A.16(b), we fixed a vernier scale on the 3D printed support (Figure A.16(a)) to ensure
the precision of the conversion. We found that 69.9 mm on the scale equals 1213 px in
the pictures. We therefore convert our measurements of the curvature with 0.058 mm/px.
Figure A.16(b) presents on the y-axis the results of our measurements with the average
curvature of each prototype in each pressure condition. With Figure A.16(c), we can see
that when air pressure is low (i.e., R prototype under 6 psi and P prototype under 5 psi),
our prototypes barely inflates and stays nearly flat. This is coherent with the poor circle
fitting result shown in Figure A.16(b), i.e, low R2 value in low pressure conditions. The
exact values in the Figure A.16(b) and the code to compute the curvature are available
in the supplementary material [101].
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