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Abstract

Shape-changing interface is an ongoing multi-disciplinary study that has great
promise for future application. Despite the possibilities, entry to shape-changing
interface research is challenging due to the required knowledge of both complex
electronics and mechanical engineering. These complexities increase exponentially
when physical properties such as variable-stiffness are added into the systems. This
research focuses on the development of a framework for prototyping shape-changing
and variable-stiffness interfaces using pneumatic actuation. The aim is to facilitate
the creation of interfaces that are intuitive, lightweight, cost-effective, and easily
scalable.

The first part of this study introduces ClaytricSurface, a novel approach to 2.5D
modeling with variable stiffness capabilities. This system adapts to various mod-
eling tasks by adjusting its stiffness to match the requirements. It also provides
dynamic haptic feedback, simulating different brush types in paint applications.
While ClaytricSurface is effective for manual shape modeling, it lacks self-actuation
capabilities.

To address the limitations of ClaytricSurface, the second part introduces ASTRE,
a programmable shape-changing and variable stiffness mechanism. This novel con-
cept utilizes mechanical constraints to modify the behavior of pneumatic artificial
muscles (PAMs) and achieves a breakthrough by simplifying the combination of
shape deformation and stiffness tuning in shape-changing interfaces.

The third part leverages the benefits of the ASTRE mechanism as a prototyping
tool for shape-changing interfaces. Two methods are proposed: the ASTRE Toolkit,
which enables constructive assembly of truss structures, and VabricBeads, which
explores fabric structures design and implementations. These prototyping tools
facilitate an intuitive, convenient, and rapid prototyping process, with low-cost

materials and accessible fabrication tools.



Finally, the thesis summarizes its contributions, discusses design implications,
and highlights future research directions for the proposed shape-changing and
variable-stiffness prototyping framework. By addressing the complexity barriers
and providing accessible tools, this research aims to empower designers and re-
searchers to explore the possibilities of shape-changing interfaces and pave the way

for their widespread adoption.
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Chapter 1

Background

1.1 Shape-changing Interface Overview

The shape-changing interface represents a groundbreaking technology that has
the potential to transform the paradigm of human-computer interaction. It presents
a wide range of advantages, including enhanced user experiences through novel and
intuitive interactions. This type of interface possesses the capability to adapt to
various environments and tasks, allowing for personalized customization. Moreover,
it opens up new avenues for design, enabling dynamic functionality and serving as
visually appealing aesthetics [6].

The idea of the shape-changing interface can be traced back to Sutherland’s Ulti-
mate Display [188] that was published in 1965. He describes display interfaces that
incorporate our perceptual motor skills, enabling a direct interaction similar to our
interactions with the physical world. These interfaces capitalize on our haptic and
kinaesthetic senses, leveraging our innate understanding of physical 3D forms [6].
The concept of shape-changing interface also has roots in Tangible User Interfaces
(TUI) where users can interact with computers through physical embodiments of
information [70]. It also has roots in Organic User Interface (OUI), where the
computer interface uses a non-planar display as a primary means of input-output.
When OUlIs have the ability to become the data on display through deformation,

either via manipulation or actuation [65].
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Figure 1.1: Sutherland’s vision on Ultimate Display’1965 [188]

1.2 Deformation Properties of Shape-changing
interface

Based on the deformation properties, shape-changing interfaces can be classified

into passive and active shape-change.

1.2.1 Passive Shape-change

Passive shape-change refers to shape deformation that resulted from the user’s
direct physical manipulation. This concept often intersects with Tangible User In-

terfaces, where users can interact with digital information through physical objects
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Figure 1.2: IlluminatingClay: an early example of passive shape-changing

interfaces[152]

[155].

Previous works have proposed the utilization of continuous tangible material
(such as clay, sand, and cloth) for rapid modeling of landscape design [69, 152]
and visualize time distortion [21]. By incorporating digital input-output, these
studies successfully enhanced passive materials, leading to intuitive and immersive
interactions. Furthermore, advancements in digital fabrication technologies have
enabled researchers to investigate shape transformations in customized deformable
objects [68, 83, 160, 181] and adaptable structures [52, 64, 185]. These studies
have laid the groundwork for interaction techniques facilitated by the concept of a
non-rigid interface.

To further enhance the interaction capabilities of passive shape-change inter-
faces, previous studies have introduced the concept of variable-stiffness interface
[42, 61, 120, 144, 217]. This approach focuses on modifying the physical proper-
ties, specifically the stiffness, of the interface. Although it doesn’t directly alter
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the shape of the interface, it significantly impacts its malleability, affordance, and
adaptability. This concept holds promise for various areas of HCI research, although
its exploration has been limited due to challenges related to design complexity and

scalability [3].

1.2.2 Active Shape-change

Active shape-change refers to the self-actuated interface that can dynamically
change the shapes and structures. The most typical active shape-changing interface
is the pin-array display [43, 53, 71, 154, 193], wherein rods are vertically actuated to
form a 2.5D surface. Recent development in pin-array displays proposed modular
reconfigurable display [59] and swarm robot embedded with haptic display [190,
191]. Materiable [132] demonstrates the feasibility of rendering various material
properties (flexibility, elasticity, and viscosity) through direct touch interaction and
dynamic pin controls. Nevertheless, certain limitations, such as responsivity and
surface stiffness, arise from the constraints of the actuator used in rigid bodies.

To achieve a programmable shape-changing material using digital fabrication,
Tibbit et al. proposed 4D printing concept [203]. It refers to the process of utiliz-
ing smart materials that are initially fabricated through 3D printing, which subse-
quently exhibit changes in their shape or properties over time in response to external
stimuli such as heat, humidity, light, or chemicals [76, 186, 199, 214]. These studies
presented self-assembling and adaptive structures that have potential applications
in robotics, architecture, and biomedical [30, 50, 203]. The typical limitations of
4D printed interfaces include non-reversible and slow actuation speed, which is not
suitable for interactive applications.

In order to achieve both the convenience of digital fabrication with responsive
shape-changing capabilities, previous studies also explored novel fabrication tech-
niques. These techniques include 3D printed inflatables [84, 225], heat sealing
[157, 169], machine knitting [4, 85], and electronic printing [8, 213]. These studies

have demonstrated the efficiency of prototyping using computer-aided design tools
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Figure 1.3: Lumen: an example of active shape-change pin array display[154]

and digital fabrication technologies. However, most of these approaches were de-
signed with predetermined actuated shapes, which limits their application to specific

scenarios.

1.2.3 Soft Shape-changing Interface

The rigid nature of electronic components, actuators, and bodies in shape-
changing interfaces has posed limitations on their form, function, and interaction
capabilities [65]. Consequently, researchers have explored the concept of bioinspired
interfaces by integrating soft actuation elements, leveraging advancements in soft
robotics [158]. Previous studies have proposed various approaches for achieving
active shape-change, including the use of soft bodies [4, 27, 103], soft actuator
technologies [2, 157, 213, 227|, flexible sensors [51, 220], and flexible electronics
[82, 90, 96]. Several limitations of soft interface are including a lack of control

precision, limited load-bearing forces, and manual fabrication complexity. These



1.3. RESEARCH MOTIVATION 6

limitations arise from the inherent characteristics of soft materials and the associ-

ated design and fabrication processes [221].

1.3 Research Motivation

Based on the above background, shape-changing interfaces show great potential
in advancing the state of current interaction technology. However, shape-changing
interfaces are still confined to research purposes owing to their design complexity,

fabrication cost, and mass production difficulty.

1.3.1 Technological Challenge of Shape-changing Interfaces

Alexander et. al. proposed a total of 12 grand challenges in shape-changing
interfaces that are categorized into technological, behavioral, design, and societal
challenges [6]. In this research, our main focus was on addressing technological chal-
lenges, particularly in the development of toolkits for prototyping shape-changing
hardware.

Shape-changing interfaces are a subset of robotic systems that particularly ad-
dress shape creation and haptic feedback. As a result, it is possible for such shape-
changing hardware to have a relatively large number of degrees of freedom and a
mechanical structure that transforms actuation into a constrained form [180]. This
complexity can make the prototyping of shape-changing interfaces challenging, as
it requires expertise in both electronics and mechanical engineering, which goes be-
yond the knowledge typically required in other areas of interactive computing, such

as software programming or basic electronics [6].

1.3.2 Toolkits for Prototyping Shape-changing Interface

To address this challenge, several works have proposed physical toolkits for rapid

prototyping of shape-changing interfaces [22, 38, 39, 136, 147, 148, 212]. These tools



1.3. RESEARCH MOTIVATION 7

Figure 1.4: Topobo: an early example of shape-changing prototyping toolkit[148]

enable designers to experiment with shape-changing interfaces and make real-time
iterations. Another approach to rapid prototyping involves the use of computer-
aided design tools, which support the design decision process and facilitate the
creation of physical simulations of the final products [4, 60, 84]. Each of these
toolkits is covering different techniques to choose from, making it difficult to nav-
igate through all the options. Designers have to consider factors like feasibility,
functionality, manufacturing processes, and costs. Additionally, there is no stan-
dardized or widely adopted method for prototyping shape-changing interfaces, so

designers often need to experiment and customize their own solutions.

1.3.3 Pneumatic Actuation for Prototyping Shape-
changing Interface
Pneumatic actuation offers several advantages for prototyping shape-changing

interfaces, including low cost, intuitive application, safety, and convenience of fab-

rication. Previous studies have leveraged these properties and proposed various
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fabrication techniques, such as 3D printing [41, 84|, heat sealing [143, 169], laser
cutting [224], blow molding [127, 215], and modular assemblies [22, 55], for pro-
totyping pneumatic interfaces. Pneumatic actuators provide soft and compliant
properties that are well-suited for prototyping soft shape-changing interfaces. How-
ever, despite their popularity, pneumatic actuators require an external source for
inflation and deflation. As a result, pneumatic actuators must be connected to in-
flexible, noisy, and bulky pumps and valves through the tubing. This configuration

also generates noise and reduces portability.

1.3.4 Variable-stiffness for Prototyping Shape-changing In-

terface

The stiffness properties of a shape-changing interface play a critical role in shape
precision, deformation responsivity, ergonomics, and haptic feedback. The ability
to adjust interface stiffness allows for increased variation in interaction and applica-
tion, which proves advantageous in prototyping shape-changing interfaces [6, 184].
Researchers can benefit from this capability as it reduces the need for extensive
fabrication and design iterations, leading to more efficient development processes.
Previous research has explored the concept of vacuum jamming [42, 120, 144, 217] as
a means to pneumatically adjust the malleability and stiffness of interfaces. How-
ever, these methods are limited to passive shape-change, relying heavily on user
manipulation to induce desired transformations.

Building upon these foundations, the primary motivation of this research is to
streamline the fabrication process and design iteration of pneumatic shape-changing
interfaces. Our goal is to offer accessible tools, techniques, and design guidelines
while demonstrating diverse application examples. Specifically, we concentrate on
variable-stiffness interfaces and aim to make significant advancements by enabling

active shape-change capabilities.
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1.4 Organization

The organization of this thesis is as follows :

Chapter 1: Provides an introduction to the research, including background infor-
mation and research motivation.

Chapter 2: Reviews related work in shape-changing mechanisms, variable-
stiffness mechanisms, and shape-changing interface prototyping tools.

Chapter 3: Presents the research proposal, frameworks, and goals of the study.

Chapter 4: Introduces the ClaytricSurface system, which is an interactive 2.5D
modeling tool capable of passive shape-change and dynamic stiffness control.

Chapter 5: Presents the ASTRE mechanism as a solution for active shape-change
and variable-stiffness capabilities. It showcases a comprehensive exploration of the
design and methods. Provides technical investigations to examine the mechanical
characteristics of the ASTRE mechanism.

Chapter 6: Introduces the AstreToolkit, a prototyping tool that utilizes the AS-
TRE mechanism and employs a constructive assembly concept to streamline the
prototyping process.

Chapter 7: Presents VabricBeads, a design exploration for shape-changing and
variable-stiffness fabric. Explores interaction techniques and applications for fabric
forms.

Chapter 8: Discusses the research contribution, findings, insights, limitations,
and potential future work.

Chapter 9: Provides a summary of the entire research study.
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The relevant publication list for this thesis is following;:

1. ClaytricSurface: An Interactive Deformable Display with Dynamic Stiffness
Control, IEEE Computer Graphics and Applications, Vol.34, No.3, pp.59-67,
2014. (Chapter 4)

2. ASTRE: Prototyping Technique for Modular Soft Robots With Variable Stiff-
ness, in IEEE Access, vol. 10, pp. 80495-80504, 2022. (Chapter 5)

3. Constructive Assembly Tools for Shape-changing and Variable Stiffness Inter-
face, 11 pages, (To be submitted) (Chapter 6)

4. Variable Stiffness Fabric using Beads and Artificial Muscle, 10 pages, (To be
submitted) (Chapter 7)



Chapter 2

Related Work

2.1 Shape-changing Interface Mechanism

When classified by their underlying mechanisms, shape-changing interfaces can
be broadly categorized into four groups: electromechanical, fluid-actuated, smart
materials, and electromagnetic [194].

Electromechanical

The electromechanical mechanism relies on electric motors, such as DC, stepper,
and servo motors, to generate motion. Many previous works in pin-array displays
have utilized electromechanical actuators for actuation purposes [43, 59, 71, 193].
These actuators enable dynamic motion and offer fast actuation speeds, reaching
up to 983 mm/s [194]. While pin-array displays primarily use motors for linear
actuation, various interfaces also employ them for other types of deformations, such
as tilt and rotation [5, 104, 131, 164, 202]. The use of motors in these interfaces
allows for easy implementation in mobile and self-contained applications, thanks to
the use of batteries. However, it is important to note that the weight of the motor
becomes more prominent, especially when significant force is required. Additionally,
motors can also be utilized for indirect actuation through tendon wires to achieve
soft body deformations, as demonstrated by Togler et al. [204].

Fluid actuated

Fluid actuators can be categorized into pneumatic actuators, which utilize air

pressure [53], and hydraulic actuators, which rely on liquid pressure [225]. While
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hydraulic actuators are capable of generating higher forces compared to pneumatic
actuators, they present more complex control requirements and slower actuation
speeds. In recent years, there has been a significant increase in the use of pneumatic
actuators, driven by advancements in soft robotics research [6].

Pneumatic actuators find application in flexible interfaces that offer diverse ge-
ometries, miniaturized forms, and stretchable properties [84, 87, 112, 127, 215, 224,
227]. These actuators enable the development of interfaces that can adapt to various
shapes and sizes, allowing for enhanced versatility and interaction possibilities.

Shape Memory Materials (SMMs)

Shape memory materials refers to materials that can undergo changes in their
spatial properties in response to external stimuli, such as electric current. One com-
monly used smart material for shape actuation is Shape Memory Alloy (SMA). SMA
finds application in pin-array displays to reduce their form factors, enabling com-
pact designs [154]. Additionally, SMA wires are utilized in various soft deformable
interfaces, benefiting from their compliant and flexible nature [25, 27, 195, 208].
However, SMA-based actuation does have certain limitations, including high en-
ergy consumption and slow response time. Alternative types of stimuli, such as
heat [76] and humidity [110], have also been explored for shape actuation in re-
search endeavors.

Electromagnet

Similar to electric motors, magnetism has been employed in previous works to
generate motion in diverse applications. One notable example is Mudpad [73, 133],
which utilizes a magnetic field to transform Magnetorheological (MR) fluid, enabling
changes in the physical properties of displays. Another approach involves manip-
ulating ferromagnetic objects [159, 183] to induce shape changes. Additionally,
TableHop [166] incorporates transparent electrodes to create small deformations
and provide vibrotactile feedback on the display surface. These magnetic-based
mechanisms offer unique possibilities for interactive displays and shape-changing

interfaces.
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2.2 Variable-stiffness Mechanism

The ability to control stiffness plays a vital role in providing haptic feedback,
controlling deformability, and offering customizable affordances within interfaces.
Although vacuum jamming has been extensively studied to enhance interaction in
shape-changing interfaces [42, 120, 144], there is a gap in the literature regarding
investigations into novel variable-stiffness mechanisms. In contrast, the field of soft
robotics research has primarily concentrated on developing innovative mechanisms
to achieve variable-stiffness properties [222].

Jamming mechanism

Jamming is a structural phenomenon that can significantly alter the mechanical
properties of a material. Typically, a jamming structure is composed of elements
with low effective stiffness and damping. When a pressure gradient, such as vacuum,
is applied to the structure, it induces an increase in the kinematic and frictional
coupling, resulting in a substantial alteration of its mechanical behavior [3, 105].
Previous research has explored the use of jamming in various structures, such as
granular, fiber, or layer [7, 15, 42, 144], to attain different material properties.The
vacuum-actuated jamming structure offers advantages such as consistent isotropic
pressure and a scalable fabrication process. However, it does require an external
membrane, which can introduce design complexities for system integration. Addi-
tionally, vacuum actuation has an upper limit on the achievable vacuum pressure,
which imposes constraints on the range of attainable stiffness [3].

Other techniques for implementing jamming mechanisms include mechanical
methods such as clamps, meshes, and tendons [74, 140, 168], as well as magnet-
ically induced jamming [10, 35]. Mechanical actuation methods are particularly
appealing as they enable directional control of the applied pressure, which is advan-
tageous for achieving localized stiffness control. Furthermore, unlike other methods,
mechanical actuation does not have a fundamental physical upper limit on the ap-

plied pressure, allowing for greater flexibility in achieving desired stiffness levels
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Electro Active Polymers (EAPs)

Electroactive Polymers (EAPs) are a class of materials that can undergo defor-
mation in response to an applied electric potential between two electrodes. Previous
works in HCI field have explored the use of EAPs for various applications, includ-
ing bio-inspired shape-changing interfaces and small form-factor devices [45, 157].
In the field of soft robotics, EAPs have been utilized for variable-stiffness mecha-
nisms in applications such as robotic grippers and medical rehabilitation devices
[20, 111, 156]. Although EAPs hold great potential as silent and self-contained
actuators. However, there are still challenges to overcome in terms of high-voltage
control, fabrication processes, and material characteristics.

Electro and Magneto-rheological Materials (ERM/MRM)

ERM/MRM fluids have the ability to modify their rheological properties in re-
sponse to the application of a magnetic or electric field [19, 114]. These fluids
find particular suitability in automotive applications, such as adaptive bumper and
shock absorber systems, as well as in damping control for adaptive orthotic devices
[222].

Low Melting Point Alloys/Polymers (LMPA /LMPP)

Low Melting Point Alloys (LMPAs) or Low Melting Point Metals (LMPMs) are
materials that exhibit rapid changes in stiffness when exposed to external stimuli,
such as heat. In robotics, researchers have explored the use of cost-effective and
easily obtainable materials like wax [26] and Galium [176]. These materials possess
the unique property of solidifying at low temperatures and becoming more flexible
when heated to higher temperatures. In previous work, LMPAs have been employed
to secure the joints of metamaterial structures, allowing for shape alterations in their
flexible state [153]. One limitation of LMPA/LMPP material is its slow transition
speed, particularly when not employing cooling elements. This can impact the
responsiveness and speed of shape changes in the structures.

Shape Memory Materials (SMMs)
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Shape memory materials, such as Shape Memory Alloys (SMA), not only possess
the ability to change their spatial properties but also exhibit variations in stiffness
when subjected to external stimuli. These changes in stiffness are a result of phase
transitions and glass transitions within the material, leading to alterations in its me-
chanical characteristics. In the field of soft and wearable robotics, researchers have
explored the application of fabrics embeded with Shape Memory Materials (SMMs)
to manipulate and adjust their mechanical properties [24, 49, 232]. Utilizing SMMs
in these applications offers several advantages, including ease of implementation
and the ability to achieve desired shape changes. However, it is important to note
that the maximum range of stiffness achievable with SMMs may be lower compared

to other mechanisms.

2.3 Prototyping and Fabrication Tools

Recent advancements in computational design and digital fabrication have shown
promising potential in streamlining the prototyping process of shape-changing in-
terfaces. Previously high-cost tools such 3D printers and laser cutters have become
more accessible and open-source, enabling researchers to hack and modify such
tools. Several toolkits that have been proven effective in facilitating the prototyp-
ing of shape-changing interfaces include design tools, rapid fabrication tools, and
physical design tools.

Design Tools

Computer-Aided Design (CAD) tools have played a crucial role in the design of
shape-changing interfaces, providing designers with the ability to create, modify,
and simulate digital models. Recent advancements in this field have introduced
powerful design tools that offer features such as parametric design [46, 68], inter-
active simulations [55, 142], and automatic model optimization [60, 125]. These
tools have found specific applications in various design contexts, including kine-

matic structures [28, 100], deployable structures [145, 178, 231], and soft robots
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[16, 115]. By leveraging these tools, designers can rapidly iterate on and evaluate
designs before moving on to the fabrication stage. However, it is important to ac-
knowledge that a domain gap still exists between computer simulations and physical
prototypes. Furthermore, previous studies have demonstrated that physical tools
are often preferred in certain design scenarios, particularly in collaborative works
[109].

Rapid Fabrication Tools

In the field of HCI, Fused Deposition Modeling (FDM) 3D printing has emerged as
a popular and accessible fabrication technology. It’s low-cost nature and wide avail-
ability have facilitated various applications, including rapid prototyping of struc-
tures [125, 126], dynamic mechanical devices [60, 100, 101], novel sensing techniques
[79, 97, 172, 200], 4D printing [76, 186, 199, 214], and pneumatically actuated in-
terfaces [84, 149, 173, 211]. In order to push the boundaries of 3D printing even
further, researchers have proposed hybrid fabrication approaches that combine 3D
printing with other crafting techniques, such as bead assembling [185], blow mold-
ing [215], and fabric weaving [34]. By harnessing the convenience and versatility of
3D printing, researchers have been able to explore various aspects, including ma-
terials, structures, shapes, interactions, and dynamics. However, it is important to
note that 3D printing is a time-consuming process, which limits real-time structure
iteration.

Physical Design Tools

To enable design tools with physical interaction, previous studies have inves-
tigated the utilization of constructive assembly. This approach involves the use
of Tangible User Interfaces (TUIs) where modular parts and interactive units are
interconnected to create larger constructions [99]. By employing constructive as-
sembly, designers can manipulate and interact with physical components to explore
various design possibilities and rapidly prototype complex structures or systems
[31, 55, 59, 102, 126, 134, 148, 164, 175]. This approach offers a tangible and in-

tuitive means of engaging with design tools, bridging the gap between digital and
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physical realms in the design process. Many of these studies provide a user-friendly
and intuitive toolkit adoption. However, to replicate the toolkit itself, most studies
still requires an experienced fabricator in term of electrical and mechanical engi-

neering.

2.4 Research Positioning

In this research, our primary goal is to develop prototyping frameworks that
combine active deformation and variable stiffness functionalities in shape-changing
interfaces. The proposed mechanism introduced in ASTRE (Chapter 5) represents
a substantial advancement compared to previous methods for implementing shape-
changing interfaces. Specifically, our mechanism allows for simultaneous changes in
both the shape and stiffness, all within a single integrated system. Figure 2.1 shows

a visual representation of the positioning of our proposal in relation to prior works.

a
Variable
stiffness * ASTRE [Chapter 5]
Vacuum jamming[7, 42, 61, 120, 144, 217]
Low Melting Point Material [26, 153, 176]
MR Fluid [73, 133]
Shape Memory [25, 27, 76, 195, 208, 232]
PAMs [2, 48, 62, 151]
Pneumatic Inflatibles [38, 84, 127, 143,
215, 224, 234]
Fixed Pin Array [43, 59, 71, 193]
stiffness Tangible material [21, 69, 152]
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P »

Passive shape--change Active shape-change

Figure 2.1: Research positioning in the shape-changing and variable-stiffness inter-

face categories.



Chapter 3

Research Proposal

3.1 Pneumatic Actuator Overview

Pneumatic actuators play a vital role in converting air pressure energy into
mechanical force, enabling the operation of a wide range of tools and machinery
through positive pressure (compressed) energy. Additionally, negative pressure (de-
compressed) pneumatic systems, commonly known as vacuum, have found practical
applications in various domains including electronics, food preservation, and medi-
cal treatments. The focus of this research is specifically on leveraging the advantages
of both compressed and vacuum-based pneumatic actuation for the development of
shape-changing interfaces with variable-stiffness capabilities. This study aims to ex-
plore new possibilities and advancements in interaction, especially for prototyping

purposes.

3.1.1 Compressed Air Actuator

In the field of HCI and robotics research, pneumatic actuation has gained popu-
larity due to its notable advantages, including compliant properties, rapid response
time, lightweight nature, and energy efficiency [223]. Previous studies have high-
lighted the development of wearable devices with inflatable actuators, showcasing
their potential to enhance user activities such as grasping, navigation, and com-
munication [33, 38, 112, 235]. Despite their effective actuation force, inflatable

actuators often suffer from the limitation of bulky inflated forms, which can restrict
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user motion and mobility.

To overcome the limitations associated with inflatable actuators, researchers have
shifted their attention to thin Pneumatic Artificial Muscles (PAMs), which offer a
unique combination of flexibility and high-force capabilities [95]. Several works have
explored the use of PAMs for applications such as haptic interface [196, 236] and
shape-changing fabric [2, 151]. In this research, we also investigate the potential of
PAMs as actuators; however, our primary focus lies in exploring the programma-
bility of mechanical constraints to influence the overall shape and stiffness of the
interface. By leveraging the mechanical constraint concept, we aim to expand the
design possibilities and improve user experiences.

When considering the design of pneumatic interfaces, previous works have pri-
marily focused on the programmability of structures to achieve specific shape de-
formations [37, 84, 112, 119, 127, 135, 143, 145, 178, 201, 215, 224]. These studies
have showcased the potential of computational design in streamlining the fabrica-
tion of specialized form factors for customized interactions. Furthermore, they have
demonstrated the simplicity of pneumatic actuator design, often achieved using a
single type of flexible material, in contrast to other dynamic actuators such as Shape
Memory Materials [8, 213], which require composite layers of materials.

In terms of fabrication methods, previous research in pneumatic interfaces has
explored innovative techniques such as knitting, heat sealing, and 3D printing
[41, 84, 112, 127, 143, 215, 224]. These studies have demonstrated the potential
of pneumatic interfaces for rapid prototyping, thanks to the simplified and time-
efficient fabrication techniques they employ. In this thesis, we propose a novel
fabrication technique that combines Pneumatic Artificial Muscles (PAMs) with 3D-
printed mechanical reinforcement. While our technique involves manual threading
work, it offers certain advantages. We utilize commercial PAMs that exhibit high-
pressure durability and increased strength, making our actuators more reliable com-
pared to those created using 3D-printed or heat-sealed inflated membranes, which

are often dependent on specific materials and machines for their performance.
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In comparison to pneumatic actuators, hydraulic actuators offer the advantage
of generating higher forces using the same tube diameter [2, 113, 225]. However,
the scalability of hydraulic actuators presents a significant challenge as they require
large liquid reservoirs and become increasingly heavy when scaled up. Previous
research has addressed the issue of scalability and demonstrated the implementation
of large-scale pneumatic structures [92, 135, 169, 189]. These interfaces have found
applications in various domains, including human-scale furniture and large-scale
kinetic structures, reaching impressive heights of up to 4 meters. On the other
hand, there has also been an exploration of small-scale pneumatic interfaces |2,
58, 107], focusing on tangible and haptic applications at the millimeter scale. In
line with these efforts, our research intentionally leverages pneumatic actuators to
develop highly scalable interfaces that can be scaled up or down based on design

requirements.

3.1.2 Vacuum Actuator

Vacuum is a commonly utilized medium in both HCI [42, 61, 144, 217] and soft
robotics [7, 15, 128] research for implementing jamming mechanisms. These studies
have effectively demonstrated the simplicity, feasibility, and reliability of jamming
using vacuum. However, there are certain limitations associated with vacuum-
based actuation, including relatively low actuation speed and potential issues with
the durability of soft membranes. In recent developments in soft robotics, vacuum
actuation has been explored for deformable robot arms and grippers [40, 72, 81].
Nevertheless, these initial studies have indicated that vacuum-based deformation
exhibits lower strength and speed compared to compressed air actuators.

Our research is a pioneering study that focuses on the utilization of the gran-
ular jamming technique to control the compliant deformation of shape displays
(Chapter 4). Additionally, we introduce the novel concept of stiffness control using
compressed air actuation, specifically through the implementation of Pneumatic

Artificial Muscle and 3D printed mechanical constraints (Chapter 5).
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3.2 Research Approach

This research aims to build a framework that systematically guides the design

and prototyping of shape-changing and variable-stiffness interfaces using pneumatic

actuators. Figure 3.1 a illustrates the basic frameworks of this research.
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(a) Framework overview: Consist of controller, actuator, mechanical constraint, and gain.
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(b) Three types of mechanical constraint: Stiffness control using granular jamming, de-

formation control using PAMs, and stiffness control using PAMs.

Figure 3.1: The research framework
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Pneumatic control

Pneumatic control involves the utilization of pneumatic energy sources, such as
compressed air or vacuum, to operate entire systems. It also includes actively regu-
lating the air pressure to activate the actuators. The key components of pneumatic
control include the compressor/vacuum pump, valve, and regulator.

Actuator

The actuator is responsible for converting energy and signals from the pneumatic
control system into mechanical force. Within this framework, two types of actuators
are utilized: inflatable actuators and artificial muscles. Inflatable actuators convert
vacuum energy into a shrinking force (mechanical coupling), while artificial muscles
generate both contraction force and radial expansion by utilizing compressed air.

Mechanical constraint

Mechanical constraint refers to physical attachments that restrict the motion of
the actuators. This framework introduces the concept of programmable mechanical
constraints as its primary novelty. In Chapter 4, we present the jamming mecha-
nism as a mechanical constraint that induces stiffness changes in vacuum actuators.
Additionally, in Chapter 5, we propose the ASTRE mechanism, capable of induc-
ing stiffness changes and shape deformations through artificial muscle actuation.
Figure 3.1b provides further details on our proposed programmable mechanical
constraints.

Gain

Gain refers to the final mechanical output of the framework. In this research,
the gain can manifest as stiffness changes or shape deformations, depending on
the actuator and mechanical constraint employed. Shape deformations can include
bending, twisting, or contraction, while stiffness control can be achieved through

locking, malleable, or rotational brake behaviors.
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3.2.1 Stiffness Control Using Granular Jamming

Stiffness control plays a crucial role in providing tactile feedback, deformability,
and adjustable affordances. In this research, we employ the vacuum-jamming tech-
nique to enable dynamic changes in the stiffness of the interface, transitioning it
between soft and stiff states. Additionally, we incorporate graphical input-output
capabilities to support various applications, including modeling and drawing tasks.

While significant contributions have been made to enhance usability in modeling
and sculpting, it is important to note that the current system lacks self-actuated
deformation capabilities. This limitation hinders the potential benefits of provid-
ing programmable shape changes, dynamic haptic feedback, and adaptive shape

interaction

3.2.2 Deformation Control Using PAMs

In the follow-up research, we explore the capabilities of active shape deformation
using artificial muscle actuation. Artificial muscles are selected due to their soft,
lightweight, and high-strength properties. We propose three types of modules to
translate the contraction force of PAMs into bending, twisting, and contraction
deformations. The type of deformation is determined by the specific mechanical
constraint, and the amount of deformation can be actively controlled through air

pressure or programmed by adjusting the constraint parameters.

3.2.3 Stiffness Control Using PAMs.

Although we can incorporate shape-changing properties of PAMs with a vacuum
jamming mechanism, similar to previous work by Yang et al. [226], the result-
ing systems become exceedingly complex with multiple layers of membranes. This
complexity reduces usability and increases fabrication intricacy. In this research,
we propose a novel variable-stiffness mechanism that utilizes PAMs and mechani-

cal constraints. This approach offers a more practical system as both the shape-
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changing mechanism and the proposed variable-stiffness mechanism share similar

material properties and can be actuated within the same pressure ranges.

3.2.4 Framework Contribution

In general, the contribution of this framework can be summarized as follow :

e Novel concept: We introduce a novel concept that combines shape-
changing and variable-stiffness capabilities using pneumatic actuators and
programmable mechanical constraints. This concept provides enhanced ca-
pabilities for pneumatic interfaces, allowing for dynamic shape changes and

adaptable stiffness.

e Standardized platform: We develop a standardized platform for physical pro-
totyping and fabrication of shape-changing interfaces. This platform simpli-
fies the implementation process and enables researchers and designers to easily

create and iterate on prototypes.

e Design tool: We provide a design tool that offers exploration guidance and
application examples. This tool assists novice users in understanding and

learning the workflow of the framework.



Chapter 4

ClaytricSurface: An Interactive
Deformable Display with Dynamic
Stiffness Control

4.1 Overview

Conventional displays’ rigid, planar physical limitations bring about many re-
strictions when users interact with data involving 3D shapes or tactile information.
For example, viewing or altering a 3D shape on a planar display requires complex
GUTI operations such as frequent viewpoint changes or vertex operations. A Virtual
Reality (VR) head-mounted display can show a 3D object in VR space, but physical
contact with the object is impossible.

To introduce direct user interaction with 3D data, researchers have explored non-
planar or deformable displays that let users mold or directly modify the data like
modifying a physical object [65]. Flexible materials such as cloth [21], elastomer
[170], sand and clay [69, 152] have been utilized as display surface to provide an
organic element with the surface input/output methods. These displays generally
show images on a tangible surface or convex shape, and the users can touch or
deform the shape freely with their hands. However, the surface material’s limi-
tations restrict the shapes that can be produced. Similarly, physical parameters

of the surface such as stiffness or smoothness can be changed only by modifying
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the underlying hardware configuration. Thus, interaction methods that the same
system could provide to the user were limited.

This research focuses on creating displays that can dynamically change surface
stiffness from soft to hard and vice versa. Toward that end, we developed Claytric-
Surface, a flexible shape-deformable display that supports different interactivity
styles. By enabling controllable stiffness, this surface can function both as a tra-
ditional rigid planar surface and as a flexible-shaped surface. Moreover, adjusting
the degree of surface softness allows for the generation of various touch sensations
and tactile feedback.

We developed a 3D modeling application to demonstrate the usability of the
ClaytricSurface system. Our system utilizes touch input to control the softness,
enabling users to experience immediate changes in softness while making adjust-
ments on the fly. When the display is in a soft state, users can significantly deform
the surface shape, allowing for greater flexibility and exploration. In a malleable
clay-like state, users can create more intricate and detailed shapes. Finally, when
the display is in a stiff state, it maintains its shape even when external forces (such
as touch input) are applied. This range of variable-stiffness capabilities provides
users with versatile and responsive control over the surface, enhancing the overall

user experience and creative possibilities in the 3D modeling application.

4.2 Related Work

4.2.1 Shape-changing Interface with Programmable Mate-

rial Properties

Previous research has explored the concept of programmable material properties,
including viscosity. One such example is MudPad [73], a haptic display that can
induce localized viscosity changes on multitouch screens. It utilizes an array of

electromagnets to actuate magnetorheological (MR) fluid overlaid on the surface.
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This technology enables a wide range of viscosity levels, from fluid-like water to
viscous-like peanut butter. Another example is HapticCanvas [228], which employs
dilatant fluid to provide users’ fingers with variable fluid resistance, creating a sen-
sation of ”sliminess.” These previous works enable the manipulation of viscosity to
offer haptic feedback. However, it’s important to note that both of these research
projects utilize fluid as the display medium. Consequently, the shape change expe-
rienced by the user is not retained since the fluid will return to a flat surface after

manipulation.

4.2.2 Jamming in Robotics

Previous research has explored the utilization of vacuum jamming as a mechanism
for controlling stiffness in soft robotics. This approach has found applications in
various domains, owing to its ability to fix shape and regulate rigidity solely through
air pressure. For instance, Brown et al. [7, 17] introduced a robotic gripper that
can grasp diverse objects without the need for complex mechanical structures. The
gripper comprises an inflatable membrane filled with granular materials, which con-
form to the shape of an object when pressed, and firmly grip the object when the
gripper is jammed using a vacuum. Another example is JSEL, a ball-shaped robot
capable of locomotion [182]. It consists of cellular compartments (cells) along its
outer perimeter, each filled with a jamming (granular) material. Combined with
a balloon-like actuator, the robot can modulate and deform its shape to facilitate
rolling locomotion. Jamming techniques have also been explored for medical devices
that require both softness for careful navigation within the body and rigidity for
stable surgical platforms [106]. These earlier studies have primarily focused on the
capabilities of jamming techniques for fixing the shape of robots 7, 106] and con-
trolling shape deformation [182]. However, the deformability of jamming interfaces
resulting from user manipulation, dynamic changes in stiffness, and user interfaces

for controlling stiffness have yet to be thoroughly investigated.
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4.2.3 Jamming in HCI

Vacuum jamming has also been explored in the field of Human-Computer Inter-
action (HCI) research. Mitsuda et al. [122] proposed a wearable haptic interface
that enhances human movement with sensations like contacting a wall or moving in
water within virtual reality systems. This interface consists of flexible tubes filled
with Styrofoam particles, which can be worn on the user’s arm. The tubes can
be jammed to restrict user motion while they are immersed in VR environments.
Another example is Hovermsh by Mazzone et al. [120], where they introduced a
concept for a shape-changing display. The display utilizes cubical meshes (cells)
filled with Styrofoam particles as the display surface, along with an inner layer of
inflatable chambers. Similar to JSEL [182], HoverMesh can be deformed by inflating
or deflating the inner chambers while jamming or unjamming the cells. Jamming
User Interfaces [42] is a relevant work in this research area, published after the
initial proposal systems [118]. It explores multiple applications of vacuum jamming
as user interfaces, including a malleable surface where shape deformations are de-
tected using optical sensing through the transparent display’s rear, variable-stiffness
feedback for mice, and touch input mounted on the back surface of a tablet, enhanc-
ing scrolling or dragging gestures with haptic and tactile feedback. Compared to
previous jamming research, this particular study focuses on the control of deforma-
bility in shape-changing interfaces, surface sensing techniques, and complementary

methods for modeling applications.

4.2.4 3D Modeling Tools

To address the design challenge of creating a freeform model, numerous prior
works have explored the use of sketch-based 3D modeling approaches [138]. One
notable system is Teddy [67], an interactive system that utilizes sketching tech-
niques for expressive design of 3D objects. By sketching a 2D outline, the system

automatically generates a corresponding 3D model based on the sketch silhouettes.
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While these techniques effectively streamline the rough 3D modeling process, they
face limitations when it comes to creating small and intricate parts due to the
constraints of tablet touch-input and 2D viewing.

To overcome such limitations, several studies have proposed combining physical
tools with 3D sensors and graphical output to facilitate a tangible modeling ex-
perience [69, 152]. These approaches leverage physical manipulation for the rapid
and intricate creation of physical models, while also benefiting from the advan-
tages of digital models, including interactivity, scalability, and reproducibility [70].
Motivated by these previous works, we also developed a tangible display that in-
corporates both touch input and graphical output. However, our focus extends be-
yond existing research by specifically investigating the impact of variable-stiffness
on modeling tasks. We explore properties such as the relationship between shape
deformability and stiffness level, as well as the accuracy of depth-based touch de-

tection on surfaces with varying shapes and stiffness levels.

4.3 Mechanical Constraint of Vacuum Jamming

In the development of ClaytricSurface, our focus was on utilizing vacuum jamming
techniques [217] to control display surface stiffness. The display is made from a
stretchy inflatable pouch that can endure vacuum pressure. When an empty pouch
is applied with a vacuum, the pouch will shrink until no space remains inside.
However, when a pouch filled with small particles gets vacuumed, it will exhibit
jamming behavior (Figure 4.1). These small particles act as a mechanical constraint
to alter vacuum-sucking forces into frictional forces between the particles.

In atmospheric pressure, the particles inside the pouch exhibit smooth sand-like
properties. However, as the air inside the pouch is depressurized, spaces between the
particles are also reduced resulting in increases in the surface’s stiffness. With fur-
ther reduction in the air pressure (approaching vacuum levels), the pouch becomes

rigid with minimal flexibility. ClaytricSurface leverages this principle to enable
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real-time pressure control, allowing for dynamic changes in the display’s shape and

stiffness. This capability enables seamless transitions from a soft to a hard surface.

Clayey State (Deformable)
Soft State Hardened State
(Touchable)

Free-flow particles High friction force Interlocked particles

Figure 4.1: Vacuum jamming based stiffness control.

4.3.1 Granular Media used in Jamming Mechanism

Basically, all granular materials (particles) exhibit the phenomenon of jamming,
although the strength of this effect can vary depending on the size, shape, and
compressibility of the particles. This strength can be quantified by the flexural
modulus, which measures a material’s resistance to deformation under load. While
the flexural modulus is important for defining the maximum stiffness of a jammed
state in a display, another crucial factor is the softness of the display in an unjammed
state. The softness determines the expressiveness of the shapes that can be formed
on the display.

A parameter that characterizes how granular media flow or behave in a liquid-like
manner is known as the angle of repose. This refers to the maximum angle to the
horizontal at which granular particles will remain without sliding. In our research,
we referenced previous works such as the material review presented in [11, 182].
Based on this literature, we selected 1 mm diameter polystyrene particles as the
material for our study. These particles possess desirable properties such as being

lightweight, smooth, round, and small in size.
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Figure 4.2: Display displacement versus internal pressure. The results reflected our
system’s limits: when the pressure fell below a threshold, the display didn’t become

any hard

4.3.2 Pressure and Stiffness Relation in Jamming Mecha-
nism

Here investigated the relationship between the pressure, and the surface deforma-
tion due to external force. We changed the pressure from —18.00 kPa (the maximum
vacuum) to 0 kPa, in steps of 0.12 kPa. At each step, we applied a constant force
simulating a finger touch on the surface and measured the displacement. We con-
sidered two pressing modes: light touch and hard press. To simulate a light touch,
we added a 1.5 kg weight to the rod; for a hard press, we used a 4.5 kg weight. We
applied this force for 5 seconds, recording the rod’s displacement for each measure-
ment.

Figure 4.2 shows the results. The display became harder as the internal pressure
decreased. However, a displacement of approximately 2 to 5 mm typically occurred
even at minimum pressure. Essentially, this displacement arose from the particles’
and surface fabric’s softness. These characteristics reflected our system’s limits:

when the pressure fell below a threshold, the display didn’t become any harder.
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To eliminate this limitation, we’ve considered using alternative materials for the
particles and surface fabric. Also, the displacement was significantly smaller when
the display pressure was below —2.00 kPa for weak presses or —4.00 kPa for strong
presses. S0, to achieve the plateau, we would choose —4.00 kPa, which we can easily
do with an inexpensive vacuum pump (US$10). This suggests that the cost for
substantial shape changes induced by finger pressing is insubstantial because the

vacuum pressures aren’t great.

4.4 System Hardware

Figure 4.3 depicts our prototype’s hardware configuration, which comprises three
main units. The display unit (particle table)is a 655x505x35 mm box filled with
1 mm expanded polystyrene particles covered and sealed with non-breathing span-
dex. The spandex has vertical and horizontal elasticity. To increase air tightness,
we attached a rubber sheet to the back of the spandex. The display has three
nozzles: one for compression, one for decompression, and one that’s connected to
a pneumatic pressure sensor by 4 mm inner-diameter tubing. The pressure control
unit consists of the pressure sensor, two solenoid valves, a vacuum pump, and a vac-
uum regulator. The sensor can measure relative pressure from 0 kPa (atmospheric
pressure) to —24.50 kPa. One of the valves connects the display to the pump; the
other connects the display to the open air. The pump is a linear motor piston
pump with a speed of 40 liters per minute and a maximum vacuum of —33.30 kPa.
The pump is noisy; however, we suppressed the noise by placing the pump in a
sealed housing and relocating this system away from the display unit. The vacuum
regulator controls the vacuum speed. The projector-and-depth-camera unit is ap-
proximately one meter above the display. The projector projects colors onto the
display in conjunction with the user’s touch input; the camera (a Microsoft Kinect)

detects finger touches, as we explain later.
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Figure 4.3: ClaytricSurface’s hardware configuration and projected GUI

4.5 Input Detection

We have implemented multitouch finger input and stylus-based input.

4.5.1 Touch Detection

The depth camera can capture only the finger’s upper surface because the finger

pad, the area that normally touches the surface, is obscured. So, the system iden-
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tifies the approaching contact by determining whether the finger is within 15 mm
(the normal fingertip thickness) of the display’s surface.

ClaytricSurface first stores the surface depth data to use in forming an image
of the initial background. By comparing that image with the one built from the
current input depth obtained from the camera, the system detects the hand and
fingers. It subtracts the current background and depth images and binarizes the
area that appears to be from 5 to 15 mm from the surface. It takes into account
noise in the depth image and fingertip thickness (see Figure 4.4a). It determines
the touch location by calculating the centroid of each region in the binarized image
(see 4.4a) 3b).

When the surface is soft, user contact can change the surface shape and thus the
initial background depth data. So, ClaytricSurface updates the background depth
accordingly. To do this, it first detects the user’s hand region by detecting objects
within 400 mm from the surface. Next, it checks whether this region crosses the
display boundary because the user’s hands extend from outside the display. It then
creates an exclusion mask using the minimum bounding rectangles of the hand
region (see Figure 4.4c). For each frame, the background depth image updates

from the previous depth image.

4.5.2 Stylus Input

For stylus input, we use an induction-based tablet that can sense a stylus coil up
to 2 cm overhead. We place the tablet under the display, which is 1 cm thick. The
tablet can locate stylus touches through the display even when the surface isn’t flat

(see Figure 4.5).
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(@) (b) ()

Figure 4.4: Touch detection. (a) The user’s hand detected in the target region.
(b) The area touched by the fingertips. (c¢) The exclusion mask, which uses the
minimum bounding rectangles of the hand region. Because the camera can only
capture the finger’s upper surface, the system identifies the approaching contact by

determining whether the finger is within 15 mm of the display’s surface.
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Figure 4.5: Stylus input employs a tablet beneath the display. Because the display

\ Pen tablet device

is only 1 cm thick, the device can locate stylus contact even when the surface isn’t

flat.
4.6 Peripheral Technologies

4.6.1 Vacuum-Molding Tool

With a prepared mold, users can easily copy and form a detailed 3D shape (see

Figure 4.6). When the display is soft, the user places the mold over the desired



4.6. PERIPHERAL TECHNOLOGIES 36

location on the display. A pump connected to the mold evacuates the air between
the mold and the display, pulling the surface into the mold and creating the desired
shape (see Figure 4.6¢). Hardening the display in this state maintains the molded
shape.

(a) (b)

M Support Vacuum Air Vacuum ‘\Vacuum up
tool pump_/-J pump I:R Support tool

Support
>
Particle table

tool
()

Particle table Particle table

Figure 4.6: A vacuum-molding tool. (a) Placing the tool over the display. (b) The
molded display. (¢) The vacuum-molding principle. This tool lets users easily copy

and form a detailed 3D shape.

4.6.2 Automatic Stiffness Control

We created three simple gesture-based methods to support modeling. First, with
hardening assistance, if both of the user’s hands touch the surface for three seconds

when the system is soft, the pressure automatically changes to —5.00 kPa. The
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second method lets users create a tall shape. It activates if the user decreases the
pressure by more than 0.30 kPa (by pulling up the surface). The surface continues
to harden even after the user removes his or her hands. The third method employs
an accelerometer to provide an automatic reset function. When the user shakes
the display, pressure increases, returning it to the default setting (like erasing with
the Etch A Sketch toy). We also added gradual surface hardening and hardening
after a countdown. These two modes simulate clay production processes (curing

and drying), adding entertainment elements to the modeling process.

4.7 Application

To demonstrate our system, we developed two design applications.

Figure 4.7: The modeling application. (a) A user creating a shape. (b) T'wo created
shapes. (¢) A created shape and the scanned model of that shape. Users can make
shapes directly by hand rather than employing the complex keyboard-and-mouse

actions that 3D-modeling programs require.
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4.7.1 Modeling Application

This application (see Figure 4.7) demonstrates ClaytricSurface’s potential for
entertainment purposes. Users can make shapes directly by hand rather than em-
ploying the complex keyboard-and-mouse actions that 3D-modeling programs re-
quire. Users can also apply textures by simply touching the shape directly, much
like sculpting. In addition, users can ”fingerprint” colors, which the system projects
onto the display (see Figure 4.7a). Modeling with ClaytricSurface differs substan-
tially from conventional modeling. For example, users can’t employ cut-and-paste.
However, they can easily make models while transitioning between surface states.
That is, they can make a rough model on the soft surface and add details using
the hardened surface. The modeling support, peripherals, and reset function we de-
scribed before are available in this application. In addition, users can easily capture
a created shape and convert it to 3D CAD data using the depth camera (see Figure
4.7¢), for seamless 3D printing. (We implemented the capture and conversion using

the Microsoft Kinect Software Development Kit.)

4.7.2 Paint Application

We also developed a paint application using dynamic stiffness control and the
stylus input we described before (see Figure 4.8). With the slider, users can set
the display’s stiffness so that they can make a 1 to 1.5 cm high 3D texture by hand.
On the basis of the system’s tactile feedback, they can use the stylus to simulate
different brush types. Furthermore, as they apply pressure with the stylus, its
trajectory creates a 3D path on the surface. Users can feel this trajectory, offering

possible applications for visually impaired users.
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Figure 4.8: A person using the paint application. On the basis of the tactile feed-

back, users can employ the stylus to simulate different brush types
4.8 User Experiments

4.8.1 Deformabilty and Stiffness Level

We conducted an evaluation to examine the relationship between surface deforma-
bility during modeling operations and the appropriate stiffness level of the surface.
The operations were categorized into three types: ”Rough shape,” ”Detailed shape,”
and " Tall shape with overhang.” We designed an experiment to determine the suit-
able hardness (pressure) range for each activity. For the experiment, we recruited
eight participants (six males and two females) aged between 19 and 24 years. Their
task was to replicate three different objects using the ClaytricSurface system. The
sample objects included a Triangle (representing a rough shape), a Face (represent-
ing a detailed shape), and a Bowl (representing a shape with an overhang). These
objects are depicted in Figure 4.9.

We examined the range of stiffness (pressure values) used by the participants
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while creating shapes on the ClaytricSurface. The results of this experiment are
presented in Figure 4.10 a. The graph displays the average pressure values used
by each participant to replicate the three different shapes, along with the standard
deviation. From the findings, we observed that participants tended to use lower
softness values (-1kPa) when modeling the Triangle, while higher softness values
(-2.6kPa) were employed for the face shapes. The highest average pressure value
recorded was (-4kPa) for overhung shapes. These results confirm our previous
technical evaluation on displacement and pressure relations, where the display does
not stiffen beyond the (-4kPa) thresholds. Based on these results, we conclude that
the effective pressure range for the modeling application is 0 to (-4kPa), which can
be achieved using an inexpensive vacuum pump.

To further enhance the modeling stiffness control, we incorporated a color range
indicator into the control slider, as shown in Figure 4.10b. This visual cue assists
users in selecting the optimal hardness value suitable for the specific modeling
task, and it also helps them reset details without changing the overall shapes by
providing a pressure threshold reference. The color range includes blue for rough
shape modeling and red for detailed shape modeling. Additionally, we introduced
a button as a replacement for the slider to automatically select the pressure range

for rough or detailed shape modeling.

(a) Sample object (b) Created models by users

Figure 4.9: Three models used in user evaluation on stiffness level and deformability:

triangle, face, bowl
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Figure 4.10: User evaluation results on stiffness level and deformability experiments

4.8.2 Touch Detection Accuracy

We evaluated the detection accuracy for finger touches on four surface shapes:

soft flat, rigid flat, rigid convex hemispheroidal, and rigid concave hemispheroidal.

The hemispheroidal surfaces were 5 ¢cm high and 15 ¢cm in diameter (see Figure

411).

- R

(a) Concave (b) Convex

Figure 4.11: Hemispheroidal surfaces for evaluation. The participants had to touch

targets that appeared on the surface in random order.
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The participants were the 10 students we mentioned before (one was female and
one was lefthanded); all had experience with touch devices. They touched an X-
marked target that appeared at nine fixed locations on the display surface in random
order, first with their right hand and then with their left. Eight targets were on
a ring with a 50-mm radius (linear distance) from the ninth, central target (see
Figure 6a). On the convex and concave surfaces, the targets were at approximately
a 45-degree zenith angle. This procedure produced 432 pointing trials (4 surfaces
x 2 hands x 9 targets x 6 trials) per participant.

To minimize the influence of other potential factors, we took three measures.
First, to ensure the contact point wasn’t occluded, we had the participants touch
the target without bending the index finger. Second, to avoid misdetection from
inadvertent motion during touching, we had the participants hold the finger still
after touching. We then recorded the location 200 ms after the first contact. A
buzzer signaled the completion of the data taking and informed the participant of
a successful measurement.

Finally, to control parallax issues, we had the participants keep their heads steady
above the surface so that the whole target area was clearly visible. Figure 6a shows
the recorded touchpoints. The red points were with the right hand; the blue points
were with the left. Confidence ellipses enclose 95 percent of the points. The contact
points for all the targets yielded an offset of 3.9 mm (a 1.7-mm standard deviation)
biased to the right of the target’s center. No perceptible offset difference existed
between right and left-hand touches.

Figure 4.12b displays the minimum GUI button diameter needed to cover 95
percent of the touch points for each surface. We also grouped the targets on the
hemispheroidal surfaces on the basis of slope type (uphill or downhill) and calculated
the button diameter. We found that both the offset (11.7 mm) and minimum button
sizes (16-25 mm) for rigid surfaces agreed with previous research on touch detection
using a depth camera.3

On the basis of Figure 4.12b, the flat, soft surface was the least accurate, with
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a minimum button diameter of 30.2 mm. Finger presses made the surface under
the fingertip stick out. We determined that this resulted from a miscalculation of
the touch area because the system wasn’t updating the surface obscured by the
user’s hand. However, with a little training, users can achieve more accurate touch

detection by adjusting their touch strength according to the surface hardness.
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Figure 4.12: Touch detection evaluation results. The error bars denote the standard

deviation across all trials.

The accuracy was slightly higher with convex surfaces than with concave sur-
faces (23.9 versus 25.2 mm). Also, accuracy was higher with uphill slopes than
with downhill slopes (21.1 versus 28.0 mm). As we mentioned before, our system
determines touch in a region from 5 to 15 mm from the surface. When the user’s
finger touches an uphill slope, this region is smaller owing to the finger’s angle of
incidence. When the finger touches a downhill slope, the touch region becomes
larger, and the centroid shifts away from the real touch point.

To improve touch detection accuracy, one approach that can be considered is

the introduction of multiple cameras. Utilizing multiple cameras from different
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angles can provide a more comprehensive view of the user’s interactions, potentially
reducing occlusion and enhancing overall touch detection precision. However, it is
important to acknowledge the limitations of depth camera-based touch detection,
which is around 21.1 mm in our system. To overcome this limitation and achieve
further accuracy improvements, an embedded capacitive touch sensor can be a
more effective solution. Prior research, as demonstrated by [42], has shown the
effectiveness of capacitive touch sensors in enhancing touch detection precision and

sensitivity.

4.9 Discussion

Here we examine aspects of ClaytricSurface that deserve further comment or need

improvement.

4.9.1 User Feedback

We conducted a study to observe how first-time users performed with ClaytricSur-
face. Seven participants operated our modeling application and provided feedback.
Some participants commented that controlling the hardness was initially difficult
because the relation between the hardness and the slider wasn’t clear. However,
after a few attempts to manipulate the slider and obtain a feel for the hardness us-
ing touch, those participants were able to use the application to shape a model and
add texture. Participants also suggested that color-coding the slider to indicate the
appropriate hardness for different tasks—blue for rough shaping and red for detail-
ing—would help users choose surface malleability. Finally, most participants stated
that the tactile feedback when the hardness changed dynamically was appealing,

making the surface feel more organic than artificial.
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4.9.2 The Particles and Surface Fabric

Particle size is significant in determining tactile characteristics. A small, light
particle is a good filler. The particle’s size and the surface fabric’s thickness affect
the created shape’s resolution and detail. Small particles and a thin surface ma-
terial will let users create finer, more detailed shapes. Also, if an external force is
applied to the display, the smaller, lighter particles react more smoothly, giving the
models a more aesthetic look and feel. This also reduces the load on the user’s finger
during long-term use of the system. In addition, light particles prevent the surface
from collapsing under its own weight. If the display pressure decreases, the spaces
between the particles next to the surface fabric will fill with the shapes of other
particles. If the particles are too large, the texture will be visually unpleasing (sim-
ilar to goose bumps), and fingers will experience increased friction when stroking
the display. The particle size also affects the air volume in the display. Smaller
particles reduce the display’s overall volume shrinkage under decompression and
increase the response time to internal pressure changes. However, display volume
changes due to compression aren’t visually noticeable. We plan to investigate us-
ing nonspherical particles to create various friction levels and provide different and
unique tactile sensations. We demonstrated our prototype over five days (approxi-
mately five hours per day) at an international conference. The particles and display
surface sustained no substantial damage. A slight darkening and stretching of the
fabric occurred, along with increased air leakage, which we considered to be due to
the fabric’s deterioration and general wear and tear. The maintenance in this case

isn’t difficult because the fabric is inexpensive and easily replaced.

4.9.3 Responsiveness

The responsiveness to pressure control depends on the air volume (the display
size) and the vacuum pump’s displacement. The prototype takes about three sec-

onds to go from soft to hard. Although current linear piston pumps have enough
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decompression capability to harden the surface, we found that the decompression
speed was unacceptable owing to the pumps’ low displacement. So, we plan to com-
bine the current vacuum pump with other types of pumps such as an air blower,
which offers high (fast) displacement. In addition, we could combine a vacuum
tank and an air compressor to decrease the response time when stiffness changes.
A high-response pressure control could generate even more tactile sensations owing

to haptic vibrations from rapid pressure changes.

4.9.4 Shape Modeling

Our system’s shape-modeling capability has limitations stemming from the lim-
ited quantity of particle filler and the surface fabric’s area and flexibility. For
example, if the user makes a large convex shape in one part of the display, he or she
must gather a large number of particles. This prevents the user (or another user)
from creating shapes at another part of the display. In the prototype, a shape’s
maximum height is approximately 15 cm. When creating a tall convex shape, users
must pull the surface fabric with substantial force. However, the system can’t both
decrease the surface stiffness and maintain the shape’s height. To fix this, we’ll
need more flexible cloth. However, this might lead to decreased surface elasticity
caused by permanent fabric stretching and decreased durability. So, we're devel-
oping mechanisms to dynamically change both the surface volume and area. The
display’s hardness also depends on the particle layer’s thickness. If the user makes a
detailed shape with parts less than 3 cm wide, the shape might be easily deformed
inadvertently by hand or under gravity, even if the display is at its hardest. To
make modeling easier and more efficient, the vacuum-molding tool provides some
primitive shapes (circle, rectangle, and triangle) as a base design. In particular,
if the target shape is clearly specified, the system can have a preset shape to aid
modeling. Users then only need to change the preset shape’s details. Furthermore,
the system can project geometric information such as dimensions or the current

height onto the shape to aid modeling navigation.
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4.9.5 Self-deformation

While vacuum jamming is effective in controlling the surface stiffness properties,
it should be noted that jamming alone cannot generate external forces on the sur-
face material to enable shape deformation. Consequently, although users have the
freedom to fix or modify the surface shape, the shaping process itself relies entirely
on manual manipulation. Other research studies have also utilized the vacuum
jamming method on deformable interfaces and demonstrated self-actuated surface
deformation by combining it with additional actuators, such as pressured cells and
cylinder pistons, as shown in Hovermesh [120] and Haptic Jamming [179]. However,
these methods come with their own challenges. Firstly, they often involve complex
system designs that are difficult to implement. Secondly, they may result in reso-
lution degradation due to separated mesh structures. In our future work, we aim
to develop a novel mechanism that enables both shape deformation and stiffness

change within a single system, addressing these limitations.



Chapter 5

ASTRE: Programmable Shape-
changing and Variable-stiffness

Mechanism using Artificial Muscle

5.1 Overview

Soft actuators offer several advantages over traditional rigid actuators, particu-
larly in terms of human interaction safety and environmental adaptability. These
actuators are also lightweight, consume less energy, and can mimic biological mo-
tions. Whitesides et al. have highlighted the significance of soft actuators in serving
as intermediaries between humans, rigid robots, and computer systems, emphasiz-
ing their future importance [221].

Recently, many solutions for soft actuator fabrication have been proposed, how-
ever, the majority of the soft actuator is built using elastomeric materials such as
silicone rubbers [174]. Common techniques include mixing polymer and catalyst,
degassing, molding, and adhesion of different layers. This sequence of processes
is difficult because experience and know-how are needed to handle issues, such as
removing air bubbles and molding small air channels. To cope with this drawback,
we proposed ASTRE : a soft actuator novel mechanism using a combination of
Pneumatic Artificial Muscle(PAMs) and 3D printed mechanical constraint. This

technique enhances the inherent contraction deformation of Pneumatic Artificial
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Muscles (PAMs) by enabling programmed shape changes and adjustable stiffness.
By eliminating processes such as molding, curing, and adhesion, it effectively re-
duces fabrication time and effort. Moreover, it achieves this with a reduced number
of materials and equipment, while maintaining a diverse set of features.

In this research, we proposed a novel shape-changing and variable-stiffness mech-
anism using a composite of soft PAMs and 3D printed structures. The printed
structures functioned as programmable mechanical constraints to alter PAMs con-
traction and radial expansion behavior into both shape deformation and stiffness
changes. We leverage both shape and stiffness tuning capabilities as a framework
for prototyping shape-changing interfaces. We explore the possible features and uti-
lization of such an interface and synthesize a design space based on our exploration.

In summary, the contributions of this research are listed as follows:

1. Democratization of novel mechanism to program deformation and stiffness

using PAMs and 3D printed constraint.

2. Showcase of the 3D printed module design for shape-changing and variable-

stiffness mechanisms.

3. Technical evaluation to demonstrate the dynamic of our proposed mecha-

nisms.

5.2 Related Work

5.2.1 Soft Actuator in Robotics

The soft actuator has become the main focus for the advancement of soft robotics
research [206]. Previous works have proposed various types of material utilized for
soft actuators such as silicon/PDMS [139, 192|, film [143, 157], gel [78, 137, 216],
fiber [56, 163], paper [8, 213] and composite such as PAMs [2, 95]. These works

have opened up new technology to achieve a compliant robot with lightweight,
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and energy-efficient traits. Various research especially has focused on fluid-driven
actuator [95, 137, 139, 192, 223], due to the convenient fabrication, simple control,

and intuitive mechanism.

5.2.2 Soft Actuator in HCI

Soft actuators in HCI research also serve new types of interactions that previously
cannot be achieved by rigid actuators (e.g. motors). Previous works have proposed
various utilization of soft actuators for input devices [87, 91], wearables [85, 86,
94], aesthetic [169, 215, 227], and large-scale interface [135, 189]. Soft actuators
are especially functional for shape-changing interfaces due to the capabilities of a
seamless transition in shape-deformation [141]. It allows an organic-like interaction
that can enhance user affective and intuitiveness. The proposed actuation in this

research can be categorized into linear scaling, bending, and twisting.

5.2.3 Soft and Variable-stiffness Actuator

While achieving a flexible body is the primary objective of a soft actuator, it also
presents a significant challenge when it comes to positioning control. To address this
challenge, variable-stiffness has emerged as one of the most effective solutions, draw-
ing inspiration from natural examples like octopus arms and elephant trunks [116].
Among the various techniques for achieving variable-stiffness in soft actuators, the
vacuum jamming technique is the most commonly employed, encompassing gran-
ular, layered, and fiber jamming [7, 15, 88]. Another approach involves the use of
Low Melting Point Materials (LMPMs), such as wax, and Low Melting Point Alloys
(LMPAs), which can be activated using external stimuli like heat and electric power
[26, 176]. However, these stiffness control techniques are inherently complex due to
the challenges associated with managing different power sources for actuation and
stiffness adjustment (e.g., compressors and vacuum pumps).

Previous works have also explored the utilization of bead jamming [32, 74, 88|,
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which operates on a similar principle to vacuum jamming. In this approach, a
tendon actuator is employed as a coupling force to induce jamming between beads
arranged in a series. Building upon this concept, we have incorporated these mecha-
nisms into PAMs actuators. Additionally, we have investigated the programmability

of this mechanism by adjusting the mechanical constraint parameters.

5.2.4 PAMs based Soft Actuator

Pneumatic artificial muscles(PAMs) such as the McKibben actuator, since
patented in the 1950s have been used in many robotics applications [206]. In recent
studies, PAMs have been widely used for wearable soft robot actuators because of
their lightweight and high-efficiency properties [48, 62, 196]. Although some of these
previous works also utilized 3D-printed mechanical constraints to control PAMs de-
formation, this study is the first to focus on various mechanical constraint designs,

especially for variable-stiffness mechanism.

5.3 Proposal of Mechanical Constraint Mecha-
nism for PAMs Actuator

PAMs is a tendon shape actuator that consists of an inner tube and sleeve. When
actuated PAMS exhibits two types of forces which are radial expansion and linear
contraction. Both of these forces are dependent on the diameter of the tubes,
the weaving angle of the sleeve, and the pressure of the air inside the tube. In this
research, we propose a set of mechanical constraint mechanisms to alter either /both
PAMs radial expansion and linear contraction force into various shape deformation
and haptic/stiffness properties.

In this research, we utilized four basic mechanisms consisting of bilayer bending,
spring mechanism, beads jamming, and rotational brake. We based these mech-

anisms on previous works on robotics and shape-changing interfaces, however, we
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Figure 5.1: Four types of basic mechanisms that serve as the foundation for primitive

modules.

present novelties in the combination of such mechanisms with PAMs actuators.
In addition, we also leverage the mechanism into various programmable shape-
deformation and variable-stiffness behavior, showcasing the efficiency of the pro-

posed techniques.

5.3.1 Bilayer Bending Mechanism

One commonly employed approach for achieving bending deformation in mate-
rials involves the integration of a composite with two layers of different materials
into a bilayer structure. This configuration allows for bending to occur by lever-
aging the differential expansion or contraction between the layers upon actuation
while maintaining consistent strain at the layer interface [210]. The magnitude of
the bending angle can be customized based on factors such as material stiffness,
layer thickness, and applied strain. Moreover, intentional design choices can enable
the material to exhibit surface wrinkling effects instead of conventional bending.
Previous studies have explored the application of this approach using various actu-
ators, including Shape Memory Alloys (SMA) [129], wire tendons [204], inflatables
[129], and PAMs [2, 207]. However, the parametric programming of bending angles
through the manipulation of mechanical constraints, particularly in the context of

PAMs actuators has not yet been conducted.
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5.3.2 Spring Mechanism

A spring is an elastic structure that is specifically engineered to store and release
mechanical energy, while also providing redundancy to support a diverse range of
deformations caused by external forces. In our research, we focus on the utilization
of helical springs, which possess an elongated shape and the ability to withstand
both contraction and twisting loads. Similar to the bending mechanism, the stiffness
of springs can be adjusted based on factors such as shear modulus, wire thickness,
number of coils, and coil diameter [60]. These parameters play a crucial role in

determining the extent of spring deformation and its response to external forces.

5.3.3 Beads Jamming

Similar to vacuum jamming, bead jamming also consists of a collection of el-
ements (beads) that the kinematic and frictional coupling increase when tension
is applied, resulting in altered mechanical properties [3]. While vacuum jamming
requires an external membrane, which can create design complications for system
integration. The material of the membrane also can have a significant influence
on a jamming structure’s performance. In this research, we utilize bead jamming
[32, 74] where each bead is connected using a shrinkable tendon to induce the jam-
ming phenomenon. This mechanism can improve the limitation of interface design
and can be combined with a deformation mechanism to enable shape-changing while

stiffening the structures.

5.3.4 Rotational Brake

The rotational brake mechanism is employed to introduce frictional forces that
effectively reduce or halt rotational motion. By regulating the level of friction, this
mechanism can provide users with a sensation of stiffness change when they apply
external forces to the system. In our approach, we utilize the radial expansion force

of Pneumatic Artificial Muscles (PAMs) to generate and manipulate the frictional
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force exerted on the mechanical constraint. This allows us to achieve precise control
over the rotational brake and enable the desired stiffness modulation in response to

user interaction.

5.4 Primitive Modules

Utilizing the four basic mechanisms, we propose six types of modules that can
be classified into shape-changing and variable-stiffness modules. Figure 5.2 shows

the 3D model and the difference between the actuated and unactuated states.

Bending Twisting Contractible Locking Malleable Rotational Brake

Module
Assembly

Module Reinforment
Assembly Design
/’$ / \
%,
Reinforment
Design
o
&
b\
04

UNACTUATED
[0 kPa]
UNACTUATED
[0 kPa]

ACTUATED
[400 kPa]
ACTUATED
[400 kPa]

(a) Shape-changing modules (b) Variable-stiffness module

Figure 5.2: Two types of ASTRE modules

5.4.1 Shape-changing Modules

The shape-changing modules induce deformation by altering the contraction force
of the PAMs actuator into three types of motion. The motion is determined by
mechanical constraints and can be controlled by adjusting the air pressure and

module parameter. The three deformations module are:

1. Bending module utilizing bilayer actuation phenomenon. It provides a

curve and angle for shape deformation purposes. It exhibits a straight shape
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normally and bends when actuated. The basic design is a flexible constraint
layer with rings along the layer acting as a guide rail for the PAMs actuator.
It also can be designed to be normally curved, providing smaller or larger

amplitude angles.

2. Twisting module was based on the torsion behavior of a helical spring. We
twisted the PAMs, insert them inside 3D printed spring, and fix both PAM’s
ends into the spring. This mechanism resulted in twisting deformation when
actuated and reverse twisting when unactuated. We printed the module using

TPU filament on an FDM printer.

3. Contractible module was also based on the spring mechanism. Although
PAMs can contract without mechanical constraint, the spring structure serves
as a damper to store the compression energy and exert opposing forces. The
spring constraint also adds some rigidity to the PAMs soft body, while still

allowing flexibility in deformation.

5.4.2 Variable-stiffness Modules

The variable-stiffness modules transform the physical properties by altering the
contraction and radial expansion of the PAMs using mechanical constraints. Both
the contraction and expansion ratios are influenced by the air pressure. Thus, the
stiffness of each module could be controlled by adjusting the air pressure. Three

types of variable-stiffness are:

1. Locking module was based on the beaded jamming mechanism [74]. The
module is soft and flexible normally and becomes rigid when actuated. We
design the module as an array of beads with PAMs threaded inside. When
actuated, the contraction force of the PAMs pulls and compresses the beads

making them locked with each other.
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Figure 5.3: (a) The bulge between malleable modules. (b) Gear tooth to increase

brake torque

2. Malleable module exhibits unique behavior that allows the structure to
retain its shape after being bent by an external force. The module is flexible
when unactuated and becomes deformable when actuated. Similarly to the
locking module, the malleable module utilizes beads jamming with PAMs
threaded inside. However, the beads in the malleable module have smaller
holes. When the module is bent(see Figure 5.3(a)) the PAMs bulge out on
a small gap between the modules. This bulge allows the module to retain
its shape, even when the bending force is released. We design a chamfer on

malleable beads, to allow a greater range of deformability.

3. Brake module is based on a hinge structure with PAMs threaded as its
shafts. In a normal state, the hinge can rotate freely. However, when the
PAMs are expanded inside the hinge, they rub together and resist rotation.

We added a gear tooth to the hole to increase the brake torque(see Figure
5.3(b))

5.5 Shape Deformation and Stiffness Tunning
Mechanism

Here we conduct a preliminary experiment to understand the basic PAMs mech-

anism, shape-changing mechanism, and variable-stiffness mechanism.
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5.5.1 Basic PAMs Mechanism

PAMs were originally invented by Dr. O. Hafner, and further developed by
Dr. Joseph Laws McKibben for use in practical applications in 1952[121]. The
PAMs we use in this research are made of a flexible tube (silicon) enclosed in a
braided sleeve (Aramid). When the tube is pressurized, due to the constraint by
the braids, any volumetric expansion from the tube translates into a contraction
deformation(Figure 5.4). In this research, we used PAMs actuator that is produced
by S-muscle co [165]. There are three types of size variations consisting of 1.8 mm,
3 mm, and 5 mm in outer diameter. However, to simplify the evaluation of this
preliminary work, we conducted all experiments using 5 mm PAMs. We use 0.4
MPa as maximum pressure to prolong the PAMs usage lifetime, as the PAMs need

to be repeatedly used.

A ~ Normal state
.. Braided sleeve- ATy : Actuated state

Silicon tube -

(a) Basic PAMs structure (b) PAMs on normal and actuated state

Figure 5.4: Illustration of basic PAMs structures and actuation mechanism

Contraction Ratio Characteristics

Figure 5.5a shows the relationship between the contraction ratio and air pressure.
It shows non-linear increases in the contraction ratio along with the increases in air

pressure. It also shows a maximum contraction ratio of 20% under an air pressure
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Figure 5.5: Basic PAMs characteristics related to air pressure
of 0.4MPa.

Radial Expansion Characteristics

Figure 5.5b shows the relationship between PAMs diameter and air pressure. It
shows non-linear increases similar to the contraction ratio graph. The maximum

expanded diameter is 9 mm (180% expansion) at 0.4MPa.

Contraction Force Characteristics

Figure 5.6c shows the relationship between Contraction force and air pressure.

It shows a similar relatively linear relationship, with a maximum contraction force
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is 42N at 0.4MPa.

5.5.2 Shape Deformation Mechanism

We are able to alter the compression force into three types of deformation bending,
twisting, and contractible. Due to the compression force correspondence with the
air pressure, therefore the deformation is directly related to the pressure. Although
precision control of deformation is difficult due to the motion hysteresis and the

tube material fatigue. However, the relative relations is remaining the same.

Bending Characteristics

Figure 5.6 shows the relationship between bending angle and air pressure. It
shows non-linear increases in bending angle along with increases in air pressure. It

also shows a maximum bending angle of 150° under an air pressure of 0.4MPa.

Twisting Characteristics

Here we conduct an experiment where we change the air pressure and measure
the twisting angle at 1080° winding (Figure 5.6b. It shows an asymptotic behavior
of bending angle to a constant value as the pressure increases. It shows a maximum
twist angle of 425° under an air pressure of 0.4MPa. However, further adjustments

on winding can be made to create different twisting behavior.

Contractible Characteristics

Figure 5.6¢ shows the relationship between the contraction ratio of the con-
tractible module and air pressure. Similar to the basic PAMs, it shows non-linear
increases in contraction ratio along with air pressure. However, the maximum con-

traction ratio is less than 20% due to the contractible module’s spring stiffness.
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Figure 5.6: Deformation characteristics of shape-changing modules

5.5.3 Stiffness Control Mechanism

The stiffness variation in locking, malleable, and brake modules is determined
by the contraction and radial expansion of the PAMs. Both the contraction and
expansion ratios are influenced by the air pressure. Thus, the stiffness of each

module could be controlled by adjusting the air pressure.

Stiffness Range of Each Module

Here, we verify the relationship between the stiffness of the modules and the
air pressure. Figure 5.7(a)(b) and(c) show the stress-strain curves in a three-

point bending flexural test on locking, malleable, and brake module. The applied
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pressure was varied in 0.05MPa steps from 0 MPa to 0.4 MPa, and we found that

the locking mechanism shows a stiffness change from 0.1 MPa, while malleable and

brake modules showed a stiffness change from 0.15 MPa and 0.2 MPa respectively.

The dash-dotted line shows the line fit to the approximation formula. All modules

show increases in force as the air pressure increases, with the locking module showing

the highest force.
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Figure 5.7: Stress-strain graph : (a) Locking module, (b) malleable module, (c)

brake module. (d) Relationship between air pressure and module stiffness

Figure 5.7 (d) shows the stiffness change according to the air pressure variation on

each module. It shows non-linear increases in stiffness as the air pressure increases.

Each module had a different range of stiffness variation, with the rotational brake
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module having the highest stiffness of 0.94 N/mm. The locking modules show the
widest stiffness range of 0.06 N/mm up to 0.86 N/mm. We also added stiffness
measurements of contractible modules to show the stiffness change on the PAMs

themselves (0 N/mm to 0.15 N/mm).

Locking and Malleable Characteristics

Both locking and malleable module consist of hollow module arrays, with different
hole diameters. In this experiment, we investigate the relationship between hole
diameter and stiffness behavior. We measured the three-point bending test of hollow
modules with variations in the hole diameter. The pressure was set at 0.4 MPa
and we measured the load for every 1 mm displacement. Figure 5.8 shows that
forces reduce as the hole diameter increases. However, unloading phase hysteresis
(dashed lines) shows each hole diameter exhibited different behavior. The 9 mm
and 8 mm holes both exhibited elastic behavior, and the 6 mm and 7 mm holes
exhibited plastic behavior. Based on these results, we select the 9 mm hole for
locking modules to maximize the elasticity when applied with a load. For plastic
deformation modules, we select the 7 mm hole because the properties were similar

to the 6 mm hole, while the assembly was easier for threading the PAMs.

Loading phase
12 == Hole: 6 mm O
A == Hole: 7 mm o

Hole: 8 mm

8 == Hole: 9 mm o

4
‘ JUnloading phase
2

0 I . I I I I

0 2 4 6 8 10 12

Force (N)

Displacement (mm)

Figure 5.8: Stress-strain graph of locking/maellable modules with variation in di-

ameter
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Figure 5.9: Comparison between plastic and elastic behavior

5.6 Fabrication Workflow

The fabrication process of our modules involves the utilization of Pneumatic Arti-
ficial Muscles (PAMs) and 3D-printed mechanical constraints. Figure 6.1 illustrates
the design space of our modules, which encompasses module design, 3D printing,

and module assembly. The modules are attached to a pneumatic control unit.

5.6.1 Module Design

We have developed a user-friendly graphical user interface (GUI) for designing
the basic modules, employing the open-source 3D modeling software openSCAD
[89]. This GUI facilitates the generation of shape-changing and variable-stiffness
modules, while allowing customization of parameters such as length, number of
beads, and hole size. Figure 5.10(a) exemplifies the module design process for a
bending module. For more complex modules, we employed Fusion 360 software to

refine the initial designs [29].
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5.6.2 3D Printing

All modules within our toolkit can be fabricated using a standard desktop 3D
printer. While we primarily utilized a Fused Deposition Modeling (FDM) printer
for our experiments, a Stereolithography Apparatus (SLA) printer can also be em-
ployed. In the case of FDM printing, we utilized PLA or ABS materials for the
rigid constraints and TPU 95 (Polyflex) for the flexible constraints. Additionally,

laser cutting can be used to create beads such as locking beads.

5.6.3 Assembly

The module assembly process bears a resemblance to the threading technique
used in bead crafts. While this process may require time and effort, our tests
with several individuals demonstrate that most people can easily understand and
perform these procedures. To facilitate the threading of soft fibers through the
module holes, we incorporate a reinforcement cap at the ends of the PAMs. Figure

5.10(b) showcases the PAMs threading assembly process.

Figure 5.10: Fabrication Workflow. Left: Design tool with GUI to customize 3D

printed module, Right: Assembling work of threading PAMs through module
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5.6.4 Pneumatic Control

Air pressure is the power resource to actuate PAMs that consequently change the
stiffness or deform the module. The air pressure supplied by a pump/compressor
can be adjusted using an electro-pneumatic regulator. The regulator can be directly
controlled through a command signal from a PC or a potentiometer via a micro-

controller. Figure 5.10(c) shows a diagram of the pneumatic control connection.

Mechanical
valve

[ Electropneumatic DAC
regulator
Micro
controller
I
PC

Portable compressor

(b) Bulky setup (c) Portable setup

Figure 5.11: Pneumatic control. The system measures and controls the difference

between atmospheric and internal volume pressure

We use two types of pneumatic control in this research. First is a bulky setup
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using a high-power compressor and medium-size regulator (ITV1050-212BL, SMC
Corp.). This unit is able to dynamically change the air pressure with a 300 L/min
peak flow rate. In the second setup, we use a battery-powered bicycle compres-
sor and a small-size regulator (ITV0051-2L, SMC Corp.). The total weight of the
second setup is 1.2 Kg and the systems can be fitted inside a backpack (Figure
5.11). However, it has low airflow (6 L/min flow rate) and low reservoir volume.
Alternatively, a readily available pneumatic controller such as FlowlO and Pneu-
SoRo [177, 230] can also be employed to enhance convenience during the fabrication

process, as demonstrated by previous work [2].

5.7 Discussion

5.7.1 Deformation and Stiffness Limitation

This research introduces a novel mechanism for programmable shape change and
variable-stiffness. To demonstrate the practical application of our mechanism, we
initially address the limitations of the basic module. In Figure 5.1, we illustrate the
maximum deformation and stiffness of each module. It is important to note that
the maximum angle attainable in the bending and twisting module is dependent on
the module’s length. Consequently, longer modules allow for a greater maximum

angle to be achieved.

5.7.2 Module Assembling Challenge

The prototyping technique employed in this research may not be suitable for large-
scale manufacturing due to the drawbacks associated with the manual assembly of
PAMs. One approach involves modifying the 3D printing process to allow for easier
PAMs placement. This can be achieved by pausing the printing process before
closing the threading hole, as depicted in Figure 5.12(a). The PAMs can then be

easily laid in place alongside the pre-arranged modules, as shown in Figure 5.12(b).
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Table 5.1: Limitation of the ASTRE modules

* Value at 0.4 MPa

ltem Maximum value * | Unit
Contraction ratio 20 %
BasicPAMs | | Expansionrato | - 180 . %
| Contraction force | a2 N
Bending Bending angle 150 I °
St g™ wngange | g
Contractible Contractio ratio 18 ; %
Locking Stiffness 0.851 . Nmm
e stais™ " Sy sy
Brake Stiffness 0.940 N/mm

Finally, the printing process can be resumed to close the hole, as illustrated in
Figure 5.12(c). In the future, automation can further enhance this procedure by
incorporating robotic arms and conveyor belts into the 3D printing process. This

would streamline the assembly process and improve efficiency.

Figure 5.12: Halfway fabrication technique

5.7.3 Implementation to Other Actuators

In the ASTRE mechanism, we designed the mechanical constraint module specif-
ically for PAMs actuators. However, we foresee the potential application of this
mechanism to other fiber-shaped actuators such as SMA, tendon-driven actuators,
and EAP actuators. While these actuators may not possess the same radial ex-

pansion properties as PAMs, they present unique challenges and opportunities for
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further technological breakthroughs such as how to make those actuators modular,

and how to control the amount of stiffness and deformation.



Chapter 6

AstreToolkit:  Constructive As-
sembly Tools with Shape-changing
and Variable-stiffness Capabilities

6.1 Overview

Entry to shape-changing interface research is challenging due to the required
knowledge of both complex electronics and mechanical engineering [6]. These com-
plexities increase exponentially when complex structures and physical properties are
added to the systems. In shape-changing interface research, truss structures have
been widely employed due to several advantages they offer over other types of struc-
tures, such as pin arrays [43, 71, 154], continuous tangible surfaces [21, 152, 171],
and inflatable bladders [215, 224, 227]. Truss structures are known for their modu-
larity, stability, and excellent volume-weight ratio, which has led to their extensive
use in rapid 3D printing tools [66, 125, 198]. In such tools, complex 3D models
are simplified into truss-like structures, enabling faster fabrication times. The scal-
able nature of truss structures also has enabled researchers to construct large-scale
kinetic structures [92, 93]. This trait of truss structures allows for the creation of
complex configurations that can undergo significant load.

Typical truss structures are composed of linear beams or fibers connected by

joints, forming three-dimensional shapes. This construction allows truss structures
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to be modular, interchangeable, and reconfigurable. These characteristics have
been leveraged by researchers to develop constructive assembly prototyping tools
[55, 147, 185]. This research combines Pneumatic Artificial Muscle (PAM) fibers
with elongated-shape mechanical constraints to construct truss structures. We also
incorporate commercial pneumatic fittings to facilitate quick and easy assembly
of the toolkit. This combination provides several benefits, including effortless at-
tachment and detachment of fibers from the joints, as well as interchangeability,
allowing for easy maintenance by replacing independent modules. By leveraging
this approach, the research aims to improve the usability and versatility of the
truss structures toolkit.

We propose ASTRE Toolkit, a constructive assembly tool that combines shape
deformation, variable-stiffness capabilities, and pneumatic control. This toolkit
enhances the usability of shape-changing interfaces, allowing for the simulation
of different physical properties such as softness, malleability, rigidity, and haptic
properties like springiness. We utilize our previously proposed ASTRE mecha-
nism for programmable shape-changing and variable-stiffness Pneumatic Artificial
Muscle (PAM) modules. Leveraging these advantages, we explore various types
of deformation and haptic properties and demonstrate their effectiveness through
application examples. Our vision is that this prototyping toolkit will stimulate ex-
ploratory work, enabling users to experiment and creatively design novel interfaces
while easily constructing proof-of-concept prototypes using constructive assembly

methods.

6.2 Related Work

Table 6.1 shows the feature comparison between various shape-changing interface

prototyping tools.
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Table 6.1: Comparison with related work. ASTRE Toolkit facilitate shape defor-

mation and variable-stiffness with constructive assembly approach
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6.2.1 Pneumatic Shape-changing Interface

Recent studies have been dedicated to developing fabrication-friendly shape-
changing hardware using pneumatic actuators. Pneumatic actuators are advanta-
geous due to their low cost, intuitive nature, and ease of implementation [223]. Pre-
vious works have explored various mechanisms to actuate shape-changing interfaces,
including inflatable bladders [33, 38, 112, 235], extensible actuator [134, 189, 236],
and PAMs [2, 48, 63]. This research mentions low power consumption as the ad-
vantage of a pneumatic actuator, as energy is only needed at the phase changes.
Among these mechanisms, PAMs, which utilize high pressure for actuation, provide

greater force. The Omnifiber [2] stands out as a significant contribution in the field,
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as it explores various aspects of PAMs utilization for shape-changing applications,
including deformation strategies, modular composition, sleeve materials, and sensor
integration.

Although our research shares similarities with Omnifiber [2] in terms of the area of
focus, we emphasize the utilization of 3D printed mechanical constraints to achieve
both shape-changing and variable-stiffness capabilities. We describe the fundamen-
tal mechanism and strategies for adjusting deformations. While Omnifiber also
mentions the variable-stiffness properties achieved through the injection of Low
Melting Point Polymer (LMPP), our approach relies on mechanical constraints to
change the stiffness properties, resulting in a simpler system. Additionally, we
place more emphasis on modular structure construction, enabling a wider range of

deformations and haptic properties through the use of the six presented modules.

6.2.2 Pneumatic Prototyping Tools

For rapid prototyping purposes, several studies have presented 3D printed pneu-
matic interfaces as a convenient and readily available method [41, 84, 127]. These
works have demonstrated the advantages of 3D printing for fabrication. However,
they also require a certain level of understanding of computer-aided design (CAD)
tools to operate effectively. An alternative approach to facilitate the design process
is the use of modular actuators that can be attached to various media, such as pa-
per, wearable fabric, and shape-changing mesh [22, 38, 136]. This approach offers a
user-friendly configuration and assembly process, akin to children’s toys like Lego
MindStorm [54].

Previous studies have placed significant emphasis on the exploration of modular
truss structures in pneumatic interfaces to enable rapid assembly and shape recon-
figuration of complex structure [55, 92, 134]. Among these works, PneuMesh [55] is
particularly relevant to our research proposal. PneuMesh introduced a truss struc-
ture shape-changing system that utilized constructive assembly fabrication. How-

ever, it is important to highlight that PneuMesh only provides a linear deformation
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module, whereas our framework offers additional deformations such as bending and
twisting. Additionally, our research introduces variable-stiffness modules, which

have not yet been explored in a modular form in previous studies.

6.2.3 Variable-stiffness Prototyping Tools

Variable-stiffness is an advantageous property for prototyping in the field of HCI.
Previous research has successfully utilized variable-stiffness in deformable displays
[42, 171], allowing users to mold and iterate 2.5D shapes, resembling the process
of sculpting with clay. By incorporating stiffness tuning capabilities, users can
easily manipulate a significant portion of the shape in its soft state and then re-
fine the detailed shape in a stiffer state. Variable-stiffness is also beneficial for
prototyping interface functions. Researchers have investigated the capabilities of
variable-stiffness robotic arms [1] and multi-finger grippers [123]. Stiff robots offer
precise control, while softer robots are compliant and adaptable to various objects.
While the primary objective of these researches is to create dynamically adaptable
robots, they can also be utilized to test the suitability of different stiffness param-
eters under various conditions. Notably, while the capability to iterate the form or
function of an interface has been explored separately in previous studies, the aim

of this research is to enable simultaneous iteration of both aspects.

6.3 Design Space

In a previous study by Rasmussen et al., the design traits of shape-changing in-
terfaces were formulated [161]. However, none of the previous work has explored
the design potential of shape-changing interfaces with variable-stiffness capabili-
ties. In this research, we build upon their interface classification to showcase the
shape-changing capabilities of our toolkit. Additionally, we enhance the scope by in-
corporating haptic properties derived from the variable-stiffness capabilities. Figure

6.1 provides an illustration of the design space for our toolkit, depicting dimensions
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Figure 6.1: Design Space of AstreToolkit

that represent deformations, haptic properties, and application domains.

6.3.1 Constructive Assemblies Approach

The constructive assembly has proven to be an effective and accessible approach
for individuals to grasp advanced concepts in a creative and playful manner [229].
This advantage has led to the utilization of constructive assembly systems in var-

ious soft robotics [91, 98] and shape-changing [55, 134, 148, 229] research. Our
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toolkit is built upon a constructive assembly system with the aim of harnessing
its benefits (Figure 6.2. While our toolkit shares similarities in terms of truss
structures and deformation capabilities (bending, twisting, and contraction), none
of them has presented a comprehensive toolkit that combines both shape-changing
and variable-stiffness as one toolkit. Building upon the inspiration from these stud-
ies, we introduce a new concept by incorporating the proposed variable-stiffness
module, thereby expanding the realm of possibilities for shape-changing interfaces.
We identify the contribution of our toolkit as follows:

Rapid prototyping: The modular and reconfigurable toolkit enables convenient
testing and on-the-fly adjustments. Both the assembly and disassembly processes
are kept simple, allowing for seamless experimentation and modification.

Versatile: The toolkit offers versatile configuration options, allowing for various
shape deformations and the manifestation of multiple physical properties. It can be
combined to form intricate structures and is flexible in terms of scaling, enabling
both upsizing and downsizing as desired.

Accessible: The toolkit is designed with ease of replication in mind, utilizing

readily available and affordable equipment and materials. It is user-friendly, allow-

ing novices to operate it intuitively with minimal explanation or guidance.

Figure 6.2: The ASTREE Toolkit adopts a constructivist assembling approach to

facilitate its functionalities and advantages.
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6.4 Deformation Properties

Deformation is the most important property for shape-changing interfaces that
determine both the final form and functions of such interfaces. Rasmussen et al.
[161] proposed eight categories including orientation, form, volume, texture, viscos-
ity, spatiality, adding/subtracting, and permeability. Our framework successfully
achieves six out of the eight deformation categories, demonstrating its versatility

and effectiveness in shape transformation.

Deformation 1st phase 2nd phase

a Orientation

Figure 6.3: Deformation properties
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6.4.1 Orientation

Orientation changes in deformation refer to alterations due to bending or twist-
ing. These changes can lead to the object being distorted or warped, but its original
form can still be recognized. Figure 6.3a shows how we can control bending orienta-
tion in omnidirectional by arranging three bending module parallel (three-chamber
actuator). We used three separate pneumatic control for each module to change the
bending direction. Although the bending direction control is not precise, this exam-
ple demonstrates how the framework can conveniently replicate the three-chamber

mechanism that has been proposed in previous work [204].

6.4.2 Form

Form changes refer to alterations in the overall shape of an object while preserving
the relative volume. Figure 6.3b shows an example, where an octahedron structure
constructed from the bending modules can form a ball structure when actuated.
All the bending module orientation was aligned to the structural core. Therefore
it forms a uniform curved shape on all its surfaces. It can be utilized to create
a structure that stands on a flat surface, however, can be rolled like a ball when

actuated.

6.4.3 Volume

Volume changes refer to alterations due to the stretching or compressing where
the structures maintain the approximate form. Figure 6.3c shows a rectangular
cube constructed from contractible modules. When actuated, the cube height is
decreasing resulted in a smaller volume. In this particular structure, the maximum

volume changes is 15% of the origin.
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6.4.4 Textural

Textural changes refer to small deformations on the surface of an object. It alters
the contour and tactile properties while maintaining the overall shape. Figure 6.3d
shows the exploration of textural changes where PAMs have two layers of mechanical
constraint opposite of each other. When actuated, it creates a waving pattern on

the module surface.

6.4.5 Adding or Subtracting

Adding and subtracting is shape-change by uniting or dividing the module, while
still able to return to the initial shape. In this framework adding or subtracting are
passive manipulation by the user. One of the utilization is to scale up the stiffness
of modules as shown in figure 6.3e. A single locking module can exert stiffness up
to 0.7 N/mm when applied with an air pressure 0.4 MPa. However, the average
weight of a module with a connector is about 25 g. Therefore the maximum number
of modules that can be supported by a locking module is up to three modules. By
adding another locking module in parallel, we can increase the stiffness by almost

two times.

6.5 Haptic Properties

Physical property is an important factor that affects interaction. In the primitive
module, we provide three types of physical states: soft, malleable, and rigid. In

addition to these physical properties, we also introduce a springiness change.

6.5.1 Rigidness

The rigidness of an interface can influence factors such as usability, adaptability,
and accessibility. A rigid interface provides consistency and predictability in the

interaction. Contrariwise, a flexible interface is more appropriate for customization
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Figure 6.4: Haptic properties

and personalization. Figure 6.4a shows an example of a structure composed of
eight locking modules assembled in a cube arrangement. It crumbled in a flexible
state and become a rigid cube when actuated. In the flexible state, the structure
is adaptable to various environments (e.g. narrow space). In the rigid state, the

structure can carry a load of up to 500 gram.

6.5.2 Malleability

Malleable interfaces enable effortless deformation by external forces and retain
the shape formed. A malleable interface is suitable for creative and exploratory
interaction, where experimentation is valued. Figure 6.4b shows a cube struc-
ture composed of eleven malleable modules. When unactuated it crumbled on the
ground. When actuated it deployed into a cube shape, however malleable and

compliant to the user manipulation.



6.5. HAPTIC PROPERTIES 80

6.5.3 Springiness

Helical springs offer benefits such as the capability to withstand large-scale defor-

mations and store energy. It can undergo deformation without suffering permanent

damage because the applied load is evenly distributed along its length. Therefore it

also can absorb shock and convert the energy into an oscillation cycle. Figure 6.4c

shows a rectangle structure composed of four contractible modules. When agitated

in a normal state, the spring structures will wobble vigorously. However, in an

actuated state, the structure wobbles in a more mild manner.
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6.6 Shape Tuning

Truss structures do not have specific morphology as they can be assembled into
arbitrary shapes [55]. The final shape of truss structures is determined by the length
and shape of modules and the types and angles of joints. In this section, we explore

the programmability of truss shapes by adjusting either the modules or joints.

6.6.1 Module adjustment

The length parameter of the module can be adjusted in design steps using the
provided design algorithm. However, all the primitive’s modules have similar elon-
gated shapes. Although the deformation such as bending and contraction can be
controlled by air pressure, the deformation rate is evenly distributed on all mod-
ules. To personalize the deformation of specific modules, we proposed two types
of adjustment which consist of bending module adjustment and locking module

adjustment.

Bending Module Adjustment

We 3D printed the bending module with a 6mm diameter guiding ring. This
guiding ring functioned as a guide rail, keeping the PAMs along the bending module.
However, it also can be functioned to suppress PAMs radial expansion (up to 9 mm
in Diameter). Due to this suppression effect, the contraction ratio is also decreased,
resulting in a smaller bending angle (Figure 6.5a). Using this phenomenon we can

adjust the bending angle according to the number of suppression rings.

Locking Modules Adjustment

The locking module, when composed of beads with aligned edges, forms a straight
elongated shape 6.4a. However, if we add an angled chamfer to the bead’s edges,
we can create a bent shape. Figure 6.5b shows the example of a bent locking

module. We also added a hinge structure that connects the beads, to ensure that
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the desired shape is formed at each actuation. However, it has a disadvantage that

limits flexibility in the soft state.

6.6.2 Joint Angle Adjustment

With the same number of modules, the overall shape of truss structures can be
significantly reconfigured by changing the joint’s position and types. The number of
joints and interior angle of joints also play an important role to determine the truss’s
final shape. Here we demonstrate the various method to reconfigure or customized

the joints.

Reconfigurable Pneumatic Joint

Each of our toolkit modules has an 8 mm pneumatic tube on each end. This tube
can be connected with a commercial fitting which incorporates quick-connection
fitting. The fittings can be attached and detached quickly with one push, and they
can be used repeatedly. Figure 6.5¢ shows four types of connectors that varied in
the number of branches and interior angle between branches. Although this type of
joint is convenient to use due to its reconfigurability. The lack of variation in joint

types becomes a big limitation for achievable truss shapes.

Customized Permanent Joint

To address the problem of shape limitation in reconfigurable joints, we explored
the practicality of 3D-printed customized joints. This joint is able to achieve various
truss structures, similar to the system proposed by PneuMesh [55] and FlexTruss
[185]. However, as a trade-off for structure versatility, reconfigurability is sacrificed
as each module needs to be permanently attached to the joint using adhesives.
Figure 6.5d shows an example of the customized joint to create a vector equilibrium

structure that can be flattened in a normal state and swell up in the actuated state.
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No Joint

To achieve a certain degree of reconfigurability while maintaining shape versatil-
ity, a truss structure also can be built using one continuous PAMs filament without
any joints. Figure 6.5e shows an example of mesh structures where all the modules
are connected by hinges to each other. The fabricator can deliberately adjust the

shape deformation by re-routing the PAMs threaded.

6.7 Application

In this section, we demonstrate the variety of applications achieved using our

framework.

6.7.1 Educational Toy

Constructive assemblies are designed to be user-friendly and promote creativity.
Previous research by Raffle et al. [148] has shown the potential of constructive
assembly toys with embedded kinematic memory, which aids children in under-
standing physical principles and mathematical deformations. In a similar vein, our
framework is also intended to be user-friendly, encouraging exploration, and foster-
ing creativity. In this section, we highlight several features that can be beneficial

for educational purposes.

Interchangeability

The main inspiration for our toolkit is the LEGO®) brick module. We aimed
to replicate the simplicity and versatility of LEGO®) by designing all the basic
modules to have consistent lengths before and after actuation. As a result, each
part of the interface can be reconfigured to serve various purposes. Figure 6.6a
illustrates how the neck of a giraffe toy can be easily transformed from a locking stiff

configuration to twisting, contractible, malleable, and bending configurations. This
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Figure 6.6: Lego application examples

feature allows children to explore and iterate through a prototyping cycle, fostering

creativity and supporting their development.

Shape-changing

Figure 6.6b shows a small-scale shape-changing chair. This chair incorporates
locking modules for the chair legs, allowing it to be easily deployed and collapsed.
Users can conveniently adjust the reclining angles and forms, thanks to the uti-
lization of brake modules. This feature is particularly beneficial for children as

it fosters their understanding of programmability. Through experimentation with
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different module and joint selections, children can explore the diverse shapes and de-
formation kinematics that result. This hands-on experience enables them to deepen
their comprehension of how design choices influence the chair’s functionality and

behavior.

Function Repurposing

Figure 6.6¢ illustrates an example inspired by the works of Katsumoto et al. [80].
It presents a rigid sword that can be transformed into a flexible whip when collapsed.
This showcases the versatility of the interface, allowing for different interactions
and haptic experiences. The sword consists of a series of locking modules, and
its deployment can be controlled by pressing a mechanical valve button. This
example provides an opportunity for children to learn about materials physics and
the correlation between behavior and function. They can explore the advantages
of using soft objects for specific tasks and the suitability of rigid objects for others.
Through this hands-on experience, children can develop an understanding of how
different materials and their properties contribute to the desired functionality and

behavior of an object.

Locomotion

Figure 6.6d exhibits the application of a four-legged robot designed for locomo-
tion. This application draws inspiration from the works of Tang et al. [197], aiming
to replicate the movement gait of a cheetah running. By actuating the flexion and
extension of the robot’s spine alternatively, we achieve a similar motion pattern.
Additionally, we incorporate arched claws on each leg to enable forward locomotion.
This design feature provides an excellent opportunity for children to learn about
kinematic motions and how different movements can result in various forms of lo-
comotion. By observing and experimenting with the robot’s motion, children can
gain insights into the principles of biomechanics and understand the relationship

between specific movements and locomotive behaviors. This hands-on experience
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promotes an engaging and educational exploration of robotics and kinematics.

Motion and Interaction

The contractible module in the ASTRE toolkit incorporates a spring structure
that can store contraction force and release it rapidly. In Figure 6.6e, we demon-
strate how the spring force can be utilized to toss an object using a pneumatic
button. Additionally, the twisting module can be employed to simulate a golf swing
and hit an object. These interactive features enhance the engagement and playa-
bility of the toolkit, encouraging children to remain involved for extended periods.
By incorporating elements of physical force and interactive actions, the ASTRE
toolkit provides a more immersive and dynamic experience for children. It allows
them to explore the concepts of energy storage, release, and transfer of motion in a

hands-on and playful manner.

6.7.2 Deployable Artifact

Deployability is a useful feature for advantages such as storing easiness, increased
change in durability, and adaptability to various environments. An example of a
deployable soft robot demonstrates the adaptibility for rescue purposes [13]. Here

we explore the deployable features of our frameworks.

Deployable Tall Structures

Figure 6.7a shows the example of deployable features achieved by arranging 40
locking modules into a 600 mm tall rectangular structure. In its collapsed state, the
structure is soft and can be crumbled into a small mass. However, as we actuate the
PAMs, the stiffness gradually increased. When the locking module is stiff enough
to withhold its own weight, it regains the pre-arranged shape. The structure will
retaining its shape even when the air supply is disconnected, as long as there is no

air leakage.
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Figure 6.7: Deployable application

Load Bearing Structures

Figure 6.7b illustrates a compact coffee table that offers instant deployability and
collapsibility. This design allows for easy storage in the collapsed state, making it
convenient for transportation or space-saving purposes. When deployed into a table,
it possesses the strength and stability to support a weight of up to 1.4 kg, making it
suitable for holding laptops or other lightweight objects. The collapsible coffee table
exemplifies the practical applications of the ASTRE toolkit in furniture design. Its

ability to quickly transform between functional and compact states provides users
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with a versatile and adaptable furniture solution. This example showcases the

toolkit’s potential that combines functionality, convenience, and aesthetic appeal.

Folding

Folding is an efficient deformation method that enables the deployment of shapes
from a flat surface, drawing inspiration from the principles of origami art. In Figure
6.7c, we present an example of folding deformation with a cube structure. In its flat-
tened state, the cube can pass through narrow spaces, and when deployed, it rapidly
transforms into its three-dimensional form. To achieve this folding capability, we
designed the cube with four square-shaped locking modules arranged in a specific
configuration. Each corner of the cube is connected using a tripod joint, allowing for
controlled folding and unfolding motions. This design enables users to easily manip-
ulate the cube’s shape, transitioning it between flat and three-dimensional states.
By incorporating folding mechanisms into the ASTRE toolkit, we demonstrate how

shape-changing structures can be efficiently deployed and reconfigured

Incapacitation

Incapacitation is the opposite concept of deploying, which refers to the capability
to render an object useless. In Figure 6.7d, we present a conceptual design of
a steering wheel that incorporates incapacitation as a signaling mechanism. This
feature communicates important information to the user, such as indicating the car’s
mode (manual or self-driving). It also ensures safety by detecting and incapacitating
itself when small children attempt to operate the vehicle. This example highlights
how shape-changing interfaces can adapt to users and their environments, providing

enhanced functionality and promoting safety.
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6.7.3 Soft robot prototype

Soft robots are a promising area of research that offers great potential for human
interaction due to their adaptability and safe operation. However, the complex fab-
rication process of elastomeric materials with multiple channels poses challenges in
soft robot development. In this study, we showcase the capabilities of our frame-
work’s modular characteristics in the prototyping of soft robots. Our approach
allows for the scaling and rearrangement of robot modules, enabling them to adapt

to different environmental conditions.
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Figure 6.8: Soft robot application
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Customized Gripper

In soft robotics, a common application is the development of soft grippers ca-
pable of gripping objects of various sizes. Figure 6.8a showcases a prototype of
a soft gripper that offers flexibility in adjusting the number of gripper claws. By
reconfiguring the structure module and joint, users can freely modify the gripper’s
configuration. Additionally, the gripper claws can be interchanged between a flexi-
ble bending module and a shaped locking module. This versatility enables users to
experiment with different gripper sizes and shapes, optimizing their grip for objects

based on factors such as size, weight, shape, and softness.

variable-stiffness Gripper

Figure 6.8b presents a soft gripper design composed of bending modules for the
claws, which are equipped with embedded locking modules at the claw base and
tip. This integration of locking modules introduces controllable stiffness to the
claws, resulting in enhanced precision during the grasping of small objects (15 mm
diameter). However, it is worth noting that this configuration sacrifices some degree
of flexibility. Nevertheless, the gripper remains capable of securely gripping larger

objects with diameters of up to 120 mm.

Deployable Robot Arms

Figure 6.8c illustrates the practical application of a deployable robot arm. This
arm consists of two truss structures connected by hinges, with a gripper claw at-
tached at the end. In its unactuated state, the arm can be conveniently collapsed
into a compact size of 100 mm x 50 mm x 50 mm. However, upon deployment,
the robot arm expands and doubles its dimensions to approximately 200 mm x 100

mm X 100 mm, allowing it to reach and interact with objects over a larger range.
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6.8 Technical Evaluation

In the Shape Tuning section, we introduce some methods to control shape de-
formation based on the alteration in mechanical constraint. Here we conducted an
evaluation to validate our proposed method and used the results to provide a rough

estimation of our design tools.
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Figure 6.9: (a) Changes in bending angle with respect to the constraint layer thick-

ness. (b) Relation between thickness and bending angle

6.8.1 Bending Angle Adjustment

Here, we introduce two types of bending angle adjustment methods. The first
method is by increasing layer thickness to stiffen the mechanical constraint (Figure
6.9(a)). Figure 6.9(b) shows the relation between bending angle, thickness, and air
pressure. It shows that (i) the bending angle increases as air pressure increases, (ii)
decreasing trend of the bending angle as the thickness increases, (iii) an exception of
2 mm thick constraint. We analyze it behaves strangely, owing to the thin constraint
that cannot resist the high compression force. Thus it curves out, converting half
of the compression force into bending deformation and another half into shrinking
deformation(Figure 6.10(a)). Based on this result, we standardized the minimum
TPU thickness for the bending module is 3 mm.

The second method to adjust the bending angle is by varying the number of sup-
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Figure 6.11: (a) Changes in bending angle with respect to the number of suppressing

rings (b) Relationship between the number of rings and bending angle

pressing rings. We 3D printed the bending module with a 6mm diameter guiding
ring. This guiding ring functioned as a guide rail, keeping the PAMs along the
bending module. However, it also can be functioned to suppress PAMs radial ex-
pansion (up to 9 mm in Diameter, Figure 6.10(b) ). Due to this suppression effect,
the contraction ratio is also decreased, resulting in a smaller bending angle. Using
this phenomenon we can adjust the bending angle according to the number of sup-
pression rings. Figure 6.11(a) shows how the bending angle decreases as the number
of rings increases. Figure 6.11(b) shows the experiment result which is an almost
linear change in the bending angle. We conclude this method is easier to control
compared to the thickness variation method. It is also more cost and time-effective,
as to achieve the same banding angle less material was used in 3D printing (Table

6.10). However, it has a unique characteristic of reducing the difference in bending



6.8. TECHNICAL EVALUATION 93

angle between different air pressure ( 0.2, 0.3, and 0.4 MPa).

Table 6.2: Comparison of constraint thickness and suppression rings method

Bending Angle Material weight

Thickness method | Rings method

120° - 130° 35¢g 26¢g

70° - 90° 6g 33 ¢g

Figure 6.12: Winding method of the twisting module
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Figure 6.13: (a) Relationship between winding turn and twisting angle at 0.4MPa.

(b)Relationship between air pressure and twisting angle at 1080° winding.
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6.8.2 Twisting Angle Adjustment

For twisting angle adjustment, we introduce a new method where variation in 3D
printed constraint was not needed. However, the user needs to fine-tune the PAMs
wind-up or wind down the module manually (Figure 6.12). Figure 6.13(a) shows
the results of our experiment where we wind up the module up to 3 turns (1080°)
and measure the twisting angle at 0.4MPa. It shows an almost linear increase of
twisting angle along with the winding turn.

We also conduct an experiment where we change the air pressure and measure the
twisting angle at 1080° winding (Figure 6.13(b)). It shows an asymptotic behavior
of bending angle to a constant value as the pressure increases. In this experiment,
we limit the winding turn up to 1080° due to the twisting module’s maximum spring

torsion. Further adjustments to the module can be made to create different twisting

behavior.
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Figure 6.14: (a) Relation between spring thickness and contraction ratio. (b) Re-

lationship between spring diameter and contraction ratio

6.8.3 Contraction Ratio Adjustment

To adjust the contraction ratio, we also introduce two methods that require vari-
ation in the module parameter. The first method is to increase the thickness of

the spring to increase the spring stiffness, as defined in Hooke’s Law. As spring
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stiffness increases, the force needed to contract also increases, resulting in a shorter
contraction ratio. Figure 6.14(a) shows our experimental result of changing spring
thickness from 2 mm up to 5 mm. Despite the exponential increase in stiffness,
only a slight reduction in the contraction ratio was shown. This result is due to the
high contraction force of the PAMs (60 N) that overlook the stiffness.

The second method is relying on the suppression effect, similar to the bending
adjustment method. We reduce the spring diameter from 9 mm up to 6 mm and
measure the contraction ratio. Figure 6.14(b) shows a drastic change in the con-
traction ratio compared Figure 6.14(a). This method is also more effective as less

material is required for 3D printing.

6.8.4 Summary of the Evaluation

In summary, this experiment shows the feasibility of adjustment in bending angle,
twisting angle, and contraction ratio. These results are used as a reference when
designing a new module. We also incorporate the suppression-based adjustment

into our design tool to give approximate bending angle and contraction ratio.

6.9 Discussion

6.9.1 Structure Limitation

Although truss structures ideally have no morphological limitations, allowing
them to be assembled into arbitrary shapes, the truss structures assembled with
the ASTRE Toolkit do have certain limitations. These limitations come from fac-
tors such as the availability of commercial pneumatic joints and the maximum
load-bearing capacity of the structure. To support our assertion regarding the ver-
satility of this framework, as well as to define its boundaries in terms of preliminary
design, Figure 6.15 illustrates the range of usage and limitations of the ASTRE

Toolkit across dimensions representing shape, deformation, physical properties, and
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interaction. This visual representation helps provide a clear understanding of the

capabilities and constraints of the ASTRE Toolkit.
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Figure 6.15: Structure limitation

6.9.2 Path for More Complex Structures

As previously mentioned, the ASTRE toolkit currently faces limitations in achiev-
ing complex structures due to physical constraints imposed by the modules and
joint assemblies. To overcome these spatial limitations, we propose several strate-
gies for future improvement. One approach is to employ optimized truss designs
that aim to reduce complexity while maintaining structural integrity. By research-
ing and developing new truss geometries and configurations, we can create more
efficient structures that can be assembled within the toolkit’s limitations. Addi-
tionally, miniaturizing components, such as valves, electronics, and batteries, will
help reduce the overall weight and size of the toolkit, enabling the creation of more

intricate structures.

In our future work, we intend to incorporate computer-aided design tools to
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assist users in generating complex truss structures from 3D objects, building upon
previous works in the field [125, 185]. Although this computational approach won'’t
entirely eliminate the manual assembling workload and spatial limitations of the
modules, it will provide users with the ability to create inverse design prototypes
of structures, reducing the number of iterations needed with physical tools.

Furthermore, we plan to explore the use of virtual reality (VR) and mixed reality
(MR) techniques to visualize complex structures in virtual environments alongside
simpler models in the physical world. This approach will enable users to interact
with virtual ASTRE structures, experiencing various shape deformations and even
haptic feedback sensations while touching the virtual objects. Although the actual
deformations are simple, the experience will be enhanced through haptic illusions
in the virtual environment.

By integrating these future developments into the ASTRE toolkit, we aim to
expand its capabilities, allowing users to create more sophisticated structures be-
yond the current spatial limitations. These advancements will enhance the toolkit’s
usability and offer new avenues for users to explore and experiment with intricate

designs in both virtual and physical realms.

6.9.3 Application for Small Children

The ASTRE Toolkit was designed with LEGO blocks as inspiration, with the
intention of enabling young children (starting from 2 years old) to play and experi-
ment with the modules. However, the use of high-pressure and industrial pneumatic
fittings poses a safety risk for young children, and the force required to attach and
detach the fittings may also be too much for them to handle. Therefore, we rec-
ommend a minimum age of 13 years old for children to safely use this toolkit. To
address these safety concerns, we propose a two-fold solution. Firstly, we need to
create a safer system that operates at a relatively lower pressure (approximately
0.1KPa [38]). To accomplish this, we can increase the diameter of the PAMs to

maintain the necessary force. Secondly, we need to create custom attachments that
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are both robust enough for children to play with and easy to plug and unplug.
In this research, we have experimented with using magnet joints to simplify the
assembly process (Figure 6.16. However, we found that while the magnet joints
allowed for high-pressure joints, they also increased the weight of the modules and
hindered the assembling process. Therefore, we need to further explore alterna-
tive attachment solutions that meet both safety and ease-of-use requirements for

younger users.

Figure 6.16: Magnetic joint exploration

6.9.4 Localize Deformation Control

The current implementation of the ASTRE Toolkit is designed for a limited
number of interconnected truss structure channels, typically up to four channels
[55]. This limitation arises from the increasing complexity of the structures, leading
to unnecessary bulkiness and complicated joints. To overcome this limitation, one
potential solution is to create an untethered valve inspired by the work of Tolley
et al. [205]. By implementing such a valve, the structures can undergo complex
deformations, allowing for a high degree of freedom and programmable dynamics
of multiple structure parts. However, it’s worth noting that this approach may
introduce challenges related to the weight of the joint, as it would consist of a

valve, electronics, and battery.
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Alternatively, another approach to address the limitation is by developing a con-
trollable pneumatic source utilizing chemical reactions [218] or liquid-to-gas phase
changes mechanism [124]. Such methods could offer a resolution to the issues posed
by complex joints, but they would necessitate careful consideration of the design
and control of the pneumatic source.

Another avenue to explore is the development of mechanical logic on pneumatic
connections, which draws inspiration from various previous works [23, 108, 117, 173].
By incorporating these connectors, it becomes possible to enable simple computa-
tion for actuating different parts of the interface independently. Such actuation can
be achieved through user interaction [108] or by following predetermined actuation
sequences [23]. Although this type of control lacks re-programmability, resulting in
fixed and straightforward deformations for specific purposes, it does have its advan-
tages. For example, the physical circuit could be beneficial for novices in robotics
programming, as it provides a more tangible understanding of the system due to
visible flows. Additionally, this approach might prove valuable in underwater ap-
plications and for compliant controls, which can be challenging to achieve using

electrical valves.



Chapter 7

VabricBeads: A Design Explo-
ration for Shape-changing and

Variable-stiffness Fabric

7.1 Overview

variable-stiffness is an exciting area of research that has the potential to revolu-
tionize many industries including fabric and wearables [222]. It can be used to create
an adaptive fabric that can change its stiffness properties in response to changing
environmental conditions. This can be useful in applications such as aerospace, un-
derwater and rescue missions where lightweight and adaptable structures are highly
desirable [167].

Despite the inherent advantages and potential of variable-stiffness fabric, its ex-
ploration has been limited due to various technological challenges, including com-
plex actuator design, heavy weight, and high fabrication costs [116]. In this research,
we aim to address these challenges by introducing novel actuation techniques that
utilize Pneumatic Artificial Muscle (PAMs) actuators for stiffness control. Building
upon the ASTRE mechanism proposed in Chapter 5, we extend this technique to
be applied specifically in fabric applications, allowing for the development of new
designs with diverse functions and properties.

PAMs such as McKibben actuators have several advantages over other types of
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actuators, including their high force-to-weight ratio, low cost, and simplicity. They
are also highly adaptable and can be easily scaled to different sizes and shapes to
suit a variety of applications. Recent studies in soft PAMs actuators have proposed
their application in active fabric [2, 47, 63]. The application of PAMs for variable-
stiffness fabric interfaces is still under-explored. Especially the correlation between
beads design, weaving pattern, shape deformation, and haptic properties.

We introduce VabricBeads, with twelve novel designs to take advantage of PAMs
contraction and expansion force into stiffness variation, shape deformation, or both.
We demonstrate the advantage of variable-stiffness fabric with applications such as
haptic gloves, shape-changing bags, and shape-changing swords. To support the
replication of our designs, we provide evaluations of the stiffness variation on several
fabric types. We also introduced a new method to adjust the stiffness locally by
varying the beads’ hole diameter. Finally, we conclude our design explorations with

a discussion.

7.2 Related Work

VabricBeads is focused on demonstrating the programmability of shape-changing
and variable-stiffness behavior by varying beads shapes and threading patterns of
fabric structures. As such, we based this research based on previous works on
shape-changing and variable-stiffness fabric interfaces. Table 7.1 shows the feature

comparison between various fabric structured shape-changing interface.

7.2.1 Shape-changing Fabric

Research on shape-changing fabric and garments has been increased due to the
availability of flexible and small actuators such as Shape Memory Alloy (SMA)
[12, 36, 57, 85, 94, 129, 130, 187], inflatable [86, 112, 150, 209], and tendon actu-
ators [4]. Previous work by Berzowska et. al. [12] is one of the early examples of

SMA integration into the fabric for shape deformation. This work demonstrates



7.2. RELATED WORK 102

the seamless coupling of Nitinol, textiles, and soft electronics for a hedonic and
aesthetic garment experience. Further research has explored the integration of
SMA wire into clothing, through various fabrication methods such as knitting [85],
weaving [94, 187], and stitching [130]. These works have demonstrated the pro-
grammability of shape-deformation through various routing patterns of SMA wire.
Muthukumarana et al. presented ClothTiles, embedding a 3D printed substrate
with SMA actuator to support localized bending deformation on ready-made cloth-
ing [129]. This work demonstrates the effectiveness of 3D-printed mechanical con-
straints to control precise deformation. Inspired by previous works, this research
also approaches programmable fabric behavior through PAMs threading patterns.
We also combine the variation in 3D printed bead shape to further increase the
variation of both shape-changing and variable-stiffness behavior. Our fabrication
approach however focuses on the beads threading works and PAMs actuation.
Kim et al. [86] proposed a machine-knitted soft interface that is capable of
locomotion through user arms, pipes, or tree branches. Coupled with a linear
pneumatic actuator, the knitted sleeve scales can be fine-tuned to adjust the surface
friction. VabricBeads use Pneumatic Artificial Muscles (PAMs) to control the brake
friction, which exhibits stiffness variation. Compared to pneumatic, SMA actuator
has advantages in the small form factor [57] and untethered implementation using
the battery. However, the pneumatic actuator is much more responsive especially
when releasing the form, as SMA needs to be cooled down to release the actuation

force. Therefore, it is more efficient to use on human augmentation [112].

7.2.2 Pneumatic Artificial Muscles (PAMs) for Wearables

Inflatable pneumatic actuator has limitation in expanded size when actuated. To
address the limitations of inflatable actuators, researchers have turned their focus
towards thin Pneumatic Artificial Muscles (PAMs), which offer both flexibility and
high actuation force [95]. Various works have introduced the use of PAMs for haptic
feedback [196, 236] and fabric-structure actuator [2, 14, 47, 63, 151]. In this research,
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we also investigate the potential of PAMs as actuators, but our primary emphasis
lies in exploring the programmability of reinforcement modules to influence the
overall shape and stiffness of the interface. Although our focus is variable-stiffness
rather than shape-changing capabilities. Conveniently, our actuation technique is
also capable of shape deformation. Furthermore, simultaneous stiffness and shape
alteration can be beneficial to create a deployable structure that has not been

explored on shape-changing fabric.

7.2.3 Variable-stiffness Mechanism

Variable-stiffness mechanism is actively researched in robotics [222], various
mechanism has been proposed for stiffness tuning such as vacuum jamming
(7, 15, 42, 144, 217], beads jamming [74, 128, 146], Low Melting Point Al-
loys/Polymers (LMPA/LMPP) [26, 176], gel [78] and SMA actuator [24, 49]. De-
spite the current technological improvement, variable-stiffness in HCI is under-
explored, and most of the research is repetitively using vacuum jamming technique
[42, 144], due to easy implementation. Although the vacuum jamming mechanism
provides an effective range for stiffness variation, it also has limitations in both
bulkiness and the flexibility of the main materials. This characteristic is especially
important for fabric types of interfaces, which can limit the utilization of wearable
interfaces. Previous studies in robotics actuators have proposed beads jamming
(74, 128, 146] to control the stiffness of linked structures using the tension of ten-
don actuators. This mechanism can improve the flexibility of the robot’s body,
due to the flexible tendon that works as actuator and joint of the structures. Our
research borrows this forefront technique in robotics stiffness controls, however, was

able to leverage the structural dimension into 2D dimensional structures.
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7.2.4 Variable-stiffness Fabric

Previous works have explored variable-stiffness implementation on fabric-like
structures using vacuum jamming mechanism [144, 217], and woven SMA [24, 232].
Jamsheet [144] has proposed applications for vacuum jamming mechanisms to stiffen
multi-layer sheets confined inside a membrane. The jammed sheet is capable of
enduring high loads up to 55Kg, and pliable enough to be deformed by user ma-
nipulation. However, due to the stack of multiple paper sheet structures, it suffers
from inflexibility that is not suitable to be used for compliant fabric. Similarly,
SMA actuators that are woven into a fabric [24, 232], show stiff characteristics (due
to metal wire properties) that are not comfortable for wearability. VabricBeads
used PAMs combined with beads structure to change stiffness properties. Although
the usage of rigid beads seems counter-intuitive for fabric application. The soft
and flexible PAMs that connect the beads can create a soft and flowing drape on
the bead’s structures. We also introduce new utilization of rapid stiffness change

properties that previous work cannot achieve.

7.2.5 Beaded Structures Interface

In this research, our focus was on exploring the potential of beaded structures
for fabric interfaces due to their simplicity and ease of fabrication. The beaded
structure offers scalability in terms of manufacturing and can be incorporated into
various applications such as clothing, accessories, and household items. Previous
works in the field have introduced the use of beadwork for input/output (I/0)
devices, demonstrating the potential of beads as interactive elements [44, 162]. Some
works have specifically explored the integration of beaded electronics into jewelry,
showcasing the aesthetic and functional aspects [9, 18, 75]. Taking inspiration from
these previous works, our research aims to leverage the capabilities of VabricBeads,
combining shape-changing and variable-stiffness features, to introduce novel fabric

interfaces. In terms of related work, FlexTruss [185] is closely related to our research.
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Table 7.1: Comparison with related work. VabricBeads supports both shape defor-

mation and variable-stiffness with only beads and PAMs mechanism.
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It presents 3D printed beads that can be assembled into mesh or truss structures

using wire as a thread. While the stiffness or malleability of the structure is not

actively controlled, users have the ability to manually adjust the tension of the wire,

allowing for customization.

7.3 Design Space

We propose VabricBeads: a dynamic variable-stiffness fabric concept by inte-

grating beads shapes and PAMs threading patterns. To summarize VabricBead’s

capabilities, we characterize the design space into three dimensions as illustrated in
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Figure 7.1.
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Figure 7.1: Vabricbeads design space

Primitive Mechanism By altering PAMs contraction and expansion forces us-
ing beads as mechanical constraints, we are able to create fabrics that exhibit both
shape-changing and variable-stiffness properties. We employ three primitive mech-
anism that previously proposed in ASTRE (chapter 5), and leverage the concept
into the fabric structures implementation. ”These fabric properties can be catego-
rized into controllable malleability (based on rotational brake mechanism), shape
deformation (based on bilayer bending mechanism), and simultaneous shape and
stiffness changes (based on locking mechanism).”

Structures Fabric structures and composition determine the deformability of

the fabric both by external force or by self-actuation. One-dimensional structures
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(1) can only be deformed in one Degree of Freedom (DoF) due to the structural
constraint that resulted from beads shape and flat-peyote threading pattern. Simi-
larly, two-directional structures (2), increase the bendability into two DoF because
two channels of PAMs that threaded cross each other. Omni-directional structures
(3) can be bent or twisted due to the weaving pattern of the fabric that allows
vertical, horizontal, and diagonal deformation.

Supplemental Additional features such as auxetic structures, constrained bend-
ing angle, and restricted affordance are also explored to enrich the functionality of

our proposed fabrics.

7.4 Controllable Malleability

The stiffness variation technique proposed in ASTRE (chapter 5) served as the
basis for the primitive mechanism. We utilize both the contraction and expansion
forces of the PAMS to create a rotational brake force on the bead’s hole surface. The
brake stiffness can be changed according to the PAMs air pressure. Additionally,
we were able to vary the brake rotation from one-directional to omni-directional

resulting in different physical affordances.

7.4.1 One-directional Brake

Figure 7.2a shows the beads design and threading pattern of the One-directional
brake fabric. The beads have an oval shape and two holes inside them. Each
hole has gear teeth to increase the friction force. Both the hole diameter and gear
teeth are important aspects for adjusting brake torsion. (We further discuss these
characteristics in the technical evaluation section.) All the beads are arranged in
parallel and threaded together using the flat peyote technique[219]. Figure 7.2b
shows how the fabric has a flowing drape when unactuated and solidifies its shape
when actuated. In its maximum stiffness (0.4MPa) the fabric can withstand loads

up to 1.1Kg. Due to the PAMs threaded in straight lines and weaving back in a
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b unactuated actuated

Figure 7.2: One-directional brake: beads design, arrangement, and actuation

7.4.2 Omni-directional Brake

To achieve fabric that is bendable in multiple directions we apply right-angle
weave instead of flat peyote stitches. As shown in Figure 7.3 we use a similar beads
design with the One-directional brake. Here we try to demonstrate the versatility
of our proposed method where one simple beads design can be utilized for several
purposes by varying the threading pattern and beads arrangement. As the trade-off
for omni-direction bending capabilities, the fabric exhibit a stiffer drape compared
with one-direction stiffness fabric in an unactuated state. It also deforms slightly

when actuated due to the crossing between the PAMs as shown in Figure 7.3b.

7.4.3 Partial Control Brake

Figure 7.4a shows beads design for fabric that the stiffness can be partially
controlled in the vertical and horizontal direction. Two beads are set at a 90-degree

angle. We arranged beads in a grid composition and threads two channels of PAMs
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b unactuated actuated

Figure 7.3: Omni-directional brake: beads design, arrangement, and actuation

into the vertical and horizontal directions in a straight line. As shown in figure 7.4b,
the fabric falls softly in both directions when unactuated. It becomes stiff partially
in one direction or both directions, depending on the channels actuated. It also
becomes stiffer than the omni-directional stiffness fabric. However, as a trade-off,

it cannot bend in the negative direction.

Y channel

Vertical direction Horizontal direction

b unactuated actuated

Figure 7.4: Partial control brake: beads design, arrangement, and actuation



7.5. DEFORMATION FABRIC 110

7.4.4 Restricted Shape Manipulation

In the VabricBeads system, we use 3D printer or laser cuter to freely customized
the beads for special purposes. Here we explore bead shapes where user manipula-
tion is restricted to elongating or shortening the fabric only. Figure 7.5a shows the
design where each bead has three holes with gear teeth. We arranged the beads in
an articulated scissor structure and threads them in a straight line.

Figure 7.5b shows the fabric properties where it can be freely elongated or
contracted in the unactuated state. When actuated it will become stiff and keep

the formed length.

PAMs

“ eads
%, I

k.

b unactuated actuated

Figure 7.5: Restricted shape manipulation: beads design, arrangement, and actua-

tion

7.5 Deformation Fabric

Although our main contribution in this paper is the variable-stiffness fabric, here
we also explore the design of the shape-shifting fabric. We expect these fabrics can

be combined to create much more complex behavior.
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7.5.1 One-directional Bending

For deformation fabric, we use a mechanical constraint to alter the PAMs con-
traction force into bending behavior. Figure 7.6a shows the basic deformation
beads where a layer of flexible constraint act as a mechanical constraint and four
rings act as a guide rail for the PAMs. We then thread the beads using the flat
peyote technique.

The fabric is soft and flexible in an unactuated state due to the flexibility of the
TPU filament used for the beads material. It bends in one direction when actuated,
however, it is still soft enough to be deformed by the user to any other direction

(Figure 7.6b)

b unactuated actuated

Figure 7.6: One-directional bending: beads design, arrangement, and actuation

7.5.2 Omni-directional Bending

We can further extend the bending deformation capabilities into omniple direc-
tions by modifying the beads into a cross shape(Figure 7.7a). Hence, it can bend
in both horizontal and vertical directions. It also can be partially actuated by sep-

arating the PAMs channel between the horizontal and vertical axis. We also can
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adjust the bending in the same direction or in reverse by adjusting the 3D model in
the inward or outward course. Figure 7.7b shows the fabric both in unactuated and
actuated states. Other than cross-shape beads, we also can increase the bending
direction into three or more by shaping the beads into triangles or other polygonal

shapes.

Y channel

Beads

i i
) W L

X channels # # &

b unactuated actuated

Figure 7.7: Omni-directional bending: beads design, arrangement, and actuation

7.5.3 Permeability Changes

Permeability is an important property of fabric that determines the capability of
air, water, or other fluids to pass through the fabric. We design beads with auxetic
structures that open up width-wise when compressed by PAMs. As a result, it
expands the hole area and thus increases its permeability (Figure 7.8a). For fabri-
cation convenience, we thread the beads using the flat peyote technique. However,

it results in some overlap between the bead’s petals when actuated.
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b unactuated

Figure 7.8: Permeability changes: beads design, arrangement, and actuation

7.5.4 Constrained Bending

To have a more sophisticated shape, we assume the bending angle of each bead
needs to be controlled separately. We designed two-part beads that connected with
a hinge structure and add a stopper to control the maximum bending angle of each
bead. The beads are threaded using the flat peyote technique as shown in figure
7.9a.

Compared with the TPU beads fabric, in unactuated stated, this constrained
fabric is less flexible. And in actuated state, it has a pointy edge rather than a
curvy surface, as shown in figure 7.9b. Other types of hinges or joints similar to
previous work by He et. al. [60] can be implemented to create a more complex

shape and affordance.

7.6 Simultaneous Shape and Stiffness Changes

To achieve a shape deformation and stiffness change simultaneously, we use a
locking mechanism proposed in ASTRE mechanism. This locking mechanism is

based on the beads jamming technique [32, 74] where the contraction force of PAMs
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Stopper

Stopper

b unactuated actuated

Figure 7.9: Constrained bending: beads design, arrangement, and actuation

compresses the beads to create one interlocked structure.

7.6.1 One-directional Locking into Flat Surface

Figure 7.10a shows the most basic beads for the locking mechanism. It has four
holes without gear teeth with the hole diameter equal to or less than the expanded
PAMs maximum diameter. It is important as it will remove the leeway for beads
to move in an actuated state. Figure 7.10b shows in an unactuated state, the
fabric is fully bendable on the y-axis but has some restrictions on the x-axis. When

actuated, it turns completely flat and stiff at the same time.

7.6.2 One-directional Locking into Shaped Surface

We can create a surface that has shape, by adjusting the contour of the bead.
Figure 7.11a shows the beads with bent contours and the threading pattern. As
shown in figure 7.11b, even when unactuated the fabric already has a certain shape
formed. Albeit it is still flexible and bendable in multiple directions. When actuated

it instantaneously shifts into the stiff predetermined shapes.
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A AR

b unactuated actuated

Figure 7.10: One-directional locking into flat surface: beads design, arrangement,

and actuation

b unactuated actuated

Figure 7.11: One-directional locking into shaped surface: beads design, arrange-
ment, and actuation
7.6.3 Omni-directional Locking into Flat Surface

To create a fabric whose movement is not restricted in any direction, we designed

a locking structure that threaded both from the vertical and horizontal directions.
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Figure 7.12a shows the design of the beads which is an octagon with four holes.
The beads are arranged in a grid with both the x and y channel of PAMs threaded
in straight lines. Figure 7.12b shows the fabric is bendable to multiple directions
in an unactuated state. It can be actuated partially into a flat-stiff in one direction
and bendable in another direction. It also can be actuated into a completely flat

and rigid surface.

Y channel
Beads

I aVa aYa Y2
SL/NL/NL/NIT™

X channels

b unactuated actuated

Figure 7.12: Omni-directional locking into flat surface: beads design, arrangement,

and actuation

7.6.4 Omni-directional Locking into Shaped Surface

Finally, to create a fabric that can deform into a stiff-shaped surface, we designed
beads similar to the flat surface ones, however with a slanted surface on each side.
Figure 7.13a shows the design and arrangement of the beads. When actuated,
the slanted face closely adheres to another bead face, resulting in locked bending
deformation. Figure 7.13b shows the fabric can shape-changes from a flexible

surface into a rigid hemisphere.
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Y channel

X channel

b unactuated actuated

Figure 7.13: Omni-directional locking into shaped surface: beads design, arrange-

ment, and actuation

7.7 Sensing Techniques

To enhance VabricBeads with interaction, we consider three types of sensing

techniques.

7.7.1 Pressure-based Sensing

When the PAMs are in the actuated state, the pressure inside can be substantially
changed by an external force. The pressure change can then be detected using the
pressure sensor inside the electro-pneumatic regulator. Figure 7.14a shows how
the pressure inside the locking fabric changes when the module is forcefully bent by
an external force. We then can use the sensed fluctuation for interaction purposes

such as unactuated the fabric.

7.7.2 At PAMs Surface

PAMs surface is covered by breaded fabric that expands radially while contracted

in length. The breaded fabric on PAMs we use is not conducting electricity, however,
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we can add an additional layer of breaded shielding that conduct electricity (Figure
7.14b). Capacitive touch detection on PAMs surface can be achieved using this

setup. It also can be used to conduct electricity for electronics 1/O purposes.

7.7.3 On Beads

We mainly use 3D-printed PLA or laser-cut acrylic for beads material for con-
venience purposes. However, conductive materials and other special materials e.g.
conductive, carbon-filled, and triboelectric materials can be used to enhance the
bead’s utilization. Figure 7.14c shows our experimental setup where acrylic beads
are incorporated with LED and conductive tape arranged in parallel. When unac-
tuated, the beads barely touch each other and didn’t conduct electricity. However,
when actuated the beads are interlocked making a complete electrical circuit to light
up the LED. Flexible and stretchable sensors such as those previously proposed by

Gholke et. al can be utilized for touch detection on beads surface [51].

7.8 Application

In previous studies, Alexander et. al. [6] have proposed five purposes of shape-
changing interfaces. It includes adaptive affordance, communicating information,
augmenting users, hedonic and symbolic, and simulating objects. In this section,
we devised applications based on these ideas and demonstrate the versatility of our

proposed frameworks for variable-stiffness and shape-changing fabric interfaces.

7.8.1 Input Wristband

Figure 7.15a shows another application on a wearable device which is a shape-
changing wristband. In a normal state, it is actuated to be constantly bent to cover
the user’s arm. When actuated it instantly becomes a flat and rigid slab that can

be used for an input device. We incorporated two types of VabricBeads which are
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Figure 7.14: Interaction technique: a. Inside PAMs tube, b. At PAMs surface, c.
On beads

locking into flat, and locking into shaped (curved) beads. We also add a conductive
shield on the PAMs surface to provide touch interactions. This application also
demonstrates the benefit of pneumatic actuators where it doesn’t need the energy

to keep the pressurized state (therefore will keep the shape).
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7.8.2 Haptic Glove

Figure 7.15b shows an application on Haptic VR Glove where one-directional
brake fabric is incorporated into a glove. We attach flex sensors to the glove palm-
side to detect user gripping motion. It can be used to simulate various stiffness on
VR objects. It can generate strange sensations such as ice melting spontaneously
due to the rapid changes in stiffness. It also can be used to augment the user when

grabbing an object as it can be stiffened to reduce muscle fatigue.

7.8.3 Shape Changing Hat

Figure 7.15c¢ shows the shape-changing hat as a wearable device application. The
fit around the head can be adjusted by varying the contractible length and bending
angle. It also featured a variable-stiffness visor that can become hard like plastic
or flexible like a fabric. The shape can be adjusted depending on the sunlight and

can be used for the protection of the head like a helmet.

7.8.4 Variable-stiffness Bag

Figure 7.15d shows a handbag created with VabricBeads. We use one-directional
locking beads that will stiffen into a box shape when actuated. In an unactuated
state, the bag can be crumbled without breaking and easily deformed to be stored
in tight spaces. When actuated it will become a stiff box that has a big opening on
the top, making it easy to put in or take out objects from inside. It also stabilizes

in the stiffened state, making it not easy to tumble on a reclined surface.

7.8.5 Lamp Shade

Figure 7.15e shows a robotic lampshade inspired by flower petals movement. We
threaded triangle-shaped beads with a Omni-directional bending function. It can
dynamically flex to adjust light distribution in the rooms. The movement can also

be utilized to notify information such as incoming calls or emails to users.
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Figure 7.15: Wearable application
7.9 Technical Evaluation

7.9.1 Stiffness Range Comparison

To help other researchers replicate and utilize Vabricbeads, here we show the cor-
relation between pressure change and stiffness. We selected one-directional brake,

omni-directional brake, one-directional bend, one-directional locking, and omni-
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directional locking as representative beads design. Although the bending beads are
not designed for stiffness changes, we acknowledge that there are slight stiffness
differences due to the PAMs swelling.

Figure 7.16shows our experimental setup. We conducted three-point bending
flexural tests on each fabric type and plot the stress-strain curve. We calculated
the stiffness(N/mm) based on the line fit approximation on each strain-stress curve.
Figure 7.17, shows how the stiffness increases almost linearly along with the pres-

sure changes. It shows that one-directional locking has the highest stiffness range

and that the bending shows a minimal variation in stiffness.

b

Figure 7.16: Experimental setup

7.9.2 Localize Stiffness Adjustment

In a practical use case, we expect the capability to locally adjust the stiffness
on one piece of fabric will be beneficial. Although we can create an additional
pneumatic channel to control the area we wish to modify. It will cost an additional
pneumatic controller and need separated air tubes that will reduce the aesthetic.
Here we introduce a novel approach to adjusting the stiffness by varying the hole
diameter. We created four types of beads, each with different hole diameters (6
mm,7 mm,8 mm, and 9 mm). Then conducted three-point bending flexural tests
and calculate the stiffness of each beads type. We conducted this experiment both

on the brake mechanism and locking beads only in one PAMs fiber.
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Figure 7.17: Comparison between the fabrics stiffness range

Figure 7.18 shows the stiffness difference attained by varying brake mechanism
bead hole sizes. All the hole sizes did not show stiffness up to 0.2 MPa, whereas the
9 mm hole only show stiffness at 0.4 MPa. Both 6 mm and 7 mm hole sizes show

similar stiffness change, with maximum stiffness being 1.85 N/mm at 0.4 MPa.
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Figure 7.18: Relationship of brake mechanism beads hole size and stiffness

Figure 7.19 shows the stiffness change in the locking beads according to the
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variation in the hole size. It shows that all hole sizes exhibit similar stiffness up
to 0.2 MPa; however, they widely vary on 0.4 MPa. The highest stiffness of 1.57
N/mm can be attained with a 7 mm hole size, however, it will exhibit a plastic

deformation behavior where it retains its shape after being bent.
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Figure 7.19: Relationship of locking mechanism beads hole size and stiffness

7.9.3 Scaling Evaluation

This research employs the flat peyote pattern, where PAMs filaments are threaded
into the beads in a zigzag loop. This technique allows for convenient scaling imple-
mentation, where the fabric can be extended by adding a greater number of loops.
By scaling the fabric, not only does the spatial dimension increase, but the accumu-
lated strength of the PAMs also increases. Consequently, this leads to an increase
in bending force or locking stiffness. In this study, we aim to verify the effectiveness

of this scaling technique.

Bending Force scaling

Figure 7.20(a) shows the relationship between the applied air pressure and the

bending force on a parallel bending arrangement. The contraction force increased
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with the number of PAMs filaments, but not proportionally. The maximum bending
force of the five filaments was 10.9 N at an applied pressure of 0.4 MPa.

Figure 7.20(b) shows the three-point bending test of the bending module in an
arched state. It shows a trend of increase in the bending force, similar to that
shown in Figure 7.20(a). The hysteresis loop in the dotted line shows a reduction

in elastic behavior as the number of filaments increases.

Num of filaments: 1
Num of filaments: 2
Num of filaments: 3
Num of filaments: 4
Num of filaments: 5

Num of filaments: 1
Num of filaments: 2
Num of filaments: 3
Num of filaments: 4
Num of filaments: 5

Three-point bending Test
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(a) Relationship between applied pressure (b) Three-point bending test on arched
and bending force. state, with 0.4 MPa applied pressure.

Figure 7.20: Bending scalability

Locking Stiffness Scaling

A stiffer locking mechanism is advantageous for increasing structural strength
when withstanding heavy load. Figure 7.21 shows a three-point bending test of
the locking module with a variation in the number of PAMs filaments. This figure
shows that the strength of the locking module was nearly proportional to the number
of PAMs filaments. The hysteresis loop also shows that the module always exhibits

elastic behavior even when scaled up to five filaments.
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Figure 7.21: Locking scalability: Three-point bending test, with 0.4 MPa applied

pressure.
7.10 Discussion

7.10.1 Bulky Form Factor

We define the term ”bulky” in relation to the thickness of the beads used in the
fabric. The range of bead thicknesses varies from 11 mm for applications such as
bags to 25 mm for wristbands, with an average thickness of 13 mm. The bead
thickness is dependent on the diameter of the Pneumatic Artificial Muscles (PAMs)
holes and the bead walls. For instance, a 5 mm PAM expands radially to 9 mm,
and with the addition of a 2 mm bead wall, the resulting bead thickness is 13 mm.
Comparing our fabric to related works in Table 7.1, the thickness of other fabrics
ranges from 0.5 mm to 15 mm, with thickness directly linked to force. Although
our fabric is on the thicker side, with an average thickness of 6 mm, we are able to
demonstrate unique properties such as rigidity, malleability, elasticity, high force,
and fast response that were not achievable by previous works.

There are two strategies for miniaturizing the beads: using smaller Pneumatic

Artificial Muscles (PAMs) and reducing the wall thickness of the beads. However,



7.10. DISCUSSION 127

these methods have their limitations. Using smaller PAMs can result in reduced
force, and reducing the wall thickness of the beads may impact the durability of
the fabric. To address these limitations, tougher materials like nylon or metal
can be employed to enhance fabric durability. Additionally, smaller PAMs can be
utilized to create a denser arrangement, which may help compensate for the lower
force. Despite the existing limitations in terms of thickness, our fabric’s stiffness
range is sufficient for applications in human augmentation, particularly in restricting

movement.

7.10.2 Assembling Challenge

In the fabrication workflow of VabricBeads, threading plays a critical role as it
directly impacts the properties of the fabric. There are several factors to consider
during the threading process. Firstly, the selection of Pneumatic Artificial Muscles
(PAMs) is crucial in determining the form-factor and the force exerted during actu-
ation. In our study, we incorporate three types of PAMs with different diameters:
2mm, 3mm, and 5mm. The 5mm PAMs provide a larger contraction force of 40 N,
while the force decreases as the diameter is reduced.

Another crucial element is the contraction of the PAMs, as it affects the fabric
behavior in both unactuated and actuated states. We use PAMs, which have a
maximum contraction ratio of 20%. This factor is important for calculating the
excess length required for each threading turn. Insufficient excess length can result
in the fabric being too stiff in an unactuated state, while excessive length can lead
to inadequate stiffness in an actuated state. In our study, the threading process
is performed manually by hand. However, an augmented reality (AR) application
similar to the tools proposed by Tao et al.[199] can be beneficial in guiding the

process.
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7.10.3 Mobility Challenge

In the application section, we highlight the utilization of VabricBeads as a wear-
able and portable device, showcasing the fabric advantages such as flexibility,
lightweight, and adaptability. However, we acknowledge that practical implemen-
tation as a wearable device currently poses challenges due to the heavy and bulky
pneumatic source that is connected to the fabric. We believe that these technologi-
cal hurdles will be overcome in the near future with the development of small-sized
compressors or alternative power sources.

In future work, we intend to explore alternative pumping methods, such as chem-
ical reactions, that have been investigated in Auto-Inflatables [218] for pneumatic
inflation. However, it is important to note that these options may result in ir-
reversible shape changes and slower response times. Consequently, they may be
suitable for specific use cases, such as emergency medical casts. Another approach
we plan to explore is the use of liquid-to-gas phase change, as demonstrated in
InflatableMod [124]. However, there are several technological challenges associated
with this approach, including operating within a low-pressure range and achieving
faster deflation speeds.

Considering the current stage of development, we find the most practical usage of
VabricBeads to be in the realm of furniture and decoration. Many existing furniture
pieces incorporate beads as primary or cover materials. We envision a future home
where pneumatic sources are piped inside the walls, similar to industrial setups.
Individuals would be able to connect the VabricBeads tube, akin to plugging in

electrical devices, enabling easy integration into the living space.

7.10.4 Design Challenge

Currently, the design process for VabricBeads involves the manual creation of
patterns and beads using CAD software. However, in the future, we aim to develop

a computer-aided design tool that will streamline this process and empower users to
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easily adjust the beads and patterns according to their specific requirements. This
design tool will provide intuitive customization of VabricBeads designs.

One of the key features of the design tool will be its ability to accommodate
the combination of various types of VabricBeads beads. By offering a wide range of
bead options, users will have greater flexibility in creating complex fabric properties
and achieving desired performance characteristics. The design tool will provide
parameters and controls that allow users to experiment with different combinations
of beads, enabling the generation of unique and customized fabric designs. The
development of such a design tool will not only simplify the design process but also
promote creativity and exploration in the field of VabricBeads. It will empower
users, including designers and researchers, to easily iterate and refine their fabric

designs.



Chapter 8

Discussion

In this chapter, the insights and findings of the frameworks and applications
described in Chapters four, five, six, and seven will be summarized, analyzed and

discussed.

8.1 Insights and Findings

8.1.1 Pneumatic Actuation Presents a Suitable Choice for

Prototyping Shape-changing Interfaces

In this thesis, Chapter 4 focuses on the utilization of a vacuum to control stiffness
using a vacuum jamming mechanism. The chapter explores the effectiveness of
this approach and its implications for shape-changing interfaces. In Chapter 5,
the utilization of compressed air is presented as a means to control both shape
deformation and stiffness through the ASTRE mechanism. The implementation
experience in both systems highlights the advantages of pneumatic actuation, which

simplifies the prototyping process and facilitates ease of use.

1. Simplicity. Unlike electrical connections, pneumatic connections do not have
polarity. This means that the same pneumatic tube can be used for both
positive and negative pressure without the need for a specific orientation or
connection. This simplifies the connection process and reduces the potential

for mistakes during assembly, making it a convenient and user-friendly choice
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for various applications.

2. Soft. Softness is a special property of human-computer interactions where it
can enhance the approachability and visual appeal of an interface. Compared
to rigid interfaces, soft interfaces are more comfortable to engage with. It
also can create emotional connections that are difficult to achieve with rigid

interfaces.

3. Intuitive. When using motor and shape memory alloy (SMA) actuators,
energy is converted from electric or heat forms into motion, which is not com-
monly observed in our daily lives. On the other hand, pneumatic actuation
relies on air compression force, which is a natural phenomenon that we en-
counter in various daily activities, such as inflating a balloon or pulling a
string. This familiarity with physical concepts makes pneumatic actuation

more relatable and easier to understand for users

4. Lightweight. When working with prototypes, it’s often desirable to test the
product under practical conditions. One advantage of using lighter actuators,
such as pneumatic systems, is that the weight of the prototype can be easily
adjusted by adding or removing peripheral materials. In contrast, when using
heavier actuators, such as electric or hydraulic systems, reducing the weight
of the actuator itself may not be feasible without changing the actuator tech-

nology or components.

5. Scalable. Scalability is indeed a significant advantage of pneumatic actua-
tors. Both vacuum jamming actuators and PAMs actuators exhibit consistent
behavior and functionality across different scales, whether it’s in a small-scale
prototype (50 x 50 mm) or a large-scale prototype (600 x 600 mm). This
consistency simplifies the prediction and design of prototype functions, as
the same principles and control mechanisms can be applied regardless of size.

Furthermore, pneumatic control can be easily adapted to actuate prototypes
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of various sizes. While there might be a decrease in actuation time for larger
prototypes due to the increased volume of air to be compressed or evacuated,
the fundamental principles and control methods remain the same. This allows
for a seamless transition in applying pneumatic actuation to prototypes of dif-
ferent scales, providing flexibility and convenience in the design and testing

process.

6. Low-Cost.The vacuum jamming actuator in the ClaytricSurface system pri-
marily consists of polystyrene beads and stretchable inflatables, while the AS-
TRE mechanisms utilize materials such as silicone tubes, aramid sleeves, and
3D printed constraints. These materials are readily available in the market
and are relatively inexpensive, with costs typically under $10 for actuators up
to 100 mm in size. The affordability of these materials is particularly advan-
tageous for the prototyping process. Prototyping involves creating multiple
iterations and conducting extensive testing to refine and improve the design.
With low-cost materials, researchers and designers can easily produce and

experiment with various prototypes without incurring substantial expenses.

8.1.2 Novelties

The contributions of this research also come from the novelties of the systems,

which are shown as follows:

1. ClaytricSurface is a pioneering system that introduces the concept of utilizing
stiffness control to enhance modeling processes. The controllable stiffness
range offered by the vacuum jamming actuator proves to be a perfect fit for
traditional sculpting work, as it allows for adjusting the stiffness to match the

desired level of shape deformability.

2. The ASTRE locking module is the first to introduce a mechanism by using

PAMs actuators for simultaneous shape-changing and variable stiffness. Un-
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like previous wire-based concepts [74], the even distribution of contraction

force along the PAMs enables superior performance.

3. The ASTRE malleable module introduces a pioneering use of PAMs for shape
malleability. While previous research has explored the malleability behavior
in single PAMs arrangement based on locking mechanism [32, 74], this study

is the first to leverage hole diameter variation to induce malleability behavior.

4. The ASTRE brake module introduces a pioneering concept of rotational brake
mechanism utilizing the radial expansion of PAMs. While a similar concept
was demonstrated by Hiramitsu et al. [63], the detailed mechanism was not
described. This research is the first to provide a comprehensive description of
the mechanism and leverage the use of gear-tooth mechanical constraints to

expand the stiffness range.

5. The ASTRE twisting module is a new mechanism that utilizes twisted PAMs
to generate twisting deformation and use spring reinforcement to revert the

twisting. None of the previous works have presented a similar mechanism.

6. The ASTRE contractible module introduces a pioneering mechanism that
utilizes PAMs to compress an outer reinforcement spring, creating a spring

loading and unloading cycle using pneumatic.

7. The ASTRE Toolkit is the first shape-changing interface prototyping tool that
empowers constructive assembly frameworks with variable stiffness capabili-

ties.

8. VabricBeads is the first fabric implementation of both beads jamming and
rotational brake mechanism into a two-dimensional structures using PAMs as

the actuators.
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8.2 Limitations

8.2.1 Reproduceable Shape

Both the ClaytricSurface and ASTRE Toolkit offer distinct capabilities for gener-
ating various types of shapes. The ClaytricSurface excels in creating intricate 2.5D
shapes, enabling precise sculpting and rapid modeling. In contrast, the ASTRE
Toolkit enables the construction of 3D truss-like structures, offering greater versa-
tility in modules albeit with a coarser overall shape. The utilization of VabricBeads
allows for detailed surface prototyping, but it involves a significant amount of man-
ual threading.

In general, the three prototyping systems we have introduced can be compared

as depicted in Table 8.1.

Table 8.1: General comparison of the three proposed prototyping systems

ClaytricSurface Astre Toolkit VabricBeads
Actuation source Vacuum Compressed air ompressed air
Active deformation X O O
Stiffness control O O O
Structure 2.5 D surface Truss Sheet/ layer
Modularity Integrated Modular Woven
Scalability X O A
Shape creation Sculpturing C;:Ss;xg};/e Beads threading
Max shape height 150 mm 600 mm 600 mm
Actuation response slow fast fast
Localize stiffness X O O

1. ClaytricSurface relies on user manipulation for deformation, while ASTRE

Toolkit and VabricBeads enable active shape-change.

2. ClaytricSurface excels at creating detailed models, while ASTRE Toolkit is
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more suited for simplified versions of 3D objects. The VabricBeads serve as an

intermediate option, providing a balance between rough and detailed shapes.

3. ClaytricSurface has volume limitations determined by granule volume and
spandex stretchability, while ASTRE Toolkit can be easily scaled up by adding
modules to the peak connector. VabricBeads can be scaled up by joining

PAMs and threading additional beads into the fabric.

4. ClaytricSurface utilizes vacuum molding tools for shape replication, while

ASTRE Toolkit and VabricBeads do not have a comparable feature.

5. In the ClaytricSurface system, the programmability of stiffness is achieved by
controlling the amount of vacuum pressure applied. On the other hand, AS-
TRE Toolkit and VabricBeads enable variable stiffness through the selection

of the modules in addition to the adjustable stiffness by air pressure.

6. The ClaytricSurface offers a unique sensation of softness that can be likened
to the tactile experience of touching liquid or foam. The ASTRE Toolkit and
VabricBeads, with PAMs as the main structure, offer a different sensation

that is more akin to the drape of a fabric.

8.2.2 Portability

Portability is a significant advantage for interfaces, but the incorporation of bulky
compressors or vacuum pumps in systems like ClaytricSurface and ASTRE mech-
anisms presents a challenge to achieving portability. To address this issue, several
approaches have been explored. The first approach involves using a small pump
with a portable battery. Although this approach has been attempted (Chapter 5),
the smallest form factor achieved thus far is a backpack weighing 1.2 kg. While we
anticipate that technological advancements will lead to a breakthrough in this area
in the future, the current demand for such pumps is limited, which may slow down

progress.
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The second approach explores alternative methods of generating air pressure, such
as chemical reactions. Some researchers have investigated techniques like liquid-to-
gas phase changes[124] and chemical reactions to produce CO2 [218]. However,
these approaches still face challenges, such as finding ways to reverse the reactions

and controlling the amount of reaction.

8.2.3 Manual Fabrication

While the ClaytricSurface and ASTRE mechanisms were designed with conve-
nience as a primary goal, the current fabrication process still involves manual labor,
such as filling granular materials, threading PAMs, and adhesive sealing. It’s worth
noting that similar limitations exist in many other fabrication techniques, as men-
tioned in previous studies [55, 185]. To further enhance the practical application of
these mechanisms, the development of automated and mass-production techniques

would be a valuable contribution to future projects.

8.2.4 Utilization of Dynamic Stiffness Changes

In both the ASTRE Toolkit and VabricBeads application, we primarily focused on
showcasing shape-changing capabilities to highlight the variable stiffness properties.
In these systems, we effectively demonstrated how stiffness tuning can be utilized to
fix a malleable object or create deployable structures. However, our demonstrations
only showcased the extreme soft and stiff states to illustrate the state changes in
a straightforward manner. As a result, we did not fully exploit the potential of
gradual changes in stiffness, which can be achieved through pneumatic pressures
and mechanical constraint parameters.

In future work, we plan to expand the application to include more refined stiffness
control, showcasing various utilizations of mid-stiffness levels. For instance, a fully
soft robot is collapsible and easy to store but cannot function as a robot. On the

other hand, a fully stiff robot can function as a normal robot with significant force,
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but might be dangerous for human interaction. By tuning the robot to a medium
stiffness level, we can create a safer human-robot interaction while sacrificing some
applicable load capacity.

Another approach to leverage the in-between stiffness levels is to implement hap-
tic devices that can simulate various tactile and haptic feedback of physical objects.
By dynamically changing the stiffness of the haptic device, we can present new
haptic sensations that are not typically achievable in everyday objects. This can
greatly enhance the user experience and immersion in virtual environments or haptic

interactions.

8.3 Vision for the Futures

8.3.1 From Prototype to Final Product

In their book "Product Design and Development,” Ulrich et al. [233] propose
four dimensions of prototyping, which include physical, analytical, focused, and
comprehensive axes. Based on these dimensions, we position our prototyping tools’
main focus in the physical space, incorporating both the focused and comprehensive
aspects (see Figure 8.1).

The prototypes developed in ClaytricSurface enable us to demonstrate products
through a visual, tactile, and three-dimensional representation. This form of rep-
resentation is easier for users to understand compared to verbal descriptions or
even 2D and 3D sketches of the products. The prototypes created in VabricBeads
serve as valuable learning tools for discovering how the interface will function and
how well it will serve the users, as determined through user testing. Additionally,
these prototypes facilitate communication about the product through physical pre-
sentations, allowing stakeholders to better comprehend the product’s features and
functionalities.

Furthermore, the modularity of the ASTRE Toolkit proves to be highly beneficial
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for testing the integration between various parts of the product. By utilizing the
toolkit, we can assess the overall function of the product in the minimum viable
ways and detect any potential issues before moving on to creating preproduction
prototypes. Through this multi-faceted approach to prototyping, we aim to facili-

tate a one-stop solutions for various prototyping challenges.

: Physical !
1
: A o Beta Prototype |
! o Us‘ertest o Full-scale model :
I o Stiffness test o Proof-of-concept |
| )
! o Deformation o Experimental structure !
: test 1
Focused < » Comprehensive
o User Interface
o Dynamic simulation
o 3D Cad model Generally not
o FEA feasible
o Math model v

Analytical

Figure 8.1: Prototyping dimensions

8.3.2 Interconnected System

In this research, we introduce three distinct prototyping systems: ClaytricSur-
face, ASTRE Toolkit, and VabricBeads, each exhibiting different form factors (2.5D
surface, truss structure, and fabric). Despite sharing common characteristics such
as pneumatic actuation, mechanical constraint mechanisms, and variable-stiffness
capabilities, these systems serve different functions within the prototyping work-
flow. ClaytricSurface, functions as a modeling tool, enabling designers to shape
the overall form and incorporate intricate details through hands-on manipulation.
The ASTRE Toolkit, is designed for the rapid prototyping of truss shapes and sup-

ports iterative deformation of individual modules or changes in stiffness. Lastly,
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Frame prototype Shape modeling Final prototype
(ASTRE Toolkit) (ClaytricSurface)

) First case: Truss prototype and shape modeling

é- &-

Shape modeling Ears parts into beads
(ClaytricSurface) (VabricBeads)

Final prototype

(b) Second case : Shape modeling and parts conversion into beads struc-

tures

Figure 8.2: Future works: Interconnected systems

VabricBeads, serves the purpose of creating surface prototypes using beads, allow-
ing various fabric features such as restrained affordance and permeability changes.

In our future plans, we aim to create an interconnected system where each com-
ponent can complement and enhance the functionality of the others. This inter-
connected system will facilitate seamless connections and streamline the functions
of each individual system through the use of computer-aided design tools. In the
first case, users will be able to create a truss prototype using the ASTRE Toolkit.
Subsequently, they can iterate on the body of the truss using the ClaytricSurface
shape modeling application (see Figure 8.2a). The final product will involve 3D
printing and assembling the designed body to cover the truss structures, resulting
in a complete and functional product.

In the second case, users will augment an already made shape model in Claytric-
Surface with VabricBeads fabric properties (see Figure 8.2b). They can select spe-

cific parts of the model to be converted into bead structures, and the system will
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generate 3D printed files for both the main model and the bead parts, which can then
be assembled into the final product. This interconnected system will significantly
streamline the design and prototyping process, facilitating rapid and convenient
iterations between the three proposed systems. Users will be able to seamlessly
transition from creating truss prototypes to shaping the body and incorporating
fabric properties, resulting in a more efficient and effective product development

workflow.

8.3.3 Horizontal Expansion

We propose the ASTRE mechanism as a means of actuating shape-changing in-
terfaces primarily in the context. However, we believe that this mechanism has
the potential for broader applications in fields such as soft robotics, deployable
architecture, and biomedical engineering. For example, in the field of minimally in-
vasive surgery (MIS), a fiber jamming mechanism has been proposed to enhance the
stiffness of soft manipulators when motion stability is required[234]. Similarly, the
ASTRE mechanism utilizes elongated shape actuators, and the PAMs used in their
unactuated state exhibit high flexibility. The ASTRE mechanism also offers the ad-
vantage of utilizing compressed air to enable both shape deformation and stiffness
tuning. However, it is worth noting that the current size of the ASTRE module is
6 mm in diameter, which may require further development to test its practicality
in millimeter-sized robots. Nonetheless, with the current version, researchers can
rapidly prototype conceptual models to understand the basic requirements for the

eventual product.

8.3.4 Large-size Deployable

Deployability is indeed a unique property of the ASTRE mechanism that holds
great potential for various applications. One such application is the creation of

large-scale kinematic structures, similar to the previous work by Kovacs et.al. in
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their studies [92, 93]. However, there are still several technological challenges that
need to be addressed to further develop the ASTRE framework. For instance, en-
suring that the modules do not become entangled when deployed from a compact
state is crucial. Additionally, simulating truss structures that can bear significant
weight and maintain stability at considerable heights poses another challenge. Ad-
dressing these challenges will require further research and development, but the
potential benefits of deploying large-size kinematic structures using ASTRE make

it an exciting area for exploration and innovation.

8.3.5 VR Application

Haptic feedback in VR is an actively researched area, and both the ClaytricSur-
face and ASTRE Toolkit have the potential to be employed as haptic controllers
in VR systems. While there are still challenges related to mobility and untethered
operation, previous works have explored the use of tethered pumps to adjust the
weight of VR controllers using a liquid, as seen in the example of PumpVR [77].

Taking inspiration from such works, we envision using the shape-changing and
variable-stiffness capabilities of ClaytricSurface and ASTRE Toolkit in VR devices.
For instance, a glove controller could simulate various levels of stiffness, allowing
users to experience sensations like ice melting spontaneously due to rapid changes
in stiffness (see Figure 8.3a). Another example could be a shape-changing sword
that behaves like a rope when colliding with an object, providing a realistic feeling
of cutting through the object (see Figure 8.3b). Moreover, the adjustable stiff-
ness feature can be leveraged to create handicap effects in Mixed Reality (MR)
ping-pong, where the paddle’s stiffness can be adjusted to create more challenging
gameplay. These examples demonstrate the potential for using ClaytricSurface and

ASTRE Toolkit to enhance haptic experiences in VR and MR applications.
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Chapter 9

Conclusion

This thesis introduced a framework for prototyping shape-changing and variable-
stiffness interfaces using pneumatic actuation.

Chapter One provides an introduction to the research, including an overview of
the existing issues in shape-changing interfaces and the motivation behind develop-
ing prototyping tools for such interfaces.

Chapter Two reviews related works in shape-changing and variable-stiffness mech-
anisms, as well as existing prototyping tools for shape-changing interfaces. The
positioning of the proposed research is also discussed in relation to previous works.

Chapter Three explains the common framework underlying the research, high-
lighting the benefits of pneumatic actuation and how it connects the ClaytricSurface
and ASTRE mechanisms.

Chapter Four introduces the ClaytricSurface system, which focuses on exploring
the use of variable-stiffness displays for 2.5D modeling. The basic mechanism of
Vacuum Jamming is investigated, and its application in an interactive display with
graphical input-output is demonstrated. Various use cases and features to support
shape modeling and painting applications are showcased.

Chapter Five addresses the limitations of ClaytricSurface, particularly its ac-
tive deformation capabilities, and presents the ASTRE mechanism as a solution.
ASTRE is a programmable shape-changing and variable stiffness mechanical con-
straint for PAMs actuators. The characteristics of each module are examined, and

the design space, fabrication workflow, and hardware control system are described.



Chapter Six introduces the ASTRE Toolkit, a prototyping tool that utilizes the
ASTRE mechanism and employs a constructive assembly system. The chapter dis-
cusses a constructivist approach to shape-changing interfaces and presents design
guidelines for deformation properties, haptic properties, and shape-tuning capa-
bilities. The toolkit is demonstrated through various applications, including ed-
ucational toys, deployable artifacts, and soft robots. The chapter also includes a
technical evaluation of shape tuning.

Chapter Seven focuses on VabricBeads, a design exploration for shape-changing
and variable-stiffness fabric. The application of the ASTRE mechanism in fabric
structures is explored, resulting in the synthesis of 12 types of fabrics. The chapter
presents three sensing techniques to enhance the fabric with interactive capabilities
and showcases the usability of such fabrics in wearables and decorative applications.

Chapter Eight provides insights, findings, and discussions on the systems and
applications described in Chapters Four, Five, Six, and Seven (ClaytricSurface,
ASTRE mechanism, ASTRE Toolkit, and VabricBeads). The advantages and limi-
tations of each system are summarized and analyzed. The chapter also discusses the
overall findings and contributions of the research framework and presents potential

future applications.
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