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Abstract

In many cases, soft material robots are safer and more dexterous than rigid ones. On
account of their compliance and adaptation capabilities, their interaction forces with the
environment can be significantly lower than those of their rigid-bodied counterparts. These
qualities also often lead to a reduction in task complexity, as they can work when under-
actuated, significantly reducing the number of inputs required for their control.

Despite those advantages, they also present many challenges. Traditional manufacturing
methods developed for stiff-material robots do not work for soft materials. Soft parts are
difficult to shape, align and assemble, and their design processes have to address these
limitations.

Although compliance allows the soft robot to be under-actuated and generalise its control,
it also impacts the ability of the robot to exert forces on the environment. There is a trade-off
between robots being compliant or precise and strong. Many mechanisms that change robots’
stiffness on demand have been proposed, but none are perfect, usually compromising the
device’s compliance and restricting its motion capabilities.

Keeping the above issues in mind, this thesis focuses on creating robust and reliable
pneumatic actuators, that are designed to be easily manufactured with simple tools. They are
optimised towards linear behaviour, which simplifies modelling and improve control strategies.

The principle idea in relation to linearisation is a reinforcement strategy designed to
amplify the desired, and limit the unwanted, deformation of the device. Such reinforcement
can be achieved using fibres or 3D printed structures. I have shown that the linearity of the
actuation is, among others, a function of the reinforcement density and shape, in that the
response of dense fibre-reinforced actuators with a circular cross-section is significantly more
linear than that of non-reinforced or non-circular actuators.

I have explored moulding manufacturing techniques and a mixture of 3D printing and
moulding. Many aspects of these techniques have been optimised for reliability, repeatability,
and process simplification. I have proposed and implemented a novel moulding technique
that uses disposable moulds and can easily be used by an inexperienced operator.

I also tried to address the compliance-stiffness trade-off issue. As a result, I have proposed
an intelligent structure that behaves differently depending on the conditions. Thanks to its
properties, such a structure could be used in applications that require flexibility, but also
the ability to resist external disturbances when necessary. Due to its nature, individual cells
of the proposed system could be used to implement physical logic elements, resulting in
embodied intelligent behaviours.

As a proof-of-concept, I have demonstrated use of my actuators in several applications
including prosthetic hands, octopus, and fish robots. Each of those devices benefits from a
slightly different actuation system but each is based on the same core idea - fibre reinforced

actuators.



I have shown that the proposed design and manufacturing techniques have several
advantages over the methods used so far. The manufacturing methods I developed are more
reliable, repeatable, and require less manual work than the various other methods described
in the literature. I have also shown that the proposed actuators can be successfully used in
real-life applications.

Finally, one of the most important outcomes of my research is a contribution to an
orthotic device based on soft pneumatic actuators. The device has been successfully deployed,
and, at the time of submission of this thesis, has been used for several months, with good

results reported, by a patient.
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INTRODUCTION

Soft robotics is a relatively young discipline within robotics which aims to create systems that
are fundamentally different from standard, rigid-element-based systems. That fundamental
difference relates to the physical compliance of these new systems, the creation of which is
being driven by a number of reasons, including the need for safe interaction between robots
and the environment and between robots and humans [1, 2|, ability to reduce task complexity
[3], or extended dexterity [4].

This physical compliance, due to their soft and flexible properties, makes these machines
ideal candidates for tasks involving complex motions as traditional devices composed of
links and joints can become unmanageably complex or require overly sophisticated control
strategies [5].

For this reason, soft robots are often considered for medical applications [6] (minimally
invasive surgery [7], diagnostics [8, 9], rehabilitation [10]) in cooperative human-robot activities
[1, 2, 11|, grasping [12, 13, 14] or prosthetics [15, 16, 17].

Despite having great potential, soft robotics has not yet become a well-established
discipline. This can be attributed to various factors, including numerous challenges associated
with soft actuation. Soft-bodied robots deform in a variety of ways that are difficult to model
or predict [18], and precise control of their movements is a non-trivial task. Furthermore, the
relatively nascent and rapidly evolving concept of soft robots necessitates the development of
new materials and techniques to meet emerging design requirements. In this thesis, I aim to

address these issues, and my motivation is outlined in more detail below.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

My journey in soft robotics began in 2013 when I joined the STIFF-FLOP project (STIFFness
controllable Flexible & Learnable manipulator for surgical OPerations |7]). The project’s
objective was to create a soft, minimally invasive surgical robot capable of bending in any
direction and elongating while remaining soft and squeezable. My primary responsibility
involved the sensory data fusion from available sensors, which included force/torque and length
sensors embedded within the device’s body. I proposed an approach to create a simplified
physical model of the device, using the sensor data as model inputs. The early STIFF-
FLOP robot prototype was a silicone cylinder with three pneumatic chambers symmetrically
arranged around its central axis and a braided sleeve enveloping the entire device to constrain

ballooning during operation, as depicted in Fig. 1.1.

Length sensors External diameter
@ 35 mm

Module diameter
2 8 mm

50 mm

Stiffening channel
2 8 mm

Module length
Chamber length

Pneumatic chamber
R4 mm

(b)
Figure 1.1: The early prototype of STIFF-FLOP module. (a) actual device, (b) design.

Without physical access to the device, I made some assumptions and developed the model

by discretizing both Hooke’s law and the Euler-Bernoulli beam theory, see Fig. 1.2, [19].

(a) (b) (©)

Figure 1.2: Physical model of the STIFF-FLOP manipulator, based on the fundamental principles
of Hooke’s law and the Euler-Bernoulli beam theory. (a) Shape reconstruction based on the model,
with sensor data as input, implemented in MATLAB. (b) Line-following based on inverse kinematics
derived from the physical model. (c¢) Disturbance rejection (indicated by the red arrow) based on the
model. Both (b) and (c¢) are implemented in Python.

Upon receiving one of the prototypes to validate the model, I discovered that my assump-

15



CHAPTER 1. INTRODUCTION

tions were incorrect. The module exhibited various deformations within the external sleeve,
with the chambers not only affecting each other but also the sensors located inside the device.
After a thorough investigation, I concluded that it would be better to improve the device
rather than alter the model. This led to my involvement in enhancing soft robotic devices’

performance, refining fabrication techniques, and applying them to new areas.

1.1.1 Actuation performance

The initial STIFF-FLOP module exhibited high nonlinearity, as seen in Fig. 1.3. I realised
that such nonlinearity would impact all aspects of the project, including control strategies,
sensing, and shape and position tracking. In my opinion, the best solution was to simplify
the device’s behaviour rather than complicate all the other system components. I began
exploring how the reinforcing structure and actuator geometry could be tuned to enhance
the device’s response. Alongside improvements in the geometry and structure of multi-DOF
STIFF-FLOP modules, I also started investigating more efficient ways of motion generation,
leading me to more specific actuators that generate rotation, bending, and two-dimensional

bending.
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Figure 1.3: The early prototype of STIFF-FLOP module response.

1.1.2 Fabrication

While working on the design of soft actuators, I observed that fibre reinforcement fabrication
techniques had several drawbacks and limitations in their current state. The process was very
labour-intensive and prone to errors due to the purely manual thread application. Moreover, it

was limiting the design space, as some structures were not achievable using the state-of-the-art
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procedure. For this reason, I applied some improvements to the existing techniques and

proposed new ones.

1.1.3 Stiffening

Stiffening is a significant issue in soft robotics in general. In STIFF-FLOP, stiffening was
one of the main research points, even mentioned in the project name. The approach we
followed in the project was granular jamming. Multiple stiffening chambers were located
in the flexible module body. These chambers were filled with coffee granules that jammed
whenever a vacuum was pulled from the stiffening chambers. In practice, this solution had
several drawbacks. Stiffening chambers, even when not activated, caused resistance for the
bending motion and were a source of significant hysteresis. When active, the device would not
only become stiffer but essentially locked. That said, this approach was more ‘shape locking’
than ‘stiffness control’. In fact, most of the proposed stiffening mechanisms in soft robotics
are more or less binary systems that lock the shape and disable any further actuation changes.
Such suboptimal stiffening technology motivated my research towards smarter stiffening
mechanisms that could not only change the effective stiffness of the device but also coexist

with the actuation.

1.2 Research questions

Driven by the motivation outlined in the previous sections, this thesis poses the following

questions:

1. How can the performance of soft actuators be improved? Is it possible to make their
response more linear and reduce undesired deformation effects? Can this be achieved

by adjusting their geometry and employing reinforcing structures?

2. Can the manufacturing process be made more repeatable and less labour-intensive? Is
it feasible to utilise rapid fabrication techniques, such as 3D printers, whilst maintaining

the performance of platinum cure silicone?

3. Is it viable to develop a stiffening mechanism that coexists with actuation, as opposed
to current approaches which lock the shape of the actuator and restrict any further

actuation?
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1.3 Contributions

The main contributions of this thesis fall into three areas, described below.

1.3.1 Actuator design and fabrication

I proposed several design and fabrication ideas that improve the performance and reduce
the fabrication complexity of soft fibre-reinforced pneumatic actuators. The proposed design
requires circular geometry for the pressure chambers and the application of dense, fibre-based
reinforcement. This leads to a more linear actuator response and greater actuator robustness in
comparison to other commonly applied approaches. In addition, the proposed manufacturing
procedure introduces the idea of applying the reinforcement before the fabrication of the
actuator body, significantly simplifying the process while providing more consistent and more
reliable results.

I also proposed changes that reduce manufacturing complexity by using a single material
Fused Deposition Modelling (FDM) 3D printer. The proposed solution involves printing the
reinforcement and the mould in one go as a single-use structure. After filling the mould with
silicone, the outer part can be removed and disposed of, while the reinforcement remains

attached to the silicone body of the actuator.

1.3.2 Stiffening

I proposed a soft pneumatic actuator that can vary its stiffness in a smart way. The design
allows for the coexistence of high actuation compliance alongside stiff response to disturbance
at any operating point. Thanks to the smart internal structure, the mechanical resistance
of the actuator depends on the direction and characteristics of the external forces acting
on its surface. It allows for an efficient change in its compliance on the fly without locking
its shape. The actuator I propose can continuously adjust in one spatial direction (towards
the inner side of the actuator), remaining soft and compliant while resisting significantly
higher forces in the opposite direction (towards the outer side of the actuator). Thanks to
the design, the actuator can resist considerably higher forces than it can actively exert at a
given input pressure.

The actuator is inspired by the mechanical structure of the mammalian penis, in which
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a soft structure can be efficiently stiffened with a relatively low input pressure of blood
thanks to a constant-volume cavity and a directional flow of blood. The corpus cavernosum is
composed of small sinusoids that fill with blood during an erection and trapping it so that it
cannot escape |20]. Blood, being a liquid, has very low compressibility, so any external force
compressing it generates a localised increase in pressure that in turn results in high bending

resistance of the hydraulic structure of the penis, despite the relatively low inflation pressure.

1.3.3 Robotic system demonstrators

I designed and constructed several soft robotic system demonstrators based on actuation
solutions I had developed. Those systems focused on the application of developed actuators
into various use case scenarios, such as soft manipulation (soft manipulation modules),
soft grasping (soft hands - Section 5.1), and soft locomotion (soft octopus and fish robots,
Sections 5.2 and 5.3), as well as rehabilitation (Icarion active orthosis, Section 5.4). The latter
system incorporated soft pneumatic actuators, and at the time of writing, has successfully
been used by a real patient who has reported very good results over a period of several

months.
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1.3.4 List of Publications
Most of the work entailed in this thesis has been presented in the following publications:

Papers

J. Fras, J Glowka, and K Althoefer. “Instant soft robot: A simple recipe for quick and easy
manufacturing”. In: 2020 3rd IEEFE International Conference on Soft Robotics (RoboSoft).
IEEE. 2020, pp. 482-488.

J. Fras and Kaspar Althoefer. “Soft fiber-reinforced pneumatic actuator design and fabrica-
tion: Towards robust, soft robotic systems”. In: Annual Conference Towards Autonomous
Robotic Systems. Springer. 2019, pp. 103-114.

J. Fras, Y. Noh, Macias M., H Wurdemann, and K. Althoefer. “Bio-inspired octopus
robot based on novel soft fluidic actuator”. In: International Conference on Robotics and
Automation. IEEE. 2018.

J. Fras, M. Macias, Y. Noh, and K. Althoefer. “Fluidical bending actuator designed for
soft octopus robot tentacle”. In: 2018 IEEE International Conference on Soft Robotics
(RoboSoft). IEEE. 2018, pp. 253-257.

J. Fras and K. Althoefer. “Soft biomimetic prosthetic hand: Design, manufacturing and
preliminary examination”. In: 2018 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS). IEEE. 2018, pp. 1-6.

Jan Fras and Kaspar Althoefer. “Soft pneumatic prosthetic hand”. In: Towards Autonomous
Robotic Systems: 19th Annual Conference, TAROS 2018, Bristol, UK July 25-27, 2018,
Proceedings 19. Springer. 2018, pp. 112—120.

J. Fras and K. Althoefer. “Bio-mimetic pneumatic soft prosthetic hand”. In: UK-RAS
Conference on ‘Robotics and Autonomous Systems’, Bristol. UK-RAS, 2017.

J. Fras, Y. Noh, H Wurdemann, and K. Althoefer. “Soft fluidic rotary actuator with

improved actuation properties”. In: International Conference on Intelligent Robots and
Systems. IEEE. 2017.
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Book Chapters

J. Fras, Alberto Arezzo, Ali Shiva, and Kaspar Althoefer. “Soft Robotics Solutions for
Minimally Invasive Surgery: The Need for Stiffness Controllability”. In: Soft Matter for
Biomedical Applications. 2021, pp. 684-719.

J. Fras, Mateusz Macias, Jan Czarnowski, Arianna Brancadoro Margherita Menciassi,
and Jakub Glowka. “Soft Manipulator Actuation Module — with Reinforced Chambers”.
In: Soft and Stiffness-controllable Robotics Solutions for Minimally Invasive Surgery: The
STIFF-FLOP Approach. Ed. by Jelizaveta Konstantinova, Ali Shafti, and Kaspar Althoefer.
River Publishers, 2018. Chap. 3.

J. Fras, Mateusz Macias, Jan Czarnowski, and Jakub Glowka. “Modelling and Position
Control of the Soft Manipulator”. In: Soft and Stiffness-controllable Robotics Solutions for
Minimally Invasive Surgery: The STIFF-FLOP Approach. Ed. by Jelizaveta Konstantinova,
Ali Shafti, and Kaspar Althoefer. River Publishers, 2018. Chap. 10.

1.3.5 Popular Science

In addition to traditional scientific publications, my work has featured in several showcases

as well as a variety of popular science articles.

Showcases:

- London Tech Week 2017,

International Robotics Showcase 2017 in London,

International Robotics Showcase 2018 in Liverpool,

Al UK 2021 in London,

Popular science articles:

Evening Standard: Scientists develop robo-octopus that mimics real sea creature|21],

Evening Standard: ‘Robohand’ developed for children who have lost a limb|22],

- UT2 Magazine: SOFT MACHINE|23|,

Mashable: Scientists built a robot octopus that moves its tentacles like the real thing
[24].

It was also featured on the BBC’s Sunday Morning show [25] and used in promotional
materials and videos for ICRA 2023.
My PhD work was also recognised by my inclusion in The Evening Standard’s The

Progress 1000: London’s most influential people 2019 list [26].
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1.4 Thesis outline

The structure of this thesis is as follows:

e Chapter 2 provides background and discusses related work.

e Chapter 3 describes soft actuators. Firstly general design and fabrication procedures
are presented. Then two specific actuators are discussed: rotational and bending
actuators. Finally advancement in fabrication using 3D printing is presented along

with relevant design strategies.

e Chapter 4 presents a stiffening mechanism for bending soft actuators. The stiffening
structure is inspired by mammalian erectile tissue. The concept, the stiffening principle,
its design and fabrication, along with expected and experimental stiffening effects are

provided.

e Chapter 5 discusses soft robotic systems that utilise the soft robotic actuators described

in the previous chapters. These systems are:

— Soft prosthetic hands that are entirely soft and aim to mimic real hand mor-
phology. The hand is based on an extending actuator whose motion is converted
to bending by an external non-stretchable palm structure. The hand provides 6

DOF and can be controlled using various interfaces

— Soft octopus and fish robots that are created with submarine exploration in
mind. These robots can navigate through water in a very natural manner. Design
and fabrication details are provided as well as experimental data on velocities and

thrust.

— A rehabilitation exoskeleton that was created jointly with Icarion inc. The
device uses soft pneumatic actuators in the passive mode for the generation of
bending motion in patients’ joints. The device is being certified, having already
been tested by a patient who has reported very good results over a period of

several months.

— A pressure control system that was designed for the hand, but then successfully

implemented in the other projects.
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e Chapter 6 summarises the thesis and provides propositions for future work.
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BACKGROUND AND RELATED WORK

What makes soft robots unique is their physical compliance. Traditional robots are rigid,
and they have finite joints and stiff links. They move in response to rotations or linear
motions along well-defined axes. To navigate safely through the environment, they need to be
aware of their surroundings and equipped with several sensors and sophisticated controllers.
Soft robots, however, are compliant by design. As a result, they can passively adapt to the
environment ensuring that interactions are inherently safe.

The compliant nature of soft robots requires novel approaches to actuation. Various solu-
tions, each based on specific physical principles have been proposed, among them electrically-
driven actuators like Dielectric Elastomers [27], shape memory alloys (SMA) that change
their shape when heated [28, 29|, light-driven polymers [30], tendon-driven devices [15], and
fluidic actuators that can work under positive [31] or negative pressure [32].

Due to their unique properties, soft robots are considered ideal for tasks in which that
kind of adaptivity is crucial, such as in human-robot interactions, medical applications, and

agricultural tasks.

2.1 Application areas of soft robotic devices

2.1.1 Grasping devices

An example of compliance in action can be found in grasping devices [33], see Fig. 2.1.
In [34] a soft gripper is presented, in which the fingers are made of silicone. Each finger

is composed of a bellow-like chamber constrained with a flat silicone surface on the inner
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side. The geometry of the finger makes it expand on the outer side, while the internal layer
constrains this elongation resulting in a bending motion. On account of its passive adaptivity,
distributed deformation and compliance, the gripper can grasp various objects using just a
very simple (binary) control strategy and without the need for any complex sensing. The
expansion of the pressure chamber is constrained on the inner side by the strain-resistant
layer but unrestricted on the other side of the gripper. Some of that expansion contributes
to the bending, but a part of it, the radial component, is essentially wasted energy. For that

reason, researchers have tried to vary the geometry of the actuator to limit that effect.
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Figure 2.1: Examples of compliant grasping devices: (a) Universal soft pneumatic robotic gripper
[34], (b) Underactuated robotic hand for dexterous grasping, image taken from [35], (¢) a cosmetic
prosthetic hand, image taken from [15], (d) a gripper based on inflatable rubber pockets, image
taken from [36], (e) a grippers for sampling on deep reefs, image taken from [37], (f),(g),(h) and (i)
commercial grippers from Soft Robotics Inc, Wegard, OnRobot and Festo, respectively, image taken
from [38, 39, 40, 41].
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A similar physical principle is used in a human-like hand device presented in [35, 42]. In
that instance, the gripper is shaped like a human hand, and its radial expansion is limited
due to fibre embedded into the actuator walls. This efficiently constrains the expansion
and makes the strain distribution more even than can be achieved via the geometry-based
approach alone.

Another soft hand device has been proposed in [15]. In this instance the device is tendon-
driven, but thanks to its soft and under-actuated structure it can be driven with a single
motor and passively adapt to the object it handles.

Physical compliance of pneumatic actuators has also been utilised in [36]. In that work,
the authors propose a gripper that has fingers equipped with inflatable areas. Pressure in
those areas can be controlled, enabling adjustment of the fingers’ compliance that is dependent
on the manipulated object. In the presented design, despite the traditional mechanics of the
gripper, this soft modification - the introduction of passive compliance areas - reduces the
complexity of its control.

Mechanical compliance is especially important when interacting with delicate objects.
Although most soft grippers are still early stage prototypes created as academic proof-of-
concepts, there are examples of soft grasping devices used extensively in real-live conditions.
One area that is particularly well suited to the gentle touch of soft robots is underwater
sample collection [37].

There are also food handling soft grippers commercially available from companies such as
SoftRobotics Inc [38] and Wegard GmbH [39], and general purpose soft grippers that have
been developed by OnRobot [40].

Another commercially available examples are Festo Fin Ray robotic fingers that are
actuated just like traditional rigid fingers but thanks to their smart structure not only
conform to the objects they grasp, providing better pressure distribution, but also wrap

around them resulting in better grasp stability [41].

2.1.2 Human-robot interaction

The inherent compliance of soft robots is a highly desirable feature, not just because it
facilitates control and passive adaptation to unstructured environments but also because it is

fundamental to human-robot interaction.
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Collaborative devices

Robotic devices have helped humans for decades. Since the industrial revolution they have
populated manufacturing environments, medical operating theatres and domestic homes.
They execute tasks repeatedly, precisely and do not tire - indeed often outperforming their
human counterparts. But in many cases, there remains a need for human-robot collaboration.
This is a problem, because robots are usually unable to adapt to changing environment, and
therefore pose a significant threat to humans around them.

Recent trends in robotics have tried to address this with the creation of collaborative
robots, also known as cobots. This is achieved by introducing sensors and safety algorithms,
while also limiting the power of these devices. As a consequence, collaborative robots can feel
force and impact and react accordingly, but sacrifice their payload and speed as compared to
heavy industrial robots. The upside is that this increases, though doesn’t mitigate, safety for
humans working alongside them - they can still move at considerable speed and impact with
their rigid bodies can be dangerous.

While the integration of sensors and other instruments alongside power limitation has
a place, the way in which soft robotics is trying to address these issues is by creating
fundamentally different soft-bodied robots.

In [2, 43, 44] robots utilising soft pneumatic links are presented, Fig. 2.2. The main
motivation of the work presented in [44] is the reduction of the payload-to-weight ratio of
the system, with the improved user safety a value-adding bonus, whereas |2] focuses mainly
on the human-robot interaction safety aspect. Both systems are based on inflatable links
that can control their rigidity by varying their internal pressure, which can be released
when human-robot contact occurs, rendering these robots soft and harmless to the user.
The proposed design provides proof-of-concept for the stiffness-controllable links, but still
uses rigid, traditional joints. It is noted that robots with inflatable links [43, 44| have been
proposed as early as in 1990s.

Some other robots offer entirely soft structures, such as in [45] in which a robotic arm
composed of inflatable links and semi-inflatable rotary joints is proposed, Fig. 2.3. The
robot utilises traditional rotary joints that simplify its control while the actuators that are

embedded in the joints are inflatable. The robot’s links contain four chambers parallel to
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Figure 2.2: Inflatable robotic links, (a) inflatable link structure proposed in [2], (b) inflatable link
structure proposed in [43, 44].
the central axis of the link. This design allows for greater rigidity of the link when inflated
and simplifies passing pressure tubes to subsequent components. However, while the research
aims to provide a safe solution for human-robot interaction with high positioning accuracy,

the rigid structures in the joints are still create potential hazards for users.

(b)

(d) (e)

Figure 2.3: Inflatable robots: (a) a robot with inflatable links and semi-inflatable joints, image
taken from [45], (b),(c) and (d) fully inflatable robots, image taken from [46, 47, 48], (e) a robot with
inflatable links and rolling joints, image taken from [49].

In [46] another inflatable robot is presented. It contains no rigid elements at all; even the
joints are entirely pneumatic. As a result the robot is very compact when packed and easy
to deploy. Moreover, the robot can bend its joints with tendons thanks to a clever folding
design. A similar device is being developed by OtherLab [47].

A fully inflatable design is also presented in [48] in which a movie-inspired robot has been
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proposed. It is composed of links made of inflatable plastic film and is actuated by tendons.

An interesting robot design that aims to provide safe human-robot interaction while
addressing soft robots’ limitations (such as limited mobility) is presented in [49]. This robot
is based on inflatable links, but its motion is generated via rollers that change the joints’
positions rather than the lengths of the tubes. The overall length of the links in the system
remains constant so that once pressurised, the volume does not change over time and does

not require pressure supply when operating.

Wearable devices

Human-machine interaction is particularly relevant in relation to wearable devices. In
applications like rehabilitation or prosthetics, interaction is, in essence the key issue. As a
consequence, soft material robotic devices have been extensively examined in these areas, as
they offer as potential solutions on account of their properties [50],.

One of most explored areas is hand rehabilitation. In a review article [51] forty four unique
soft robotic hand rehabilitation devices were gathered, most of which use soft pneumatic
actuators to help patients close and open their hands. In [52] a soft glove is presented, which
is designed to augment hand motion for patients with grasping disabilities Fig. 2.4. It uses
pneumatic actuators reinforced with fibres, which have mechanically programmed motions
that match the requisite motion types and ranges.

In [10] a similar device was proposed, but to assist not only the closing, but also the opening
motion of the patient’s hand. The device uses pneumatic tube actuators that straighten
when pressurised for the opening motion and tendons for closing. The antagonistic actuation
mechanism enables motion adjustment, in turn, maximising rehabilitation effectiveness.

Another field of research are entire limb assistance devices. In [53| a soft exosuit is
presented that reduces users’ effort while walking. The device is tendon-driven.

A similar device, but one that uses pneumatic power and is designed for hip rehabilitation
is presented in [54]. The design uses rotary actors, and helps to reduce the muscle effort for
patients suffering from lower limb immobility.

Soft wearable suits are explored not only from rehabilitation perspectives. In [55] a
lower-body suit is presented. It is based on Bubble Artificial Muscle and designed to help

space travellers maintain physical fitness when prolonged low gravity conditions could cause
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Figure 2.4: (a) and (b) assistive gloves for patients with grasping disabilities, image taken from [52,
10], (c¢) and (d) walking assistive devices, image taken from [53, 54], (e) astronauts’ fitness device,
image taken from [55]

health issues.

2.2 Motion generation

2.2.1 Motion principles

Soft actuators come in a variety of shapes and offer various types of motion. They can expand
or contract, generating translation, bending, twisting, or rotation. These actuators are
classified according to their working principle and medium. Examples include those powered
by pressure [56, 57|, those that are tendon-driven [58, 15|, temperature-driven actuators
such as shape memory alloys (SMA) that change their shape when heated |28, 29|, state
transition-based actuators [59], dielectric elastomer actuators (DMA) [27], mixed actuators
[60], or even light-driven ones [30], as shown in Fig. 2.5.

As my research builds upon my prior work in the Stiff-Flop project [61], the focus of this

thesis is on pressure-based fluidic actuators. However, it’s worth noting that even within this
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Figure 2.5: Actuation principles: (a) pressure-driven actuator, image taken from [57], (b) dielec-
tric elastomer, image taken from [27], (¢) tendon-driven manipulator, image taken from [58], (d)
temperature-driven actuator, image taken from [59], (e) actuator driven by both pressure and tendons
[60], (f) light-driven actuator, image taken from [30]

category, there can be variations in the actuation principles used, as summarized in the next

section.

2.2.2 Fluidic actuators motion primitives

The most basic motion generated by soft actuators is expansion and contraction, as shown
in Fig. 2.6. One of the most popular soft pneumatic actuators of this type is known as
McKibben’s muscle [62, 63]. During actuation with positive pressure, their volume increases,
but the arrangement of fibres around the chamber causes the longitudinal dimension of the
actuator to contract. They are very well suited for generating high forces, but their stroke is
very limited.

Some efforts are being made to try to expand the contraction capabilities of McKibben’s
muscles [64]. The authors of the cited paper propose to compose the actuator of multiple
thin McKibben muscles braided together. Such an approach allows for an increase in the
experimental contraction ratio from 28% to 41%. The improvement is significant, but
considering different soft actuators, even the improved stroke is very limited.

Although there are many applications in which such a small stroke (41% of the initial
actuator’s length) is not a problem, there are other situations where greater flexibility is

required.
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Figure 2.6: Expanding and contracting actuators: (a) McKibben muscle, image taken from [63], (b)
braided McKibben muscle, image taken from [64], (¢) highly-deformable soft actuator, image taken
from [65], (d) fiber-reinforced actuator, image taken from [66]

A good solution for expanding the actuation range is elongating rather than contracting
linear actuators. Their design makes them elongate under pressure. They can be made of a
soft material that stretches or expands via a geometrical transformation of their structure,
when pressure is applied.

In [65] a highly deformable actuator is proposed. The actuator is a soft-material bellow
that expands when pressurised. Initially it just elongates, as would any other bellow, but
once a critical pressure is reached, it balloons, offering a totally different mode of actuation.
The idea is inspired by nature and the actuator can work under both positive and negative
pressure ranges. It is capable of volume change by a factor of 300.

Other good examples of expanding actuators are fibre-reinforced actuators [67, 66| whose
radial expansion is constrained with fibres so that they expand in the desired direction only.

Another commonly used motion type in soft robotics is bending deformation. Within
pressure-driven bending actuators, there are many possible bending principles, Fig. 2.7. One
working principle is that of bending due to asymmetrical actuation [61, 68, 69, 32|. In this

case, the structure of the actuator makes the acting forces accumulate in a specific area of
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the device. This area either elongates or shrinks to a greater extent than the other side, and
consequently, the device bends. It is worth noting that the pressure acting in the chambers
can also reach negative values. An example of an actuator working within a negative pressure

range is a vacuum actuator [32].
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Figure 2.7: Bending actuation principles: (a), (b) and (c¢) asymmetrical actuation, images taken
from [61, 69, 32|, (d) and (e) non-uniform rigidity, images taken from [35, 56|, (f) geometry-induced
bending, image taken from [70]

The bending motion can also be caused by non-uniform rigidity [35, 56]. In this case,
one side of the actuator is less extensible than another, so it elongates less when pressurised.
These devices can provide pure bending if the less extensible side is in fact not extensible at
all [35] or can combine elongation and bending in materials that can extend.

Another principle is that of bending due to the geometry of the device. In [70] an actuator
is described that has a symmetrical cross-section and no special layers of less extensible
materials (and therefore is equally affected by the actuation pressure) but is curved from the
outset. On account of its shape, it is therefore designed to bend when pressurised.

Fach bending principle has certain advantages. The first of those outlined above, for
example, enables multiple actuation channels to be housed in the same part of the robot,
equipping it with more than one degree of freedom (DOF). Consequently, not only the
curvature but also the bending direction, twist, and elongation can be controlled [61]. In the

second method the robot can use the full actuator cross-section to generate motion making it
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more effective, although the bending pattern cannot be controlled and has to be prescribed
during the manufacturing process [56].

Along with the actuators that provide one kind of motion, there are actuators that
combine many primitives, or deform in more complex way . A good example of an actuator
that does not fall into any of the proposed categories is the rapidly expanding actuator
proposed in [71] in which a soft robot powered by explosions is proposed Fig. 2.8. The
actuator in this case is a soft structure that expands rapidly in response to internal explosions

of gas, causing the robot to jump.

Protective
Shield

Pneumatic
Legs

Explosive
Actuator

Figure 2.8: Explosion-driven soft robot, image taken from [71].

It is noted that all the motions mentioned above involve deformation of the soft material
in the device. This is, however, not the only option. Actuator expansion can also be realised
by the displacement of material Fig. 2.9. The entire new class of growing/everting actuators
provide expanding motion of the actuator at one of its ends, effectively creating new portions.
In [72] a "reel actuator" composed of a pneumatic tube rolled on a reel is proposed. To
achieve extension, the tube is simply unrolled and filled with pressurised gas. Similarly, in
[73, 74] linear expansion is generated by filling a pneumatic structure that initially is folded
up inside of the activated part of the actuator. The folded part inside the active region is
pulled towards the tip and everts, adding length to the actuator. The whole process can be
repeated, giving a theoretically infinite expansion range.

Reel actuators expand by adding more material at their base, by unrolling previously
rolled-up tubing and filling with air. Everting and growing actuators are somewhat similar,
but the added material passes internally through the entire length of the actuator and forms
at the tip.

The eversion principle of growing robots can be used not only to expand the robot itself

forward but also to generate another kind of motion. In [75] an Eversive Pneumatic Artificial
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Figure 2.9: "Growing" actuators: (a) reel actuator, image taken from [72], (b) growing actuator,
image taken from [73], (c) Eversive Pneumatic Artificial Muscle, image taken from [74]
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Muscle (EPAM) has been introduced. It utilises the eversion principle of growing robots to

generate pulling force on a tendon.

2.3 Design and Fabrication

Due to its short history, there are, as yet, no well-defined accepted standards in soft robotics.
There are various designs of soft actuators and, equally, a variety of manufacturing procedures
[76], which include sewing (fabric-based designs [77]), 3D printing [78], and silicone moulding
[61]. Each technique uses specific materials and has its own particular advantages, but most
of them require considerable effort and a high degree of manual skill from the manufacturer.
One of the most commonly used techniques is moulding which usually consists of several
moulding steps to manufacture the device. If reinforcement is required, it is usually achieved
through additional steps.

There are reasons as to why silicone-based designs are so popular. First and foremost,
they are cheap and easy - the only things needed are silicone, 3D-printed moulds and certain
manual fabrication skills. Soft pneumatic robots can be actuated with a simple compressor
or even a syringe.

The problem however is that the simplest silicone-based robots are very limited in their
motion capabilities and performance. One option to improve them is to add thread or fabric
to constrain the deformation of the silicone and shape the robot structure in the desired way.

Non-extensible fibres embedded into the soft material ensure that deformation only occurs

in the direction perpendicular to the fibre. Any other deformation of the area around the
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fibre is limited. There are several soft robot examples that use this system, Fig. 2.10. For
example, in [67, 61, 56] fibres are used to pre-program the actuators’ behaviour, ostensibly
to control the direction and extent of deformation, but also to constrain the final shape of
the device. In [79] a non-stretchable mesh is used to constrain the deformation and [2]| uses
fabric to constrain the deformation of flexible pneumatic cylinders allowing for high actuation
pressures. In some cases, the addition of rigid reinforcing structures enhances soft actuators’

performance [80].

>IN Air
sealing cup 1o
empty
central
channel
pressure
pipes

Radial
fabric

Inflated
shape

Gaussian
curvature

c -0.03

(d)

Figure 2.10: Examples of reinforcement in soft actuators: (a) fibers constraining radial expansion
of actuation chambers, image taken from [61], (b) fabric mesh constraining expansion of structural
pneumatic robotic links, image taken from [2], (c) elastomeric pneumatic fingers reinforced with rigid
structures, image taken from [80], (d) fabric mesh constrains and pre-defines the morphing shape of
2D elastomer sheet into 3D shapes, image taken from [79].

The reinforcement can be added to the actuator at any stage of the manufacturing process.
The most straightforward approach is to make the soft structure and then wrap it with fibre
or fabric, as proposed in [52], Fig. 2.11. This is, however, a very time-consuming task. In
many cases, given that an inextensible structure (e.g. a thread) is applied to a soft surface
(e.g. a soft actuation chamber wall made of silicone), it is highly likely to create unwanted

stresses and tensions in the actuator body. Another option is to incorporate the reinforcement
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within the soft structure. In the case of cylindrically-shaped robots, this can be achieved by
wrapping a thread around a rigid cylindrical rod, covering it with soft material, removing the
rod, and then creating a secondary soft layer inside the reinforcement. In this way no stresses
are induced, as the rod does not deform while being wrapped and the thread itself does not
stretch even if some tension is required during the wrapping process. This approach improves
reinforcement manufacture. However, it requires additional core wrapping operations and an
extra moulding step to create both sides (internal and external) of the actuator.
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Figure 2.11: Fiber reinforced actuator fabrication procedure proposed in [52]

Embedding any reinforcement into the actuator adds complexity to the manufacturing
process. Moreover, due to manufacturing constraints, most of the reinforcement methods
proposed so far lead to relatively basic structures that constrain the deformation in a very
simple way, and as the process is currently still largely involves manual effort, repeatability
is poor.

An ideal solution would be to fabricate soft robot prototypes using additive methods
such as 3D printing. Some technologies enable printing with very stretchable materials |78,
81, 82|, but parts with complex shapes and internal voids are still challenging to achieve
via this approach. In [83| a 3D printer modification that enables printing with silicone and
reinforcing it with thin layers of filament has been proposed. The structures are printed on a
rotating rod which limits the geometry to that of a cylinder. In [84], a printing technique

is proposed using a combination of various materials thereby enabling the printing of soft
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structures that are reinforced with fibres.
The key problem is that all the aforementioned approaches rely on custom-made 3D
printers that are either not commercially available or very expensive, making them inaccessible

to the wider soft robotics engineering community.

2.4 Stiffening of soft pneumatic actuators

Soft robots have enormous potential in fields where interaction between device and envi-
ronment needs to be gentle. They are compliant and adapt easily to surrounding objects -
seemingly ideal alternatives to traditional rigid robots. The problem, however, is that for
many potential applications, while there is a requirement for robot-environment interaction
to be gentle and compliant, there is also a need for force exertion. A trade-off situation
therefore exists between compliance and maintaining shape, position and force exertion. The
goal is therefore to develop stiffening mechanisms that allow for an on-demand reduction in
compliance in favour of an increase in strength.

One of the popular research approaches in soft robotics is to draw inspiration from nature,
as there are many examples of highly efficient soft-bodied animals and animal body parts -
among them elephant trunks, octopus arms and snakes - that are all soft-structured but able
to stiffen and exert force when required. With this in mind, several stiffening mechanisms
have been proposed, all providing capabilities similar to their biological counterparts.

These can be arbitrarily classified as ‘passive stiffness change’ or ‘active stiffness change’
systems. Passive stiffness change devices are those whose physical properties change as
the device moves from one working point or state to another - in which it has different
characteristics - and maintain that (stiffer) state as long as required.

One of the most popular approaches within this category is based on jamming. Jamming
refers to the locking of the structure’s shape by squeezing physical elements together so that
the structure’s body stiffens due to the increased friction caused by the jamming force [85, 86,
87|, Fig. 2.12. There are various systems of this type, among them devices based on granular
jamming [88, 89|, layers jamming [90, 91] or jamming of macro-scale structural elements like
scales or ossicles (92, 93]. Another approach is based on stiffness or state transition as a

function of the temperature of the material used (|94, 95, 96, 97]). These methods, however,
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are energy sapping and relatively slow, due to the need to factor in heating and cooling times.
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Figure 2.12: Examples of passive stiffening mechanisms: (a) granular jamming mechanisms, image
taken from [89, 88|, (b), (c) layer jamming devices, image taken from [91, 90], (d) macro-scale ossicles
jamming, image taken from [90].

Another approach to stiffening, which could be classified as an active mechanism, is to
combine antagonistic actuation methods, Fig. 2.13. In this scenario two or more actuators
act against each other and the change in stiffness is achieved by increasing their actuation
magnitude simultaneously so that they cancel each other out while their working point moves
in a non-linear way towards lower or higher stiffness. This approach allows the geometrical
configuration to remain unchanged, while the effective stiffness increases. One such example
is the combination of pneumatic pressure applied to chambers along with pulling tendons [60,
98]. The chambers try to expand when pressurised, but the opposing tension of the tendons
pulling back increases stress in the system, making it more rigid. This effect can also be
achieved by using two similar actuators acting against each other, just like muscles powering
joints in human bodies, or pneumatic actuators moving a rotary joint as presented in [99,
100].

Stiffening based on the antagonist principle requires some redundancy in the system

as it entails at least two actuation elements acting against one another. Passive stiffening
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Figure 2.13: Active stiffening mechanisms. (a) and (b) antagonistic pressure and tendon driven
actuation, images taken from [60, 98], (c) and (d) same kind actuators (pressure driven) acting against
each other, images taken from [100, 99]

mechanisms are simpler in that they require just one actuation method and no active control,
but also suffer from significant drawbacks. These mechanisms work both in parallel with,
and independently from, the actuation mechanism, so that they can be in compliant mode
during actuation, but then rigid once stiffened. Stiffening affects the whole structure so that
actuation is increasingly limited as the device stiffens. There is no possible way to gain
advantages from both modes simultaneously, i.e. the device has to move while in its soft
state, but to resist significant external disturbances it has to then shift into its stiffened
state. This kind of stiffening mechanism works independently of the actuation, and can be
activated regardless of the current actuation state. It doesn’t however work in reverse - once
the device is stiffened, actuation is limited accordingly.

There are recently published works that try to improve this situation and couple both
actuation and stiffening by taking advantage of jamming, Fig. 2.14. One of the examples is

[88] in which particles are squeezed by expanding an actuation chamber. A similar mechanism
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is presented in [101] in which an inflatable structure is equipped with patches composed of
many layers that are connected via valves to both the atmosphere and the internal chamber
volume. Those patches can be selectively jammed depending on the valve states. The last
two examples allow for smarter stiffness control as they do not require an energy source
beyond the actuation mechanism itself. They are, however, still parallel mechanisms.
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Figure 2.14: Stiffening mechanisms co-existing with actuation. (a) granular jamming based on the
actuation chamber expansion, image takend from [88], (b) stiffening based on the actuation pressure
and activation valve, image taken form [101].

2.5 Bio-inspiration and bio-mimetics

In nature, many organisms use compliant joints, soft structures, and distributed deformation.
As researchers in soft robotics need to achieve similar features and effects in their designs, it
is unsurprising that many devices have bio-inspired origins [102, 103, 60, 104, 105, 106, 107].
Certain organisms and biological structures have been of particular interest, examples being
octopuses, jellyfish, mantas, fishes and snakes, elephant trunks, muscles and tongues.

One of the oldest bio-inspired soft robotic mechanisms driven with pneumatic power
is McKibben muscle [62]. These muscles are composed of an extensible pneumatic tube
constrained with a mesh. The fibres in the mesh are arranged so that the pressurisation of
the internal bladder leads to an increase in the diameter of the device and, in turn, to a
decrease in its length caused by reorientation of the fibres. This particular design has aroused
a great deal of research interest due to its workings which are highly analogous to how actual
human and animal muscles work.

One of the bio-inspired soft robotics trends worth mentioning is the antagonistic actuation
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principle. Many animals can change their physical properties through simultaneous activation
of complementary systems. For example, an octopus’ tentacle contains various muscles that
enable several types of motion, including contraction and extension. Simultaneous actuation
of those muscles leads to a change in stiffness of the tentacle’s tissue [108].

Indeed the octopus’s ability to control stiffness underlies many soft robotic designs. In
[109] an octopus robotic arm is presented that uses two types of pneumatic actuators in its
continuously deforming segments. One of the actuator types enables extension while the
other one contraction. In [1] a pneumatic tentacle equipped with tendons is presented. The
internal pressure makes it expand, while tendons enable contraction. Simultaneous actuation
of both systems leads to stiffening.

Another example of a bio-inspired soft pneumatic device is the Stiff-Flop robot [68]. This
medical manipulator, designed for minimally invasive surgery, is inspired by the elephant
trunk and octopus tentacle. The manipulator consists of several consecutive modules, each
of which can bend in any arbitrary direction as well as elongate, providing three degrees
of freedom per module. Each robot module is composed of three independent actuation
chambers reinforced with fibres that elongate when pressurised. Modules of the robot can
be customised by increasing the number of actuation chambers to increase the actuation
capabilities, by adding stiffening chambers alongside the actuation chambers, or by equipping
them with sensors.

In many cases, it is the overall structure of the organism rather than the working principle
that is the source of inspiration. For example, in [31] a pneumatically driven soft manta
robot is presented, Fig. 2.15. The main part of the robot’s body are the wings that generate
forward thrust when actuated. They bend up and down thanks to embedded soft fluidic
actuators arranged in an antagonistic manner to achieve actuation in both directions. As
with the actuators, the wings are composed of a passive, compliant membrane that follows the
motion of the actuators and generates the flow in the surrounding water. The actuators are
reinforced with fibres that help enhance the actuation process and minimise any side effects
of pressure acting on the soft walls of the pressure chamber. A soft robotic fish presented in
[110] is also powered with compressed air, although the required medium is stored onboard,
making it a self-contained, cordless device.

Beyond animal and body-part inspired ideas, there have been recent developments in
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Figure 2.15: Bio-inspired soft devices. (a) bio-inspired manta robot, image taken from [31], (b)
bio-inspired fish robot, image taken from [110], (¢) and (d), plant-inspired growing robots, images
taken from [73, 74]

regard to plant-inspired designs. In [73] a robot composed of an inverted thin-walled vessel
that everts from the tip when pressurised is presented. Its working principle mimics the
growing mechanism of plants and enables friction-less manoeuvering in clattered environments.

A device based on a similar growing principle, but also capable of bending is presented in
[74]. In this instance, the robot features an integrated actuation mechanism composed of
inflatable patches that can be filled with air after deployment of the main robot’s structure,

causing its wall’s effective length to shorten and, as a result, bend.

2.6 Summary

Soft robotics is an emerging field that holds great potential, particularly in the realms of
wearable and collaborative devices where safe interaction with humans is crucial. Soft robots
also present a promising alternative to their rigid counterparts in unstructured environments,
as their compliance and adaptivity can potentially simplify complex tasks.

However, this compliance and adaptivity come with certain drawbacks. A trade-off exists
between compliance and strength; when a significant amount of force must be exerted, the
softness of these robots becomes problematic. Consequently, numerous stiffening mechanisms
and strategies have been proposed.

Soft robots exhibit a wide range of shapes and employ various actuation technologies and
stiffening mechanisms, each with its own set of challenges. Various fabrication techniques for
soft devices have been proposed, many of which are adopted from other fields such as sewing,
silicone moulding, or 3D printing. These techniques, however, were originally intended for
purposes other than soft robotics, necessitating adaptation and the establishment of new

design principles.
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Designing soft robots is challenging for several reasons, one of which is that the material
deformation required to actuate soft robotic devices often results in not only the desired
deformation but also undesirable outcomes, such as ballooning. As a result, soft robot design
frequently necessitates some form of reinforcement, further complicating the design and
fabrication process.

One approach to addressing these issues is bio-inspiration. Biology has produced numer-
ous highly effective soft structures that have subsequently been emulated by soft robotic
researchers, examples being animal muscles, elephant trunks, and plants.

The objective of this thesis is to advance the design and fabrication of soft actuators and
improve their stiffening capabilities, thereby bringing the practical application of soft robots

closer to reality.
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3.1 Introduction

The soft and compliant nature of soft robots calls for non-standard actuation methods.
Traditional actuators, such as electric motors and hydraulic cylinders, can not easily be used
in conjunction with soft robotic systems without introducing an element of rigidity - precisely
the feature that we are trying to eliminate in soft devices. For that reason, novel actuation
methods need to be developed. Several options have already been proposed, including those
that use tendons, shape memory alloys, or electroactive polymers. One of the most popular
ideas is that of fluidic actuators reinforced with fibres, which offer several advantages when
compared to other solutions.

My investigation into soft actuators stems from the STIFF-FLOP project, which aimed
to create a device for minimal-invasive surgery (MIS) that fulfilled specific criteria, including
small dimensions, flexibility, and squeezability, while also conforming to the requirement
of avoiding the use of metallic parts or electrical components to maintain compatibility
with Magnetic Resonance Imaging (MRI) scans [111]. A comprehensive examination of the
available actuation technologies conducted in the period 2013-2014 resulted in soft fluidic
actuators being selected as the target solution.

In table 3.1, a concise comparison of various soft actuators from the perspective of MIS is
presented.

My PhD research builds on my work in the STIFF-FLOP project, and for that reason, it

focuses mainly on soft fluidic actuation and stiffening.
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Table 3.1: Comparison of different soft actuation technologies, based on [111].

Technology Advantages
- High force-to-weight
Tendons - Compact

- Miniaturization possible
- Compact

SMA - Low voltage activation
- High force-to-weight

EAP - Scalable

- Fast response

- Soft
- Actuated with vacuum
Vacuum actuators ) o
no risk of contamination

- High force to weight ratio

- Entirely soft and squeezable

- Can be actuated with

a human-safe medium

Fluidic actuators

- Elongation possible
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Disadvantages
- Some rigidity required:
- Tendons attachment
- Tendons shielding
- No elongation possible
- High activation temperatures
- Low fatigue life

- Need of efficient heat dissipation
- High activation voltage

- Limited actuation pressure range
- No elongation possible
- Not squeezable
- Not very well known
at STIFF-FLOP times

- External pressure source required
- Risk of leakage/burst
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3.2 Fibre reinforced actuators

The most basic soft fluidic actuators are able to provide linear actuation (expansion and
contraction), bending, and twisting. In fact, any airtight tube made of flexible material can be
considered an extendable actuator [65], Fig. 3.1(a). Adding a braided sheath converts it to a
contracting McKibben pneumatic muscle [62], Fig. 3.1(b), while adding a fibre reinforcement
perpendicular to its central axis makes it a linearly expanding actuator with limited radial
expansion [66], Fig. 3.1(c). The further addition of strain limiting layers or fibres at certain
angles allow for bending or twisting motion [35], Fig. 3.1(d), though these capabilities can
also be induced by the actuator’s geometry, such as asymmetrical actuation chambers or a

curved, toroidal shape.
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Figure 3.1: Examples of pneumatic actuators. (a) pneumatic ‘giant deformation’ bellow actuator
[65], (b) McKibben muscle [63], (c) double-helix fiber-reinforced linear actuator [66], (d) double-helix
fiber reinforced bending actuator|35].

(d)

Each technology has its benefits and limitations. For example, bellows-based actuators
have a very simple structure in the sense that they do not require any additional reinforcing
structures. They deform purely due to their geometry and the flexibility of the material
they are made of. On the other hand, since their working principle is based on their folded
body, they cannot be simply submerged into a more complex soft robotic device, and their

outer geometry needs to be able to unfold during actuation. Fiber-reinforced actuators, on
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the other hand, rely on the stretch of the material they are made of. They can be easily
integrated into a soft robot body without violating their working principle. Their outer
surface can be smooth, which helps to decontaminate the soft robotic device when needed
and reduces the interaction forces when actuators need to move relative to external objects,
while they could create significant forces with the indentation of bellow actuator.

Advantages and disadvantages of various fluidic actuator technologies have been briefly
summarized in table 3.2.

Table 3.2: Comparison of fluidic actuators

Actuator Advantages Disadvantages

limited stroke,
McKibben muscle high forces )
only contraction

positive and negative . .
. not trivial integration,
Bellow actuators pressure actuation range,
. o complex external surface
simple fabrication

complex fabrication,
. . smooth outer surface, . .
Fiber reinforced actuators ] ) easy integration
high pressures possible .
with complex structures

Given the ease of integration into a silicone structure and the capability of elongation,
which were the requirements in the STIFF-FLOP project, as well as the smooth outer edge
being a desired advantage, fiber-reinforced actuators were chosen as the most promising

actuation technique.

3.2.1 Linearity of the actuator’s response

One of the considerations when discussing actuators in general is their response characteristics.
Such characteristics describe the actuator’s output as a function of the input signal. In the
case of the discussed fluidic actuators, the input signal can be pressure or volume of actuation
media and the output, depending on the specific design, can be translation, rotation, force,
etc. One of the features of such a response is its linearity, meaning how similar the output is
as a function of input to a linear function. In work prior to my PhD, I have been working
with soft actuators that had non-linear characteristics that led to a number of issues.

The actuator I worked on was specifically an early prototype of the STIFF-FLOP

manipulator. Its bending angle was controlled with pressure, and its bending response is
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presented in Fig. 3.2.

120
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Figure 3.2: Non-linear characteristics of initial STIFF-FLOP prototype. (a) plots, image from [61],
(b) STIFF-FLOP design, image from [112]

As shown in the plot, the input pressure range for the initial prototype of the STIFF-
FLOP manipulator is approximately 0.3 bar, with most of the bending occurring between
0.15 and 0.25 bar for single chamber actuation and approximately 0.15 and 0.3 bar for double
chamber actuation. As a result, a given pressure change in the 0.15-0.3 bar range results in
a significantly larger bending change compared to the same pressure change in the 0-0.15
bar range. While model-based control can address the non-linearity, errors in input pressure
or variability between actuators can result in significant output errors. This highlights the
importance of optimizing the linearity of the response of fluidic actuators. Please refer to
Fig. 3.3 for a comparison of linear and nonlinear actuator characteristics. It can be inferred
from the observed non-linearity of the response of fluidic actuators that optimizing the

linearity of their response is an important objective.
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Figure 3.3: Example of linear vs nonlinear characteristic actuators of the same input and output
range. (a) variability of the output with respect to the error in the input value, (b) variability in
the output with respect to the differences between actuator instances. Note how the corresponding
error or variability in the actuators affect the output error for both, linear and nonlinear actuators. 4
stands for input value and o; & o,, are outputs of linear and nonlinear actuator respectively.

This section outlines the design choices and fabrication techniques that are implemented
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throughout the thesis. The work described in this section is based on research previously

published in [113].

3.2.2 Reinforcement

In the case of positive-pressure-driven soft actuators, deformation is caused by the application
of internal pressure to a pressure chamber. The pressure acting on the internal chamber
surfaces generates forces that stretch the device. As the pressure within a closed volume in a
passive state can be considered constant, those forces are distributed equally on the internal
surface of the actuation chamber. For that reason, the actuator tends to deform not only in
the desired direction but also in all other, often unwanted, directions (ballooning) Fig. 3.4(a).
Pneumatic actuators therefore often contain structural elements that are designed to amplify
the desired motion and limit any other deformation of the device. These design add-ons can
be made of the same material the actuator itself (e.g., geometrical reinforcement via bellows,
ribs or groves), Fig. 3.4(b), but can also be constructed from fibre, fabric, paper, or plastic

Fig. 3.4(c) and (d).
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Figure 3.4: Examples of reinforcement. (a) no reinforcement, ballooning. Image from [112], (b)
soft actuator reinforced with internal ribs of the same material, image taken from [114], (c) fiber
reinforced actuator, image from [69], (d) fabric-reinforced actuator, from [60].

This thesis predominantly explores fibre reinforcement, as it offers many highly desirable

features.
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Consider a fiber that is flexible but not stretchable, such as a polyester fiber. Such
a fiber can restrict tangential extensive forces but cannot resist bending or compressive
loads. Therefore, embedding fibers into a soft material of actuators has little effect on its
squeezability or passive stiffness response to external loads, but it does reduce material
expansion along the fiber direction. Two important factors that influence the behavior of the

fiber embedded in the soft fluidic actuator are reinforcement geometry and density.

The reinforcement density

The fibres embedded into the silicone have a constraining effect on silicone deformation. As
the silicone is both flexible and stretchable, this effect is strongest in the immediate area of
the fibre, though reduces as we move away from it. By way of example, consider a cylindrical

actuator reinforced with circles made of a thread as depicted in Fig. 3.5 (b) and (c).
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air pressure air air

base inlet

(a) (b) (©)

Figure 3.5: Comparison of sparse and dense reinforcement applied to an expanding actuator. (a)
No reinforcement, ballooning, (b) sparse reinforced actuator, expansion between the reinforcing rings,
(c) dense reinforced actuator, no expansion between reinforcement rings.

When the actuator expands, the distance between subsequent fibres grows accordingly. If
the initial reinforcement density is sparse (as shown in Fig. 3.5b), it becomes even sparser
during actuation, allowing the pressure to expand the chamber in between the reinforcements
(ballooning). Increasing the density of reinforcement threads does improve the situation,
as smaller gaps between the threads limit the expansion. Ballooning is a problem, as it
induces nonlinear behaviour in the actuator, leading to more intensive wear and tear of the
flexible material in the areas in which it expands more (balloons) and also increases stress,

resulting in lower operating pressure limits for the device. The conclusion is that the denser
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the reinforcement is, the greater the ballooning restraint effect.

On the other hand the ballooning causes the actuator diameter to increase Dy — D1,
see Fig. 3.6. Increased diameter causes the cross-section area to grow in a rate proportional
to the diameter, A oc D?. The force generated in the given cross-section is proportional to
the pressure and the cross-section area, F' = AP. As the result, the actuation response is
amplified. Assuming the area grows proportionally to the internal pressure, the force in the
cross-section would grow in a rate of the square of pressure value F o< P?.

This could be seen as a means of obtaining actuators capable of generating higher forces
and greater extension or bending under the same input pressure. However, it must be noted
that the ballooning effect causes the radial dimensions of the actuator to expand during
actuation. Therefore, if a higher level of force is required, it would be more appropriate
to use a larger actuator retaining the advantages of dense reinforcement such as linearity,

reliability, and durability.

-_,,\-..
\

/

-

initial / expanded
cross-section Cross-
D0 section D )

Figure 3.6: Ballooning impact on the actuator geometry

Reinforcement - local interactions

Fibers arranged tightly constrain the strain of the soft material better. On the other hand,
when the soft matter of the actuator stretches and fibers move apart, the material in close
proximity to the fibers needs to stretch as well. If the fibers are touching each other, the

thickness of the silicone in between them is zero at the contact point and close to zero near
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that point. Any elongation of the soft material in that region results in notional infinite
strain. Infinite strain indicates infinite stress, and in such a case, the adhesion between fibers
and the silicone can be easily broken, and the structure of the reinforcement fails. During
my research, I tried different kinds of threads, and one of the approaches was to test the
thinnest threads possible to increase the density of the reinforcing structure. Those threads
were very thin and sleek. The structures made using those threads were failing at a very low
number of cycles, and the first symptoms of failure were outer and inner layer separation. An
example of such an actuator is presented in Fig. 3.7(d). Note that despite the large expansion

(approximately 300%), the reinforcement density remains high.

Fibers touching Large strain between

each other fibers
o
2
3 Adhesion between fibers
5 and silicone breaks
Zero silicone @
thickness between fibers
(a) (b)
* Silicone layers
separated
o)
.8
©
<
<
= Fibers structure
* broken
(c) (d)

Figure 3.7: Local interactions of sleek, densely arranged fibers. (a) passive state, fibers in contact,
(b) material stretched, the adhesion between fibers broken, silicone layers separated, (c) relaxation,
material broken, (d) Example of broken actuator (one of STIFF-FLOP chambers) where the internal
layer and external layer have separated and broken - fibers still attached to the internal layer.

The problem of an infinitely thin layer of silicone between fibers can be addressed by
applying hairy rather than sleek threads. When using hairy threads, the silicone material
penetrates the reinforcement structure and creates a mesh, rather than a sharp transition
between the silicone and fiber material. Thanks to that, the strain is distributed and stresses

are reduced, but also the adhesion between fibers and silicone is improved. Even if the bond
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between fiber and silicone is broken locally, there is a high probability that the hair around
this region will remain integrated with the silicone and prevent the overall structure from

breaking apart (Fig. 3.8).

=
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<
=
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[}

Figure 3.8: Local interactions of hairy, densely arranged fibers. (a) passive state, silicon can
penetrate threads and in between them, (b) elongation, the silicone net between fibers stretches,
but does not break, fibers kept in place, (c) an example of ‘hairy’ polyester thread, (d) microscopic
image showing a single strand of the thread, (e) silicone reinforced with this thread in passive and (f)
stretched state. Note how the thread stretches radially during deformation along with the silicone
that penetrated the thread.

It should be noted that in Section 3.5, the interaction of the printed reinforcement and
the silicone exhibits similar behavior. Even though the bond between the nylon and silicone

material is weak and breaks when the actuator elongates, the overall structure remains intact

and prevents the reinforcement from moving from the designed location.

The reinforcement pitch

Most commonly, reinforcement of fibre-reinforced actuators uses single threads. There are
no individual rings but consecutive sections of a helix. Thus the actual overall shape of the
reinforcement is helical, and the thread is not perpendicular to the actuator axis but inclined

to some degree «, Fig. 3.9. It is important to note that this angle « is not constant and
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changes as the actuator elongates.

(a ()

~
o

.

(e

elongation

Figure 3.9: The reinforcement in most fibre-reinforced actuators has a helical geometry. (a) The
sparser the reinforcement is, the bigger the pitch angle « value. (b) The pitch angle determines the
actuator’s behaviour. The deformation is constrained only in the direction of the fibre (red axis) and
not affected in the perpendicular direction (blue axis). (c) The elongation causes the pitch angle to
increase, so the effect increases. From [113].

As already mentioned, the fibres can only constrain expansion in the tangential direction.
As they are not perpendicular to the direction of actuation, nor is the tension they generate,
and therefore in addition to constraining radial expansion, they also cause the actuator to
twist, see Fig. 3.10. Consider an imaginary line cut along the actuator’s pressure chamber. If
the resulting rectangular membrane is put flat on a surface, it will be seen to contain a set of
straight sections of fibres, all parallel to one other. All of them are angled, on account of the
original, helical shape of the thread. As only expansion in the direction parallel to the fibres
is constrained, if a uniform stretching net force was applied to the membrane, the consequent
deformation would change the shape of the membrane, as the deformation direction would be
perpendicular to the fibres, as depicted by the green arrow in Fig. 3.10. If the membrane was
rolled back up to recreate the chamber and stitched along the cutting line, it would become
evident that the line is no longer straight, and that in addition to elongation, the actuator

would also have been twisted.

<—>p ! twist

uouezuniseld*
@

Figure 3.10: Explanation for twisting motion resulting from angled fibres. From [113].

The considered case assumes that the imaginary stretching force is applied uniformly
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on the unrolled membrane. In this scenario, the relationship between elongation and twist
in the device can be described by the sin(a) and cos(a) functions of the a angle. The

elongation of the actuator along its primary actuation axis is proportional to the cos(«)

sin(a)

~—, where r is the radius of the actuator’s

function, while its twist angle is proportional to
chamber. However, in reality, the internal pressure acting on the reinforcement pushes it
towards diameter increase, causing the helix to uncoil. This results in normal and shear
stresses in the membrane, making the actual case more complicated.

It is important to note that single helical reinforcement can never lead to pure extension
as angle o will never be zero. Therefore, some element of twist is inevitable. However, by
increasing the reinforcement density, we can reduce a so that sin(a) > cos(a), and in doing
so reduce the twisting motion to an acceptable level. There may be instances in which twist is
desired [56, 67, 115], but often it is not and requires an additional reinforcement helix, in the
opposite direction, to compensate [35, 116] - a further reason to consider dense reinforcement.

Interestingly, similar phenomenon can be used to not constrain the radial expansion, but
to generate contraction. In case of McKibben muscles, the flexible and extensible actuation
chamber is braided with a sheath composed of fibers creating helixes in opposite directions.
The steep pitch angle of the fibers allows the actuation chamber to increase its diameter,
which due the the fixed length of individual fibers leads to the contraction of the actuator’s
length, [117]. The 54°44 pitch angle of the fibers, also referred as a ‘neutral angle’ is the
angle at which the radial and axial forces are in equilibrium and increase in the actuation

pressure does not cause any contraction or elongation of the actuator. This is also the reason

why the theoretical contraction limit of McKibben actuator is approximately 42%, [117].

3.2.3 The actuation chamber cross-section geometry

The actuation of soft actuators is based on deformation of their soft bodies. The cross-sectional
shape of the actuator chamber therefore changes during the actuation process, though in the
case of fibre-reinforced actuators, this effect is constrained by fibres. Its perimeter length is
constant and has the same value for passive and actuated states. Since the pressure inside
the actuation chamber acts to increase the internal volume, the cross-sectional geometry of
the chamber will tend towards a shape with the largest area within the constrains of the

constant perimeter. That will always be a circular shape, which is indeed the only geometry
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that would not undergo change, see Fig. 3.11.

ESTRM

3.000e-01

. 2.705e-01
— = 2.A09e-01
3.0902-01

L 181901

2.174e-0

1.523e-01
1.228e-01

|
. 8.326e-02

6.373e-02
s
| 2420202
A.66%e-03
(a) (b)

1.500e-01

1.428e-01

=
=
1.024e-01

. 1.356e-01

. 1.284e-01

ESTRM
L 1.212e-00
1.13%-0
1.067e-0

L 5.952e-02
8.230e-02

8.50%-02

T.788e-020
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Figure 3.11: Process of pressure chamber deformation during pressurization. Rectangular cross-
section (a) converges towards circular when pressurised (b). Note increased strains, especially in
corners. Circular cross-section (c) does not change when pressurised (d). Simulation in SolidWorks
2021, standard library rubber material, no reinforcement simulated. Notice approximately 4 times
larger strain in case of rectangular cross-section when compared to the circular one (scales are not
equal).

The resulting non-linearity in the actuation process creates additional strain, especially
in the corners, which increases local stress and the potential for increased wear and tear of
the material in those areas.

Such local strain might seem like a relatively insignificant issue, as the hyper-elastic
materials used for soft robotics can, in many cases, handle very large deformations. However, it
still should be taken into account when designing soft actuators, as cross-sectional deformation
could cause severe issues in relation to actuation and interfere with sensors [61].

Another property affected by the variable cross-section is the linearity of the actuator’s
response, similarly to what was discussed in the case of ballooning. The transformation
to a circular cross-section results in the actuaion are’s growth, which, in turn, amplifies

the response in the actuation region where the cross-section deforms. These processes are

discussed in more detail in Section 3.3.
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3.2.4 Fabrication

Most fabrication techniques for soft actuators reinforced with fibres involve multiple manual
operations. As a general rule, this is somewhat undesirable given that manual steps are a
potential source of inconsistency and errors, and labour is a costly element in production. I
have therefore proposed several improvements that reduce the amount of the manual work
necessary in the manufacture of the device, and that, as a consequence, increase the reliability
of the process.

Conceptually, the simplest and most popular way to reinforce a soft actuator with fibres
is to create its body and then add the reinforcement. However, this approach is very slow and
labor-intensive. Moreover, applying non-stretchable fibres to the soft body of the actuator
causes compression of the soft material. This is because the fibre has to be under some
tension during the process in order to keep it straight and remain attached to the actuator.
A fiber experiencing no tension would become loose, resulting in an uneven distribution on

the actuator, as shown in Fig. 3.12.

supporting core
soft actuator

\:@ / @ no tension,
tension present, fiber loose
N—" fiber straight N— /

J
& y/
reinforcement uneven arrangement
\Ej/ arranged evenly \Ej/ of the reinforcement
(a) (b)

Figure 3.12: Manual winding process, tendon under some tension in (a) vs no tension at all in (b).
Some tension is required to keep the thread straight and control the winding process.

It could be argued that the fiber application process could be conducted with a dedicated
winding machine, where the tension can be precisely adjusted, but most fabrication processes
described in research papers use manual procedures. Therefore, great care needs to be
taken during the manufacturing process. Although internal material tension is relatively
insignificant when the reinforcement is sparse, it can become problematic if the reinforcement

has to be dense - see Fig. 3.13. This is because the tension required to wind the fibre
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around the actuator squeezes the soft body of the actuator pushing the material sideways.
When the reinforcement is sparse, this might not be considered a significant problem as the
additional material has plenty of space between the fibres to spread - see Fig. 3.13a. When
the reinforcement is dense, however, and the fibres are close to each other, the material is
pushed forward ((1) in Fig. 3.13b) to the point where the internal stress begins to push fibres
apart, allowing soft materials to squeeze through and out - see ((2) in Fig. 3.13b). This often

results in reinforcement inconsistency and might likely be a reason for later failure.

(a)

Figure 3.13: Manual thread deployment on the soft body vs stress and deformation. (Fig. 3.13a)
sparse reinforcement, pressed material dissipates between fibres, (Fig. 3.13b) dense reinforcement,
pressed material is pushed in the direction of winding (1) which leads to potential inconsistencies in
the reinforcement (2). From [113].

In view of this, I propose to reverse the order, creating the reinforcement first, and the
soft actuator’s body thereafter. This can be done using a rigid moulding core - the fibre’s
tension creates no deformation on the core, and the entire manufacturing process can be
automated, see Fig. 3.14.

Once the fibres are wound around the rods (a), they are covered with silicone material (b)
and then the core is removed (c). As the friction between the rod and the silicone material
is usually significant, extracting the rod could damage the reinforcement by dragging the
threads out of the pressure chamber. The cylindrical rods can however be split into three
parts to protect the reinforcement structure and facilitate removal. The internal part is
removed first (while the external parts are still attached to the reinforcement), after which
the other two become loose and can be removed under low tension. If the diameter of the
chamber is small, the reinforcement-damage issue can also be solved by using smooth rods
(e.g., polished metallic rods) or conical rods (which can be easily removed by pulling out the
wider end). Metallic rods are a good solution for cylindrical actuators of standard dimensions.

However, other techniques, 3D printing, in particular, allow for much more flexible designs
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like curved shapes or variable diameters.

After removing the internal moulding cores a smaller core is inserted into the actuator
(d). The volume between the fibres and the core is filled with new silicone material. This
creates the actual pressure chamber internal wall. After the material has been cured, all the
mould parts are removed, and the actuator is closed at both ends by dip moulding or glueing

caps made from stiffer silicone (e).

outer mould core removal process
(c) -inner part removed first

1
o]

(@) reinforcing fiber

silicone layer on top

multi-part core
P of the reinforcement

(d) ®

finished actuator

\u\'J

actuation chamber
with fibers

OO
XYY Y XX YYXYY

embedded top and bottom
/ caps
inner chamber moulding
with smaller, single-part core ™~

inlet

Figure 3.14: The actuator fabrication stages. (a) reinforcement winding using a rigid, multi-part
rotating core, (b) external silicone layer casting, (¢) core removal, internal core being removed first to
prevent damage of fibers, (d) internal silicone layer casting (preventing the reinforcement from being
detached from the outer layer), (e) attaching pre-moulded caps, (f) final product.

3.2.5 Summary

The design features (circular cross-section, dense reinforcement) and manufacturing approach
outlined in this section are based on the experience I have gained during my research and are
complementary to each other. They have been successfully deployed in the studies further

described.
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The described solutions address the issues I encountered in my research, though these
issues are typically found across the literature pertaining to most similar designs.

The following sections of this chapter discuss implementation of the general design
described here and expand upon manufacturing techniques by introducing 3D-printing of the

reinforcement and additional stiffening structures.
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3.3 Rotational actuator

Rotation is a widely used motion type in nature and in human-made devices, involving the
movement of one rigid body around a specific axis with respect to another body.

This motion is easy to implement and efficient, which explains why it is extensively
utilized by various machines. Electric or combustion motors primarily work through rotation,
and if any other kind of motion is required, it is usually generated by a rotating motor and
transmitted via a mechanism to produce the desired motion type.

In nature the situation is slightly different, as the motion is in most cases generated by
muscles that contract. Their linear motion is applied to bones that pivot around joints, and
that way linear motion is transformed into rotation.

Soft robotics muscles have been shown to be capable of generating rotation in a similar
way to their biological counterparts [118]. However, in soft robotics, the use of rigid links is
often undesired, and a direct rotation generation would be preferable.

In this section, I describe the design of a rotary soft actuator that can be used in
applications requiring rotational motion. The actuator’s design was utilized to assess the
impact of geometry and reinforcement density on the actuation process.

The actuator described in this section has been developed as a potential replacement for
traditional electric servomotors used in a robot based on soft-inflatable links [2], Fig. 3.15
and has previously been published in [119].The actuator described in this section has been
developed as a potential replacement for traditional electric servomotors used in a robot

based on soft-inflatable links

Soft inflatable links Rotary actuator

Rotary actuator

Joint

Figure 3.15: The potential application of soft rotational actuator. From [119].

The design and manufacture of this actuator were based on the guidelines described in
Section 3.2 The device comprises three main parts: the actuation chamber, the tip, and the

base Fig. 3.16, see Fig. 3.16. The actuation chamber is made of soft silicone EcoFlex 0050
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(Shore 00-50), while for the base and tip, relatively stiff silicone - SmoothSill 940 (Shore 40
A) - was used. These chosen materials allow the actuation section to deform under pressure
while stiffer material used at tip and the base prevent both ends from deformation. The
actuation chamber is reinforced with a polyester thread that restrains its radial expansion in

a cross-sectional plane.

rotation axis reinforcement actuation part

soft material
{ reinforcement

pitch «

reinforcement

wwog
wwye

(a) (b) (c)

Figure 3.16: Single module design. (a) side view, (b) side cross-section, (c¢) front cross-section.
From [119].

3.3.1 Cross-section geometry and reinforcement density

Due to the reasons explained in Section 3.2.2, a circular cross-sectional shape was chosen for
the proposed actuator, as this is the only shape that does not change its geometry during
the actuation, see Fig. 3.17 and Section 3.2.3.

The effect of the reinforcement density on the actuation process and the ballooning issue

is shown in Fig. 3.18.

pressure = .-

(b)

Figure 3.17: Deformation of the actuator cross-section geometry when pressurised: (a) circular
cross-section - preservation of circular shape, initial section diameter remains the same after actuation,
actuation area remains the same (b) square cross-section - deformation from the square shape (non-
pressurised) to a circular shape (pressurised). Dimension changes from d to d' = % (form perimeter
length preservation). Actuation area grows from d? to %d which is by approximately 27%.
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(a) (b) (c)
Figure 3.18: Ballooning observed during the actuation process. The more dense the reinforcement,

the less deformation is observed. Different angular densities compared: (a) 18°, (b) 9, (c) 2.25°.
From [119].

3.3.2 Fabrication

The actuator manufacturing process consists of several steps. The first step is the shaping of
the reinforcement using a dedicated three-part core, Fig. 3.19(a). The core has tiny grooves
that help keep the thread in place. It consists of three parts that can be separated easily
and, so facilitates the core’s removal after the moulding process is complete. If the core were
a single-part body, its removal would not be possible due to the grooves. Once the core is
wrapped with the thread, it is then covered with soft silicone, see Fig. 3.19(b). For that
manufacturing step, another external two-part mould is used. After the silicone is cured, the
external mould is opened, and the three-part core is gently removed from the silicon layer
while the thread remains embedded in the silicone. In the third step, the internal layer of the
actuation part is created by filling it with the next portion of silicone and putting another
smaller core inside. The actuation chamber is then sealed by creating a round cap of stiff

silicone using another mould, Fig. 3.19(e) and (f). All mould parts are 3d printed.

3.3.3 Mathematical model

Consider an actuation bending moment resulting from the pressure inside the actuation
chamber as M,,. In equilibrium, the actuation bending moment is balanced by stress in the

actuator body My and the generated torque 7. eq. (3.1), Fig. 3.20a:
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(d) (e) ® (g) finished actuator
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Figure 3.19: Manufacturing process: (a) reinforcement deployment, (b) external layer of active part
moulding, (c)core removal, (d) internal layer of active part moulding, (e) and (f) closing both ends of
the actuator via dip-moulding, (g) finished actuator.

M, =7+ M; (3.1)

The bending moment inside the actuation chamber is generated by the pressure acting on
the tip and the base of the actuator. Assuming that the base is fixed, the pressure acting on
the base does not cause any displacement. That said, the energy accumulated in the actuator
as elastic energy is not affected by the pressure acting on the base. Therefore, the impact
of the pressure acting on it can be ignored. As the pressure acting on the actuator walls
(excluding the base and tip) does not cause any displacement, it too can be ignored based on
the same principle. As a result, the only surface that the pressure causes any displacement is
the tip of the actuator. The bending moment acting on the tip, in relation to the rotation

axis, can be expressed as eq. (3.2):
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M, = /p:cda:p/xda (3.2)
A

A

where A corresponds to the internal cross-section area, p denotes the active pressure and
x stands for the distance of da from the rotation axis (Fig. 3.20b). As the pressure has a

constant value within the chamber, the p variable can be taken outside the integral.

pressure-resulted
moment

. S final angle
internal stress moment  geherated &

torque \‘ \“

(a)

geometrical center
of the tip wall

material below rotation axis

(b) (c)

Figure 3.20: Mathematical description of the actuator behaviour, (a) side view, (b) & (c) front
view, tip wall of the actuation chamber. From [119].

Introducing a xg variable being the distance from the rotation axis to the tip’s geometrical

centre (Fig. 3.20c), the integral can be written as eq. (3.3)

M, = p/(a: —x0+z0)da=p /(m — xp)da + /xoda (3.3)

A A A

Considering eq. (3.3) and eq. (3.4) , the bending moment is equal to (eq. (3.5)).

/(:L’ —xzp)da = O,/a:oda = Axg (3.4)

A A
M, = pAxy = promr? (3.5)

Using the same justification as for pressure related to the actuation moment, the internal
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stress moment can be calculated as:

My = ox0Ap = oxgr(r? —r?) (3.6)

where Aj denotes the area of the actuator body in the cross-section.

Putting all the equations together we get eq. (3.7):

T = pronre — oxon(r? —r?). (3.7)

The stress variable ¢ depends on the material properties and strain €. It can be read
from the stress-strain curve of the EcoFlex 0050 material used for the actuator body. This
curve was obtained by gradually stretching a specimen while measuring the stretching force
value and is presented in Fig. 3.21. The strain € at a certain point corresponding to actuation
angle 3 can be expressed as:

Adl  rAdp ¢ —¢

°= a rdp %

(3.8)

6 1@

where ¢ and ¢’ stand for the actuator’s rest and active angles, respectively (Fig. 3.20a).

It is important to note that the strain does not depend on the radius r value, which means
scaling up or down the given design does not affect the strain in the system. It also does not
depend on the x value, meaning it does not depend on the distance from the rotation axis
and remains constant throughout the entire actuator volume, with the exception of that part
of the flexible actuation chamber below the rotation axis (where the material gets compressed
rather than stretched), though this has been ignored on account of its negligible size (shown
in orange in Fig. 3.20c).

In regard to the measured characteristics eq. (3.7) can be rewritten as:

7(p, B) = promr — o(e(B))awor(r? — 7). (3.9)

For a constant angle § the torque is a linear function of pressure 7(p,8 = fy) =
;10:1:07r7“i2 — cg, as the last part of the equation is constant in such cases.
From eq. (3.8) the actuation angle 3 can be expressed as 8 = pe, where € depends on the

pressure p and the load 7:

67



CHAPTER 3. SOFT FLUIDIC ACTUATORS DESIGN AND FABRICATION

200 150%
—150
g 100%
X £
100 @©
A =
) O s50%
= 50
n
0 0%
0% 50% 100% 150% 200% 250% 300% 0 20 40 60 80
Strain Stress [kPa]
(a) (b)

Figure 3.21: Relation between strain and stress of Ecoflex 0050, (a) stress-strain curve, (b) inverted
relationship for around 100% deformation (the range of the tested actuator motion). From [119].

B(p, 1) = pe(a(p, 7)),

pmmrri2 -7

(3.10)

where : o(p,T) =

won(r2 — 1)

The final bending angle equation contains the strain € as a function of stress o, which
is a linear function of pressure p for constant load 7 = const. Thus, for constant load, the

actuation angle should reflect the inverse stress-strain curve Fig. 3.21b.

3.3.4 Experiments and validation
Bending characterisation

The experimental setup was composed of a pressure source, a pressure gauge and a camera.
The actuator was equipped with a lightweight rod attached to its free end to determine its
momentary configuration. It was connected to a pressure source through a proportional
throttle adjusted to deliver the actuation gas slowly, so the actuation process was very slow
and steady. High-speed actuation was not investigated here as that would have additionally
involved system dynamics - the pressure measured at the pipe providing fluid to the device
would differ from the actual pressure in the chamber, on account of the dynamic pressure
distribution in the system. The manometer used in the setup has an accuracy class of 1.6,
which means that the maximum possible pressure reading deviation is 1.6% of the sensing

range. As a result, the maximum possible pressure reading error is 0.016 bar.
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The whole process was recorded on video, and then, using image processing, both the
pressure and the bending angle were determined for each recorded video frame. To minimize
errors, I used a relatively long focal length lens, and the camera was positioned approximately
1.5 meters away from the actuator. The actuator and pressure indicator planes were positioned
perpendicular to the camera’s optical axis to ensure accurate measurements. A single frame of
the data and the image processed are presented in Fig. 3.22. The use of the analogue pressure
indicator eliminated any need for data synchronisation. Each video frame contains both
the bending angle and the actuation pressure. Since the bending angle detection required
the development of a visual algorithm, the pressure detection was achieved without any
additional labour costs. Capturing both values within the same video frame eliminates the

need for data synchronisation, simplifying the data processing.

Figure 3.22: (a) Single frame of a recorded sequence, (b) bending angle and pressure indicators
detected (green and red consequently) Processed with Blob Detection algorithm from OpenCV library
[120]. Image from [119].

In this experimental study, four different actuators were examined. Three of them had
circular cross-sections, while one was square. The round actuators were identical apart from
the fact that their reinforcement had different numbers of turns - with a = 2.25°, o = 15°
and o« = 18°. The square-shaped actuator had similar dimensions and was reinforced with
a = 2.25°. All the prototypes had a 90° passive angle. The circular circumference actuators
had a 26mm internal and 34mm external diameter, while the square cross-section actuator
had 26mm and 34mm internal and external side lengths. In all the cases, the reinforcement
was embedded in the middle of the silicone layer. All the used specimens have been presented
in Fig. 3.23.

Each actuator was actuated six times at the low speed, from 0 to 90°.

The plots of the bending angle as a function of pressure, with statistical errors included,
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(a) (b) (c) ()

Figure 3.23: Tested rotary actuators. (a), (b) and (c) - circular cross-section, o = 18°, o = 15°
and « = 2.25°, subsequently, (d) square cross-section, a = 2.25°.

are presented in Fig. 3.24. As one can see, none of the characteristics of the tested actuator

is linear, and they all reflect a presumed elastomer strain-stress curve, Fig. 3.21.
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Figure 3.24: Bending angle vs pressure with error bars. Results for various actuators having
different cross-section shapes and distances between reinforcement fibres. From [119].

In Fig. 3.25, all the curves are presented in the same plot for comparison purposes. On
the left-hand side, all the curves are plotted using the real pressure data. On the right-hand
side, the pressure has been normalised for the 90° bending angle limit. The desired linear
characteristic has also been presented.

By doing this, we are able to clearly demonstrate that the circular actuator reinforced with

the least spacing a = 2.25° presents the most linear characteristics. It is interesting to note
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that the square actuator behaves in a way very similar to the circular one ( Fig. 3.25b, red
and dark blue lines respectively). The only difference lies in the initial part of the actuation
curve. This is because the square shape of the cross-section initially converges to a circle
when pressurised. Thus for higher pressures, once its cross-section is almost circular, the

actuator presents the very similar actuation properties to a circular one.
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Figure 3.25: Bending angle vs pressure. (a) real data, (b) the x—axis has been normalized for
comparison purposes. From [119].

The actuator characteristics compared to the model are presented in Fig. 3.26. Statistical
evaluation of the tested actuator versions is presented in table 3.3. The experimental data is
evaluated with respect to a theoretical linear characteristic for the same range of motion (0°
- 90°) and the proposed model having a circular actuator cross-section - Section 3.3.3. As
expected, the reinforcement density affects the actuator linearity, and the more reinforcement
cycles, the more linear the actuator’s behaviour is. Since the actuator manufacturing process
is highly imprecise, the actual dimensions may vary. The model’s prediction may therefore
be better if its geometrical parameters (the actuator dimensions) are slightly adjusted. For
that, the inner cross-section radious value has been optimized to minimize the average error
and has been estimated to be 25.77mm instead of theoretical 26mm. Such and adjustment

reduces the average model error from 3.2° to 1.83°.

Torque characterisation

A similar setup was used for torque characterisation. The pressure was determined in the
same way as in the bending trials. The torque itself was determined using an electronic scale
recorded in parallel with the pressure indicator (Fig. 3.27). The growth of the pressure value

inside the actuator causes the bending moment to change, which is reflected in the scale
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Table 3.3: Bending linearity error for 0-90° actuation angle.

Actuator geometry, Average deviation from linear Proposed Model
reinforcement spacing characteristic Average Error
(see Fig. Fig. 3.25b)
Circular, 2.25° 5.8 3.2°
Circular, 15° 10.6° 5.3°
Circular, 18° 10.6° 6.6°
Square, 2.25° 6.5° -

Circular, 2.25°,
Model adjusted

- 1.8°

90 — ~2,25° angular displacement
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Figure 3.26: Bending experimental data aligned with the model prediction. Actuator diameter in
the model adjusted to minimize error. From [119].

reading. Given the radius of the acting force, the torque can then be calculated.

The results of the torque measurement at resting actuator angle (0°) are presented in
Fig. 3.28 and a statistical data evaluation is presented in table 3.4. As expected the densely
reinforced actuator with the circular cross-section demonstrates the most linear behaviour.
This effect is related to the cross-sectional deformation during pressurisation. The cross-
section distortion causes its geometry to change, with the effect that torque increases in a
nonlinear fashion. To make the plots more comparable in terms of linearity, the torque axis
has been normalised for each curve and presented in Fig. 3.29. As discussed in Section 3.3.4,
a square-shaped actuator rapidly becomes round under pressure, and this is a likely reason
for the higher torque it provides when compared to a similarly reinforced circular one. For
the tested dimensions (length of the square cross-section equal to the diameter of the circular
one), the active cross-section area in the square-shaped actuator was approximately 27%
bigger when passive and approximately 62% bigger when pressurised, than in the circular

one. This experiment only measured the stalled torque at rest configuration, and no data
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Figure 3.27: Rotary actuation torque test setup

Table 3.4: Blocking torque linearity error for 0 - 0.35bar actuation pressure. Actuation angle: 0°.

Actuator geometry, Average deviation from linear Proposed Model
reinforcement spacing characteristic Average Error
(see Fig. Fig. 3.29)
Circular, 2.25° 3.6% 3.8%
Circular, 15° 12.4% 7.7%
Circular, 18° 12.1% 6.7%
Square, 2.25° 6.4% -

was collected for torque across the stroke or in the time domain.

3.3.5 Summary

This section examines the performance of a fluidic fibre-reinforced rotary actuator. The
proposed actuator was tested in terms of bending and torque capabilities, with different
versions of the device being compared to one another. I have shown that the densely
reinforced, circular cross-sectioned actuator provides more linear behaviour during actuation
when compared to both rectangular and sparsely reinforced actuators, even when all other
parameters remained the same or very similar. The average deviation of the actuation angle
from a reference linear characteristics is approximately 6° with the standard deviation of
around 7°. The measured torque deviates less than 4% on average from the behaviour of the
ideal actuator. Improved linearity has been achieved by constraining undesirable effects such
as changes in cross-section geometry or size.

I have provided an example and justified a hypothesis that the circular actuator’s cross-
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Figure 3.28: Torque vs pressure with error bars. Results for different actuators regarding its
cross-section shape and angular distance between reinforcement cycles: (a) circular, 2.25° (b)
circular, 15°, (c) circular, 18°, (d) square, 2.25°. Initial configuration of the actuators: 0° actuation
angle. From [119].

section shape performs better. I have also validated the hypothesis that an increase in the
number of cycles of the reinforcement fibre improves the actuator behaviour.

A mathematical description of the discussed actuator has been proposed, and the gathered
data agrees with the model. The predicted bending angle differs, on average, less than 2°

from the experimental data, and its standard deviation is equal to 2.2°.

Limitations

The presented actuator can work only in the positive deformation range. Despite the fact
that it is made of soft material, when compressed below its passive angle, it creates significant
resistance and buckles. That said, if used in an antagonistic arrangement to drive a rotary
joint, as shown in Fig. 3.15, it has to operate around the middle of its range, rather than
around its passive angle.

The tip and the base of the actuator are made of stiff silicone. While it is significantly
stiffer than the actuation chamber, they still deform under pressure. During experiments,

such deformation was causing the parts interfaced with the actuator to detach. In Section 3.5,
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Figure 3.29: Normalised torque plots put on the same graph for comparison purposes.

another interface method was proposed. It is based on shape locking and solves this issue to

some extent.

No cyclic nor lifetime tests have been conducted. No destructive tests to define the
pressure limits have been conducted either.

The actuator implemented in this section was designed with a specific application in
mind, which was an actuator for robotic joints for a manipulator utilising inflatable linkages.
The ideas behind it are, however, very general and can be used in a variety of soft actuators.
In the following sections, I will present various actuators and robotic devices that are all

based on a similar approach and the learnings described in this section.
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3.4 Bending actuator with two degrees of freedom

Bending is one of the most popular motion types in soft robotics. It is relatively easy to
achieve with various means, and in many cases, can be used straight away. A good example of
devices utilizing bending motion is the whole class of soft grippers that use bending actuators
to implement robotic fingers. Distributed deformation along with compliance and the soft
surface of soft fingers provide distribution of the contact forces on a larger area compared to
traditional grippers, and bending motion allows for more reliable grasp postures and wrapping
around the handled object rather than relying only on friction forces of parallel grasp.

Just bending, however, is often not sufficient. Another degree of freedom incorporated
into the same device could enable various applications.

The human hand is capable of not only grasping but also in-hand manipulation. One
of the limitations for robotic grippers to achieve the same level of dexterity is the lack of
degrees of freedom. Human hand fingers can not only bend but also vary the direction of
bending slightly.

Such a lack of manoeuvrability of single-dof actuators could be addressed by multi-dof
actuators, like the STIFF-FLOP module. STIFF-FLOP can bend in any direction and
elongate. Its performance is symmetrical in all directions. In the case of many applications,
like robotic fingers, a huge part of its workspace would never be used.

It also requires three inputs to be controlled, which might be too complex where simple
bending is required.

The gap between single-dof bending actuators and complex multi-dof manipulation
modules could be addressed by designing more specific, application-tuned actuators.

In this section, I describe a fibre-reinforced fluidic actuator featuring two degrees of
freedom (DOF). This specific actuator was designed as a bending actuator for a swimming
octopus robot and is based on learnings from the previous sections. This actuator has been
implemented for a very specific task, but it was also used to quantify the effectiveness of
three different bending mechanisms: uni-directional bending based on a strain-limiting layer,
bending resulting from the actuation chambers located un-symmetrically with respect to
the actuator’s cross-section, but allowing for multi-directional bending, and the proposed

solution that combines those two approaches for improved performance and multi-directional
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bending. The work described in this section has been published in [121].

The robot overview

The soft octopus robot is designed for swimming in the water and for being able to advance,
turn and twist. For that reason, the tentacles are internally connected and work in two
independent groups. Each tentacle has two inner channels that enable it to bend in various
directions. Symmetrical actuation of all the tentacle chambers generates a coaxial thrust
that pushes the robot forward. The actuation of one group only generates an unsymmetrical
thrust that pushes one side of the robot and as a result, the robot turns. Providing pressure
to one chamber per actuator causes them to bend to the side, also affecting the robot’s
motion. One chamber actuation can result in a rotational or twisting motion depending on

the chosen pattern. The robot itself is described in more detail in Section 5.2.

The actuator design

The arm of the robot consists of two parts. The active part houses the actuator that generates
the bending motion, and the passive part follows the motion imposed by the active part. The
active part is assumed to generate the arm motion only, while the motion of the passive part

effectively generates the thrust. The design of the arm is presented in Fig. 3.30.

s
e T,
I o

side view

Figure 3.30: The robot’s arm design. 1 - actuation chambers, 2 and 3 - active and passive parts
of the arm, consequently, 4 - fin-like surfaces. {, = 40mm, l; = 140mm, d;o = 10mm, dey = 15mm,
de1 = 9mm. From [121].

The actuator consists of two independent pressure chambers that tend to elongate when
pressurised to enable the intended motion. The inner side of the actuator is covered with
stiffer silicone. On account of its mechanical properties, this layer elongates less than the rest

of the actuator when pressurised, resulting in bending. The actuation chamber is constrained
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by a reinforcement made of polyester thread wound in a tight helix (« ~ 0.65°) and integrated
into its wall. In this way, the reinforcement does not restrict elongation of the actuator though
efficiently constrains any radial deformation such as ballooning. The actuator structure is
presented in Fig. 3.31. The materials used are SmoothOn EcoFlex 00-30 and SmoothOn

Smooth Sil 940 for softer and stiffer silicone respectively.

tp inner side

stiff material internal

chamber wall

actuation
chambers

polyester
thread

outer side

base soft material

pressure
pipes

Figure 3.31: The actuator structure. Actuation chambers with reinforcement visible. Stiff silicone
denoted in blue, soft in grey colour. From [121].

The inner layer of stiffer material enforces the bending motion of the device when pressure
is applied. However, the independent actuation of each pressure chamber influences the
direction of the bending plane. The chamber that is pressurised with a higher pressure value
tends to elongate more than the another one, thus pushing the corresponding side of the
device towards the other side.

The unique feature of this actuator is that it can control the direction in which it bends,
known as the bending plane, which is different from other bending actuators.

Other bending actuators with this capability typically use several actuation structures
and bend due to asymmetrical actuation of those structures [61, 69]. However, this approach
limits the overall area of the actuator that can be used for bending since some actuators
must be actuated less than others to achieve bending.

In contrast, the proposed octopus arm actuator uses the entire available volume for
bending in the primary direction, which results in greater efficiency. Additionally, the bending
plane can still be controlled by adjusting the pressure values on both sides of the actuator.

Therefore, this new actuator design offers high efficiency and greater control over the
bending plane, without the limitations of other bending actuators that rely on asymmetrical

actuation.
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The actuator response for different pressure inputs is presented in Fig. 3.32.

P =0 P.=0 P=0 P = 0.45 bar P =0.25 bar P =0.25 bar

L

\ / P_= 0.45 bar P=0 P,=025bar  p — 025 bar

(a) (b) (c) (d) (e)

Figure 3.32: The actuator, (a) passive, (b) bent to the left, right chamber pressure higher than
left, (c) bent to the right, left chamber pressure higher than right, (d) and (e) symmetrically bent,
pressures equal, top view and side view respectively. From [121].

3.4.1 Manufacturing

The actuator is made of silicone material cast in 3D-printed moulds produced by a desktop
3D printer, Zortrax M200. The process consists of several stages as described below:

Step I, reinforcement
In the initial step, the reinforcement is created. It is made of a polyester thread wound around
a dedicated 3D printed conical core. Each actuator requires two separate reinforcement
structures. The reinforcement is formed manually using a cordless drill that helps to control
the pitch and tension of the thread, Fig. 3.33a.

Step Ila, external layer, soft side
The cores with the thread deployed are then inserted into an external mould, and soft silicone
is injected. Due to the mould design, only one side of the actuator gets covered in the silicone
material.

Step IIb, external layer, stiff side
After the silicone cures, the mould is opened, and the actuator is moved to another mould to
add the stiffer part of the external layer. Once in the new mould, stiffer silicone is injected to
create the other half of the external layer. Once that is cured, the mould is opened, and the
cores gently removed, this process being facilitated by the fact that the cores are conical and
can therefore be withdrawn in the direction of the broader end. At this point, the external
layer of the actuator, with the reinforcement structure attached to its inner side, is now ready,
see Fig. 3.33b.

Step III, internal layer
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Although already attached to the actuator, the reinforcement structure remains fragile as it is
not fully encased in silicone. Applying any pressure would make the silicone structure extend
radially and detach the thread from the silicone surface. A further step is therefore required,
in which a smaller semi-conical silicone structure is created using another set of moulds. That
structure is then introduced into the actuator, on the underside of the reinforcement, using
the same kind of soft silicone, see Fig. 3.33d. Note that the internal layer, in this case, is
fabricated separately, outside the actuator and then inserted, again an option presented by
the conical rather than cylindrical design. Before insertion, the pre-moulded internal layer is
coated with uncured silicone to ensure adhesion between the fibers attached to the internal
side of the outer layer and the pre-moulded internal layer. This also provides a seal between
the layers. The main advantage of this approach is that every chamber can be examined
before assembly, and any defects such as bubbles will be immediately apparent and the unit
rejected - an impossibility when chambers are cast directly within the reinforcement.
Step IV, closure

Once the internal layer is attached, the body of the actuator is finished. In the final step, the
tip and the base of the actuator are sealed using the same material as in the stiffer internal
layer of the actuator. In the base layer, small holes are located so create pathways for the

small pressurisation pipes that deliver the actuation fluid.

(a) (b) (c)

Figure 3.33: Fabrication steps: (a) - reinforcement, (b) - external layer, (c) - reinforcement attached
to external layer exposed, (d) - internal chamber layers attached. From [121].

(d)

3.4.2 Experimental validation

As explained in previous sections, bending in soft actuators can be induced via constraining
elongation on one side or via unsymmetrical actuation.
In this section, the performance of the proposed solution has been validated against the

single-DOF bending actuator with a strain-limiting layer and a 2-DOF actuator bending due
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to non-symmetrical actuation.

For that purpose, an actuator with the same outer dimensions but exploiting different
bending mechanisms has been fabricated. These included the proposed octopus arm actuator
with two semi-conical chambers and a stiffer internal layer (Fig. 3.34a), an actuator with only
one actuation chamber (Fig. 3.34b), and an actuator with two cylindrical chambers shifted
towards the actuator’s outer side (Fig. 3.34c). The actuator with a single actuation chamber
(b) is expected to generate more bending and exert higher forces than the one with two
chambers (a) as it holds a larger actuation cross-section (the chamber separation in the other
versions reducing the available space). The drawback is that the bending direction cannot
be controlled. Bending in the actuator with shifted chambers (c) is due to unsymmetrical
distribution of the pressure inside. This version of the actuator lacks the strain-limiting layer.

The actuators and their cross-sections are presented in Fig. 3.34.

(a) (b) (c)

Figure 3.34: Tested actuators (a) - proposed octopus arm actuator, (b) - single DOF actuator, (c) -
actuator based on unsymmetrical actuation. All the actuators have same dimensions. From [121].

For the experiment, a simple vision system was used Fig. 3.35a previously referenced
in Section 3.3.4. The actuation process for all the actuators was recorded, and using
image processing, the pressure value and the bending angle were extracted from the video.
Actuation in the range from 0 to 0.4 bar was repeated for each actuator six times. The
average actuation curves with statistical errors are presented in Fig. 3.36a. For the blocking
force characterisation, the force value was measured at the actuator tip using a custom made

3D printed optical force sensor [122], Fig. 3.35b. The sensor was optimised for small range of
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the forces exerted by the actuator and its error was assessed to be within 5% of the measured
value. The resulting plots are presented in Fig. 3.36b. The measured deviation of bending
plane direction for the proposed actuator is approximately £28 degrees for pressure equal to

0.4 bar applied to one chamber only.

pressure
indicator

actuator \

force sensor

(b)

Figure 3.35: Bending and force measurement, (a) captured and processed frame, (b) force measure-
ment setup. The From [121].

3.4.3 Discussion and conclusions

The experimental data shows that the most effective bending is provided by a single DOF
actuator, see Fig. 3.34b. This is due to the greatest possible actuation cross-section area.
The proposed octopus arm actuator bends less under the same amount of pressure, as part of
the actuation area is occupied by the wall in between the actuation chambers, see Fig. 3.34a.
This wall also introduces additional material that stretches during the actuation process,
increases the bending stiffness of the device, and further limits the bending deformation. The
lowest bending efficiency is provided by the asymmetrical actuator geometry, see Fig. 3.34c,

as in that case, we have an even greater decrease in actuation cross-section area alongside
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Figure 3.36: (a) Bending vs pressure characteristics of tested actuators, (b) force vs pressure
characteristics for the proposed actuator, single DOF actuator and actuator based on unsymmetrical
actuation. From [121].

an increase in stiffness. For the same reason, the asymmetrical actuator generates less force
than the others. The experimental verification shows that the proposed actuator provides
comparable efficiency in generated force to single DOF actuators. However, the bending
characteristics are slightly less effective than those with a single DOF actuator. At the same
time, it provides a second degree of freedom while outperforming an asymmetrical actuator
capable of similar motion.

There are several aspects that have not been properly evaluated. That said, the bending
angle with respect to applied pressure for both chambers and single chamber actuation has
been characterized. The bending plane angle as a function of pressure in chambers, nor the
force generated by the single chamber actuation, has not been characterized. No cyclic tests
have been performed.

The actuator design and implementation described in this section is just a specific example
of an actuator adjusted for a very specific task, but the outcomes of this work could be
applied to many different problems. In this specific example, it was crucial for the actuator
to not only bend but also change the bending direction on demand. For that reason, the
stability of the cross-sectional geometry was considered not as important, and a single circular
cross-section was split into two semi-circular ones, which resulted in slight cross-section
deformation when actuation pressure varies in the chambers but allowed for the needed
bending plane controllability.

The actuator was designed to be used as an octopus robot arm but could be used in

various scenarios such as a manipulation device or a finger in a robotic gripper. A good
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example is a gripper device published in [123] in 2020 which uses actuators of similar modality
but based on a slightly different mechanical design of parallel pneumatic bellows rather than
fiber-reinforced actuators.

The fiber-reinforced actuators described so far have proven their robustness and flexibility
in terms of potential applications. They are, however, very labour-intensive to fabricate.
Previous sections focused on improvements in the design and fabrication procedure of soft
actuators mostly from their performance perspective. The next section focuses on those

aspects from the fabrication effort point of view.
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3.5 ‘Instant’ soft actuators

One of the issues associated with soft, fibre-reinforced pneumatic actuators is that the
fabrication of each design iteration requires a set of moulds to be printed and hours of manual
work. Any reinforcement embedded into the actuator adds to the manual work required to
manufacture it. Moreover, due to the manufacturing constraints, most of the reinforcement
methods proposed so far lead to relatively basic structures that constrain the deformation
in a very simple way. Currently, in most cases, the reinforcement is made manually, which
results in poor repeatability. Any design adjustment means that the process has to start from
scratch, with the redesign and printing of new moulds. Although experience of the process
and design improvement mitigated this to an extent, it is still very time-consuming. It is
also very restrictive, as a non-experienced technician would not easily be able to replicate
the procedure without detailed guidance from someone with the requisite experience.

Over the years of technology development, many complex manufacturing processes become
simplified and automated. We now have advanced CNC machines capable of machining
complex parts with precision far beyond manual manufacturing techniques. We have additive
machines ranging from simple and affordable, hobby-grade 3D printers to very expensive
and advanced industrial printers printing in very advanced materials using technologies like
laser sintering or ultraviolet-activated resins. Soft technologies, however, are still missing
automated fabrication techniques.

An ideal solution would be to fabricate soft robot prototypes using additive methods such
as 3D printing. There are technologies that allow printing with very stretchable materials
[78, 81, 82|, but parts with complex shapes and internal voids are still difficult to achieve
with those approaches. In [83], a 3D printer modification allowing for printing with silicone
material and reinforcing it with thin layers of filament has been proposed. The structures
are printed on a rotating rod, which limits the geometry to cylindrical. In [84], a printing
technique combining various materials allowing for printing soft structures reinforced with
fibers has been proposed.

There are some commercial 3D printing machines or services that allow for printing soft
materials and even combining soft and rigid materials within a single part [124|. However,

the physical properties of those materials are still not as good as even cheap platinum cure
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silicones.

This chapter proposes a soft robot manufacturing approach that uses robust, high-strain,
high-elastic silicone materials and allows the embedding of reinforcement without being overly
labour-intensive. The idea uses disposable 3D-printed moulds with embedded reinforcement
structures. The moulds and reinforcement structures are printed together such that the
reinforcement is over-moulded, becoming a part of the actuator after the external mould
is removed. The whole actuator mould can be printed on an affordable desktop FDM
(Fused Deposition Modelling) 3D printer. The proposed approach has demonstrated motion
performance comparable to fibre-reinforced actuators while enabling faster manufacturing of
prototypes and requiring much less manual work in the process. It also potentially paves the
way to new reinforcing structures that cannot be achieved through manual fibre deposition
or fabric incorporation.

An arbitrary requirement for the design is to be printable using a single extruder FDM
printer, as these machines are the most common and affordable 3D printers.

Usage of soft filaments such as nylon allows not only compliant but also squeezable
designs.

As the main part of the fabrication process involves filling a 3D printed mould with
silicone, waiting for it to cure and then opening it - in a sense like instant food - I have called
my approach the ‘instant’ soft robot.

The work described in this section has previously been published in [125].

3.5.1 The ‘instant’ actuator design

The simplest possible implementation of the ‘instant’ robot concept is a linear actuator.
It would contain a cylindrical actuation chamber reinforced with circular rings of printed
material. The actuator expands when pressurised, but the reinforcing structures constrain the
radial expansion, so the only deformation is elongation - just as in fibre-reinforced actuators.

During the printing process, the reinforcing rings are supported by the supporting teeth
attached to the inner part of the mould. The printing parameters, including the nozzle
distance from the supporting teeth, are adjusted so that the adhesion between rings and the
supporting structures is low, and the rings can be easily separated from the mould once the

mould is removed. In this way the reinforcing rings break away from the mould and remain
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attached to the actuator. This is a standard approach used for removable support structures
in FDM 3D printing, ensuring they can be removed without damaging the actual printed
object. The correct geometry of the supporting teeth and the distance between them and
reinforcement are crucial aspects of the design.

The cross-section of a linear actuator design is presented in Fig. 3.37, and all the crucial

design dimensions are presented in Fig. 3.38.

reinforcement-supporting
teeth

internal core
| ———— with silicone
injection channel

111 PP Y Y Y

/

reinforcement rings

‘\

external mould wall

(a)

Figure 3.37: Linear actuator mould CAD model. The external wall is in red, the internal core with
silicone injection channel in yellow and the reinforcement rings in blue. Supporting teeth visible.
From [125].

Adding a vertical continuum layer of 3D printed material connecting the reinforcement
rings on one side of the linear actuator results in a strain-constraining structure, turning the
linearly extending actuator into a bending one, Fig. 3.39a.

Connecting multiple actuation chambers in parallel leads to a multi-DOF actuator. One
of the possible implementations is a 3-DOF manipulation module as shown in Figs. 3.39b
and 3.39c.

The manipulation module design above features three identical actuation chambers
reinforced with nylon structures. Each module is equipped with a central hollow channel

through which pressure cables for subsequent modules can be passed. The reinforcement is
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Figure 3.38: Crucial design dimensions. Dimensions have been tuned to make the reinforcing rings
stick to the supporting teeth just slightly and detach when the external mould is broken.

printed from nylon, providing some flexibility, so that the module can be squeezed without
breaking, but equally providing enough rigidity so that the pressure chamber geometry does
not deform significantly under pressurised despite its non-circular cross-section. This is
an important aspect, as an overly deforming chamber would occlude the central channel,
thereby affecting the pressure response and making it less linear, see Section 3.2. Some cross-
section geometry deformation is nonetheless still visible, resulting in a less linear response
than in a module with circular chambers. Due to process limitations, it is impossible to
embed circular reinforcement into each chamber, as the reinforcing structure has to be
supported by teeth located on the outer wall of the mould or overhung in the air. Overhangs
can be only straight lines, so I opted for a circle divided into sections, one section per
actuation chamber. I considered a circular cross-section of the rods creating the actuation
chambers, but such a modification would not prevent the cross-section from being deformed
as the pressure transferred by the silicone would in either case affect the geometry of the
reinforcement. Moreover, switching to a circular chamber cross-section would reduce the

actuation cross-section.
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Figure 3.39: ‘Instant’ actuators design. (a) Bending actuator’s mould, continuum layer of 3D printed
material (flexible Nylon PA12) exposed in blue (b) Manipulator module, side view, reinforcement
exposed in green. Top and bottom sealing in blue. (¢) Manipulator module, top view, actuation
chambers (in blue) and central channel (in white). From [125].

The manipulation module fabricated using the proposed approach is an alternative to the
STIFF-FLOP manipulator [61, 68] providing the same functionality and similar performance
while being considerably easier to produce. STIFF-FLOP is a manipulator designed for
minimal invasive surgery (MIS), with no rigid components [8]. It is pneumatic pressure-driven
and uses no electricity making it MRI-compliant (Magnetic Resonance Imaging). One of the
important advantages of STIFF-FLOP is that it is relatively cheap to produce in comparison
to other MIS devices and utilises no toxic materials making it an easy-to-use, disposable tool.
Using the proposed ‘instant’ fabrication technique, such a device could become even cheaper
to produce, allowing multiple units to be used in a single procedure without significantly

increasing costs.

3.5.2 Fabrication
The mould

As mentioned, the moulds for this actuator’s fabrication were produced in a 3D printing
process. I used an FDM technology printer, a very popular and affordable tool. The design
was adjusted for a single nozzle machine, although using more than one material in the same
process would make things even more straightforward and enable more complex designs
through the introduction of soluble supports.

The moulds were sliced using a Prusa Slicer and printed with a Zortrax M200 machine
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[126]. The material used was Nylon PA12 filament. The printing parameters were adjusted
to reduce the stringing effect, see Fig. 3.40, and to ensure adhesion of the printed layers,
which needs to be strong enough to create a reliable reinforcing structure but weak enough to
allow for the separation of the reinforcement when the mould is broken. If adhesion between
the outer mould and the reinforcement is too strong, the structure risks breaking away from

the actuator body.

Figure 3.40: (a) Mould being printed, (b) top-view. Some stringing effect visible. From [125].

The reinforcement separation problem could be improved by making gap e (Fig. 3.37(c))
bigger. That said, if the gap is too big, this could lead to the filament not being attached to
the supporting teeth at all and consequent print failure.

Given the considerable stringing effect, and that nearly all the prints were affected by
some stringing, the design was split, with the outer mould and the internal cores being printed
separately. The mould could then be blasted through with hot air, efficiently removing all
the string and potential imperfections that could pierce the actuation chamber wall in the
final actuator. This "small-feature removal" process has to be quick so as not to affect the
actual structure of the mould. Another advantage of splitting the mould design is that the
internal cores are not destroyed when the moulds are removed and can therefore be reused.

The main disposable mould of the manipulator module and the internal cores that can

be reused are presented in Fig. 3.41.

The actuator

After the mould has been cleaned with hot air, it is assembled (the rods are inserted into
the external mould), and filled with silicone by injecting the material through an injection
channel. A standard syringe is used for this.

This internal injection channel ensures the silicone material fills the mould from the
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(b) (c)

Figure 3.41: 3D printed mould. (a) Mould parts - external single-use part and internal reusable
rods. (b) Mould assembled, ready to be filled with silicone, (c), mould broken, internals shown. From
[125].
bottom up, helping to efficiently remove all the air from the mould, ensuring bubble-free
consistency silicone (it is noted that the silicone must be properly degassed before moulding.)
After the silicone has cured, the external mould is broken apart, and the internal rods are
pulled out. During this process, the reinforcing rings get separated from the outer mould,
remaining embedded in the actuator. The actuator is then sealed at both ends with caps
moulded in another fabrication step. The entire procedure is presented in Fig. 3.42.
Finished linear and bending actuators, as well as a manipulation module, are presented

in Fig. 3.43.
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(d)

Figure 3.42: Actuator manufacturing. The mould is printed using an FDM printer (a), then
assembled and injected with the uncured silicone material (b). After silicone cures, the mould is
broken apart and removed (c) while the reinforcement remains attached to the actuator’s body (d).
Then top and bottom caps are attached (e). In (f) the ready-to-action actuator is presented. From
[125].

(a) (b) (c)

Figure 3.43: ‘Instant’ actuators, the silicone used SmoothOn Ecoflex 0050 [127], (a) linear expanding
actuator, (b) bending actuator, (¢) 3-DOF manipulation module. From [125].
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3.5.3 Instant soft devices

The manipulation modules can be stacked together to create a soft robotic arm.

The key difference in relation to the manufacturing process between the STIFF-FLOP
manipulator and this module, is that I managed to shed the most time-consuming and
technically challenging part - the reinforcement fabrication. The old process involved winding
polyester threads around cylindrical rods. The cores were composed of 3 parts and were
manually wrapped with thread using a drill. There were six identical cores per module
required. The new design also resulted in a reduction in the number of moulding steps,
again contributing to a decrease in both labour and time, on account of the reduced silicone
cures required. It is noted that the old procedure (described in more detail in Section 3.2)
has already been optimised for easy, quick, and reliable manufacturing; other procedures
proposed for similar actuators are often more labour-intensive.

The STIFF-FLOP manipulator and the new ‘instant’ manipulator are presented in
Fig. 3.44.

An assembled 3-module ‘instant’ manipulator is presented in Figs. 3.45a and 3.45b. The
length of a single ‘instant’ manipulator module is 38mm, while its diameter is 22mm. The
central channel width is 4.5mm.

In parallel to introducing improvements in manufacturing, I have also advanced the design
in relation to ease of use of the modules. The STIFF-FLOP manipulator was originally
assembled by glueing on attachment rings that were then screwed together. Disassembly
operations in case any module needed replacement were time-consuming. Moreover, the
attachment rings were rigid, compromising the overall softness of the structure, and potentially
limiting applications in which it could be used. In the new design, I equipped the manipulation
modules with a base and tip that allows for form-locking the segment ends into each other.
This makes the assembly and disassembly processes very simple and straightforward, see

Figs. 3.45c and 3.45d.
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(d) (e)

Figure 3.44: (a) ‘instant’ manipulator (left), STIFF-FLOP-like fibre-reinforced reference (middle)
and the actual STIFF-FLOP manipulator (right) modules compared, (b) bottom view, (c) top view,
cross-section, (d) actuation of fibre-reinforced and (e) ‘instant’ modules. From [125].
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(a) (b) (d)

Figure 3.45: (a) and (b) ‘instant’ manipulator assembled, (c) inlet tubes, (c¢) and (d) shape locking
structure, the connection mechanism. From [125].
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3.5.4 Experiments

The proposed actuators and the manipulator module were tested for generated motions
and force. A vision-based system equipped with a video camera was used for deformation
detection. Colour markers were attached to the actuators and tracked with an image
processing algorithm. For force measurement, I used the Robotous RFT40-SA01 force sensor.
The pressure was controlled using SMC I'TV0050 pressure regulators. For more details on
the experimental setup see Section 5.5.

I measured the bending characteristics of the manipulation module and the force it
generated in a parallel and perpendicular direction to its central axis with one, two and three
chambers actuated. The gathered data was compared with the reference fibre-reinforced
STIFF-FLOP design. The external dimensions of the ‘instant’ and the fibre-reinforced
modules match such that they can be easily swapped in the final setup. The cross-sectional
area of the actuation chamber is equal in the two designs. The measurement setup is presented

in Fig. 3.46.

al

(a) (b)

Figure 3.46: Measurement setup. (a) force parallel and (b) perpendicular to the main axis of the
manipulation module, (c¢) bending and elongation characteristics setup. From [125].

Initial tests with modules show that the ‘instant’ actuator is significantly less stiff than
the reference fibre-reinforced module made of the same material. This is due to the fact that
the ‘instant’ actuator contains less silicone on its outer side on account of the reinforcement
supporting teeth and the greater volume of the reinforcement itself. The reinforcement
material detaches from the silicone wall while the actuator body deforms, making the
resulting cross-sectional area of stretched material smaller. Effectively the pressure required
to actuate the device is reduced. The bending characteristics of both the fibre-reinforced and
‘instant” manipulation modules as well as linear actuators are presented in Fig. 3.47.

On account of the issue mentioned above, I decided to manufacture the proposed manipu-
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Figure 3.47: (a) Characteristics of ‘instant’ and fibre-reinforced linear actuators, (b) Bending
characteristics of ‘instant’” and fibre-reinforced manipulation modules. From [125].

lation actuator using stiffer Dragon Skin 10 silicone [128], which shifted the characteristics
closer toward to the reference device. The gathered data for the ‘instant’ actuator (Dragon
Skin 10 material) and the fibre-reinforced reference design (EcoFlex 0050 material) are

presented in Figs. 3.48 to 3.50.
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Figure 3.48: The bending characteristics of the manipulator, Fig. 3.46¢c. (a) single chamber, (b)
two chambers activated. The measurement is taken for each chamber three times, 9 measurements in
total per module. From [125].

Above a certain pressure value, the compressed gas in the ‘instant’ manipulation module
tends to displace the reinforcement, see Fig. 3.51a-c, creating areas that then balloon, and
potentially then burst. Destructive tests show the bursts occur at approximately 2.4 bar
pressure at approximately 140 degrees actuation angle for the ‘instant’ actuator, although
the reinforcement started failing earlier, at around 2 bars. I was unable to explode the fibre-

reinforced design within the available pressure range (3 bars, approximately 180 degrees), see
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Figure 3.49: The axial force generated by the manipulator along its primary axis, Fig. 3.46a. The
reference manipulator started to buckle around 0.8 bar. From [125].
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Figure 3.50: The force generated by the manipulator in radial direction, Fig. 3.46b. From [125].

Fig. 3.51(d). In Fig. 3.52 the destructive test data is plotted.

3.5.5 Discussion

The ‘instant’ actuator, with the same external dimensions and actuation area as the reference
fibre-reinforced actuator made of the same material, has a significantly reduced stiffness due
to it having less silicone on the outer part of its body - a result of the holes created by the
reinforcement-supporting teeth and the volume of the reinforcement itself. For the same
reason, the ‘instant’ actuator requires significantly less pressure to be actuated. This effect
can be compensated by using a stiffer material to fabricate the ‘instant’ actuator.

The ‘instant” manipulation module behaviour is less linear than the reference one, and this
is probably related to its non-circular pneumatic chamber cross-sections, causing change in

the chamber’s geometry and resulting in expansion of the actuation area. This does not occur
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(b) (d)

Figure 3.51: Ballooning between reinforcement rings occurs above a certain pressure. (a) at
approximately 2 bar the reinforcement starts to displace, (c¢) at 2.4 the actuator bursts, and (d)
reference actuator actuated to 180° with no harm. From [125].

Table 3.5: Manufacturing time comparison, ‘instant’ vs fibre-reinforced actuators

STIFE-FLOP W00 or  linear actuntor  actastor
labour time ~ 3h ~ 50m ~ lh ~ 40m
skills /experience high low medium low
mould 34 parts, reusable 6 pats (5 reusable) 10 parts, reusable 4 parts (3 reusable)

moulding steps 3 2 3 2

gluing steps 1 1 1 1

printing time 7h30m 2h40m once & 1h20m 3h35m 2h once & 1h20m per
per module actuator

in the reference manipulator’s cylindrical chambers, rendering its behaviour significantly
more linear.

The deformation of the actuation chambers and the semi-flexible-semi-rigid reinforcement
also affects the hysteresis making it slightly more appreciable.

It is also noted that due to the reduced density of the reinforcement, the ‘instant’ actuator
fails at a smaller actuation pressure/angle than the dense reinforced reference module. Still,
the ‘instant’ actuator can efficiently operate up to 90 degrees angle, which makes it a good
choice for certain applications. The reinforcing structures themselves never failed in my tests,
and the bursts always occurred due to the displacement and ballooning of the silicone body.
However, I was able to break the reinforcement by squeezing it repetitively.

The ballooning process in soft actuators can lead to a burst due to a phenomenon known as
snap-through instability [129]. This occurs because of the highly nonlinear pressure-to-volume
relationship of a flexible inflated membrane, where the pressure initially increases with the
inflation volume, but at a certain point, the pressure starts to decrease even as the volume
increases. In pressure-driven devices, crossing this turning point means that the volume will
continue to increase even if the pressure is not further increased, leading to a burst.

This kind of instability is particularly problematic in systems with many actuation
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Figure 3.52: Destructive tests of the ‘instant’ manipulation module. Two chambers were tested, and
the third one got damaged while testing the two first ones. Thanks to the automated reinforcement
fabrication the characteristics of both chambers are almost perfectly aligned in the stable operational
range. From [125].

chambers connected in parallel, where the transition of one actuator through the turning
point leads to the rapid transfer of most of the actuation medium from all the other actuators
into the given one. This process can be illustrated with an experiment involving two balloons
connected to the same tube, where squeezing the inflated balloon causes the other one to
inflate rapidly as the fluid is transferred.

One way to mitigate the ballooning problem is through mass-based control, but in cases
where the other actuation chambers constitute a reservoir of pressurized gas, even mass-based
control would not solve the issue due to the process depicted in the connected balloons
experiment.

One drawback of the proposed approach compared to manual fabrication techniques is
the disposability of the moulds. In the manual fabrication technique, the moulds are reusable,
and their wear is relatively slow. Even 3D-printed moulds, when handled properly, can be
used to make any number of actuators. In the ‘instant’ approach, however, every mould is
single-use, resulting in a considerable amount of waste.

While no lifetime tests have been conducted, it is expected that the instant’ actuator
will have a shorter lifespan than the fiber-reinforced version. This is because the cyclic load
on the reinforcing structures is likely to wear and tear them faster than the thread, and
similarly, the silicone structure between the reinforcing rings is likely to wear faster due to
higher strains.

The actuation properties of the instant linear actuator are very similar to the fibre-
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reinforced one. Except for the quantitative difference in the pressure required to achieve an

arbitrary elongation, their behaviour in terms of linearity and hysteresis are comparable.

3.5.6 Summary

In this section, I presented a new approach to the design and fabrication of fibre-reinforced
actuators. My work extends from the standard fabrication process for fibre-reinforced
actuators, automating much of the process and making it less labour-intensive. The actuation
performance of the new actuators is comparable to that of previous fibre-reinforced actuators.

It was important for me to develop soft material actuators whose fabrication and use
were accessible to soft robotic enthusiasts and researchers who may not have access to
specialised equipment. While there are more advanced 3D printing alternatives able to print
soft materials directly or even mix stretchable and not-stretchable materials in one process,
they are typically either in early development or, on account of their cost, somewhat exclusive
and not available to the general robotics community. Using flexible printing materials such
as nylon creates actuators that are not only compliant but also squeezable, making these
devices entirely soft with no rigid components.

I have designed and fabricated a soft pneumatic linear actuator, a bending actuator, and
a 3-DOF manipulation module to demonstrate my approach. Importantly, the manipulation
modules can be stacked on top of one another to create a modular, entirely soft manipulator.

The actuators described in this section provide certain motion modalities that correspond
to the previously delivered fibre-reinforced actuators. They are simple devices created only
as proof of concept. However, the concept could be applied to a variety of designs, custom
actuators having very specific dimensions and geometries, or embedded into complex devices.
The flexibility of 3D CAD design and 3D printing creates possibilities to utilise this approach
to create whole soft robotics systems that could combine 3D printed parts with moulding
and could be created with just a few moulding steps. Usage of soluble supports would enable
even more complex designs.

The designs of the manipulator module and both the linear and bending actuators are

available online at https://github.com/jfras/instant_soft_robotics.
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3.6 Chapter summary

In this chapter, I present an overview of my research on soft actuators, where I focus on
improving their actuation characteristics, specifically the linearity of their response. I aim to
optimise the design of the actuators by considering their reinforcement geometry and density,
as well as proposing novel fabrication procedures. One of the approaches that I introduce is
the concept of ‘instant’ soft robots that combine 3D printed structures with silicone casting.

The outcomes of this chapter could be summarised in a set of simple rules:

Use reinforcement

Silicone-based actuators are just like balloons. When pressurised, they expand in all the
possible directions. This is in general undesired, ballooning weakens the device, make it
unstable, non-linear, prone to burst and requires a lot of space to expand, even if only
one dimension of the expansion is used. It also requires significantly more medium to
fill-up a ballooning actuator. The ballooning effect, however, can be efficiently limited

with properly designed reinforcement.

Dense reinforcement is better than sparse

If the reinforcement is sparse, the material between reinforcing structures still can
expand. That said, the denser the reinforcement, the better the ballooning is constrained,
and the less undesired effects associated with it. When reinforcing with fibres, however,
keep in mind that the silicone layers inside and outside of the reinforcement need to be
connected. Using hairy threads rather than sleek ones helps to prevent outer and inner

silicone layers from detaching from each other.

Use circular cross-sectioin

Circular cross-section is the only one that would not morph into any other shape.
When used with reinforcement that fixes the perimeter length, the circular cross-section
ensures not only its geometry would not change, but also its area will be constant
regardless of the actuation pressure. Constant area makes the actuator’s response more

linear. Non-circular actuators expand more during the actuation, so that the final force
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they generate as a function of pressure can be greater when compared to the circular
version with corresponding passive dimensions. In such cases, the expanded dimensions
are larger for the non-circular actuator. However, if a larger actuation area is required,
a circular actuator with the final dimensions could be used instead of a non-circular but
expanding actuator. This would provide the same amount of force or bending while

minimizing the disadvantages of non-circular cross-sections.

Create the reinforcement first

If the reinforcement is created first and then covered with external and internal silicone
layers, it can be created using rigid (often spinning) cores. Thanks to that, it is
significantly easier to manage proper fibre alignment, reduce the labour and required

manufacturer skills, as well as improve the final product quality and repeatability.

Consider using ‘instant’ approach

When labor time is a concern, and some of the performance can be compromised,
or when actuator geometry is challenging to create manually, consider the ’instant’
approach. ‘Instant’ approach has proven to provide similar actuation features at signifi-
cantly reduced fabrication time and requires far less experience and skill to fabricate.
Such convenience comes at the cost of a reduced actuation pressure range, slightly lower
linearity, and increased hysteresis. Despite these drawbacks, the approach remains

usable in various applications.

The research presented in this chapter has its limitations. There are aspects that have
not been experimentally quantified, such as the lifespan of proposed devices, cyclic tests that
could help determine how their properties change over time, or examination of the actuation
pressure limits in most cases. The Mullins effect [130] has been mitigated by actuating the
discussed devices several times before experiments, but has not been considered further.

The proposed actuators have limitations that are mostly inherent features of soft-bodied
pneumatic robots. The most pronounced failure modes observed in this research are as

follows:
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Ballooning

If the fibers are arranged too sparsely, or in the case of instant actuators, when the
density of the reinforcing rings is limited, there is a risk of an abrupt ballooning effect.
When the reinforcement spreads, the soft membrane between them starts to expand
radially, which can easily lead to instability and bursting. Even when not unstable,

such an effect leads to increased strain and faster wear. For more details, see Fig. 3.51.

Burst

When the tension strength of the material is exceeded, the actuator simply bursts and
is permanently broken. This is often preceded by an unstable ballooning phase. See

Fig. 3.51.

Leaks

Even if not exploded, it is often the case that some leakages are present in the system.
This could be due to not-perfectly air-tight tube connections or some very small holes

in the silicone membrane that slowly release the internal pressure of the actuator.

Buckling and twisting

Since the proposed actuators are entirely soft, they can easily buckle or deform in other
undesired ways. One of the those failure modes is the twisting of bending actuators
around their main axes when more pressure is applied to induce more bending in
their primary bending direction. Such an effect leads to decreased bending force and
off-axis displacement rather than the expected higher bending forces, see Section 5.1.6.
A similar failure occurs in the case of linear pushing actuators that, above a certain

pressure, do not generate any more force but buckle, see Fig. 3.49.

Layers detachment

One of the experienced failure modes is the detachment of the inner and outer layers of
the actuator structure. If the used reinforcement material cannot be penetrated with
the silicone material and arranged too tightly, the local stresses in the close proximity

to the fiber gets very high and causes the silicone-fiber bond to break. Since there are
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no gaps between fibers, the layers are not interconnected, separate and break, leading

to a permanent failure of the actuator. See Section 3.2.2.

Fabrication errors

The fabrication of soft actuators presented in this thesis involves many manual steps
(reduced in the ‘instant’ design, but still present) which are prone to errors. It is often
the case that the fibers are not arranged uniformly, or that some air bubble trapped in
the silicone is the reason for premature failure of the silicone membrane under pressure.
These errors are often invisible prior to the failure of the actuator. This is especially
the case for the air bubbles trapped inside the internal layer that are not possible to

spot from outside of the actuator.

While the focus of my research has been on the active aspect of soft actuation - generating
motion or deformation and exerting forces on the environment - there is another aspect that
needs to be addressed: stiffening. Stiffening is one of the approaches to resisting external
forces and disturbances or increasing the amount of force that soft robots can generate.

Although soft robots excel at being soft and flexible, they lack the rigidity required to
resist external disturbances or generate significant force. Therefore, the concept of stiffening
is essential for enhancing the functionality and robustness of soft robots.

In the next chapter, I will briefly discuss some existing approaches to stiffening and
highlight some of my concerns regarding them. Additionally, I will present a novel idea
to overcome one of the issues associated with these approaches, which can improve the
performance of soft robots and enable them to perform more complex tasks in diverse

environments.
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STIFFENING STRUCTURE INSPIRED BY MAMMALIAN EREC-

TILE TISSUE

As explained in the one of the introductory Section 2.4, stiffness control is an important
issue in soft robotics. While conforming to external forces and objects is effectively the key
characteristic of soft robots, they do also need to be able to exert forces. A problem then
arises as these are opposing behaviours, Indeed the softer the robot is, the less force it can
exert. Soft robots deform significantly and that deformation is distributed, which is the
desired effect, but one that also creates an issue.

As an example, in the case of the soft pneumatic gripper depicted in Fig. 4.1 the maximum
grasping force it can generate is limited by its stiffness, as increasing the actuation pressure
beyond a certain value results not only in the force increase, but in undesired deformation
of the fingers as well. Such a deformation is caused by uniformly increasing the actuation
bending moment, which leads to a concentration of reaction torque in the base of the finger.
That in turn pushes the base of the finger away while the tip of the finger curls, and the
grasp transforms from power grasp to pinch grasp.

This kind of problem can be addressed by splitting the finger into independently controlled
sections [131] or by pre-programming stiffness in the actuator in order to achieve various
bending radii and torque in different places along the finger [132]. The problem is that
these solutions are not very flexible (the length of the sections is predefined and needs to be
tuned for each application). Additionally, the first solution adds to the control complexity by

introducing an additional degree of freedom to the system.
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(a) (b)

Figure 4.1: Stiffness problem when grasping. (a) moderate actuation pressure, power grasp, (b)
actuation pressure increased, fingers deformed (tip curled, base deflected, pinch grasp)

I propose a structure inspired by the mechanical structure of the mammalian penis, in
which a soft structure can be effectively stiffened under relatively low blood pressure, thanks
to a constant-volume cavity and directional blood flow [133]. One of the main parts of the
penis, the corpus cavernosum, is composed of small sinusoids that fill with blood during an
erection, trapping the blood inside [20]. Blood, as a liquid, has very low compressibility,
so any compression caused by external force generates an increase in pressure that in turn
results in high bending resistance of the organ’s hydraulic structure despite the relatively low
initial pressure.

The proposed structure is composed of small compartments, with each compartment
enforcing a directional flow of the actuation medium. Under certain conditions, the outlet
of the compartment is closed, while the inlet can accept more actuation fluid all the time.
Thanks to this, the structure can be powered with relatively low input pressure, but whenever
the compartment is compressed with an external force, the pressure inside it would increase
accordingly, with the pressure change remaining local to the disturbance. When the external
force is released, the compartment can immediately accept more actuation fluid via the
directional input. Such a structure could be used in various ways in soft robotics and beyond
to create devices that do not require closed-loop control or sensing to provide complex
behaviors and stiff responses along with low actuation pressure requirements. If minimized,
the same principle could be used to create smart materials that, in turn, could be incorporated
into soft devices to create very complex actuation structures.

The fact that the proposed structure responds to the actuation pressure and external

disturbance in a complex way can be used to implement a physical logic element that, in
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turn, could be used to embed smart behavior into the body of the device. This would enable
the development of soft robotic systems with inherent adaptive and responsive properties
without the need for complex sensing and control systems, potentially simplifying the overall
design and reducing the required power and computational resources.

As a proof of concept, I have designed a soft pneumatic actuator that can autonomously
stiffen. This design enables the coexistence of high actuation compliance and a stiff response
to disturbances at any operating point. Owing to the intelligent internal structure, the
mechanical resistance of the actuator depends on the direction and characteristics of the
external forces acting on its surface, allowing for an efficient change in compliance on the fly
without locking its shape. Consequently, the proposed actuator can continuously adjust its
shape in one direction gradually, remaining soft and compliant while resisting significantly
higher forces in the opposite direction.

The actuator has an internal structure inspired by the corpus cavernosum sinusoids. It
is composed of individual compartments that trap the actuation fluid inside, increasing the
bending resistance of the device. As the actuation chamber is divided into small distinct
volumes, the local pressure increase resulting from compression of the device can not be
averaged across the chamber. Instead, it is localised in the compressed areas, causing an
increase in pressure, and a consequent increase in stiffness.

Much like with sinusoids during an erection, fluid flow in the proposed actuator is managed
such that during actuation, fluid can flow in but not out, thereby trapping the entire fluid
volume in the actuator. Due to that, if the object moves away from a finger, more fluid flows
into the actuation chamber, and the finger adapts, following the object. If the object pushes
on the finger, the pressure of the trapped fluid increases on account of the deformation,
resulting in an increase in stiffness.

In this section I provide a proof of concept prototype that implements this idea on a
macro scale. Ultimately, the aim would be to identify a material with which to replicate this

on a micro scale - similar to the foam actuation material presented in [59].

108



CHAPTER 4. STIFFENING STRUCTURE INSPIRED BY MAMMALIAN ERECTILE
TISSUE

4.1 Internal structure

Consider a flexible expanding actuation chamber with a mass of fluid trapped inside. In this
scenario, in static conditions, there are three forces in equilibrium. They are the internal
pressure, the external disturbance, and the internal stress resulting from the stretch of the
material. As the trapped fluid has a constant mass, any external disturbance compressing it
causes its volume to decrease, which in turn results in the pressure increase, affecting the
stresses in the material and the equilibrium point. Effectively the apparent stiffness of such a
structure is higher than it would be when the pressure, rather than its mass, was kept at a
constant level.

Consider a flexible but relatively non-stretchable cylinder filled with pressurised gas, see
Fig. 4.2a. An external force strong enough to overcome the internal pressure results in the
deformation of the structure. Due to the bending moment distribution along the cylinder’s
length, the deformation is more intense near the cylinder base, and less bending is observed
close to the point at which the force is applied. As a result, the compression of the wall on the
opposite side to the force application point is higher at the base, see Fig. 4.2b. Consequently,
the base’s contribution to the internal volume compression is higher than that of the the
rest of the pressure chamber as it compresses more in that area. Since the gas can freely
travel within the chamber, the compressed volume at the base contributes to the overall
compression. As a result, the pressure growth is the same throughout the chamber.

If a specific force value is exceeded, the structure begins to buckle. While in some cases
buckling is the desired phenomenon [134, 135], in the case of inflatable cylindrical cantilevers,
it causes high strain concentration but also non-linearity and reduction in bending stiffness
[136] Fig. 4.2c. In this instance, the volume near the buckled actuator wall is compressed even
more, with no significant impact on the pressure, due to the distribution of that compression
- as explained above.

A similar process can be observed in soft bending actuators or soft manipulators in which
the impact of the force is most pronounced at the base of the device Fig. 4.3

There are several examples of actuators in which a pressurised actuation medium can
move freely within the actuation chamber so that the fluid compressed at any one point

can move towards non-affected areas [137, 61, 121, 138, 139, 31|. In those designs, the local
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buckling

(a) (b) ()

Figure 4.2: An external disturbance on a pressurised cylinder. (a) passive state, (b) the bending
motion causes the opposite cylinder side to shorten, the internal volume to shrink and the pressure
to grow, (c¢) force value exceeds a specific value Fjim, no more wall compression is observed, but the
structure starts to buckle instead. Internal pressure P4 < Pp < Po

actuation medium compression is distributed throughout the entire volume of the device,

reducing the overall pressure increase.

Figure 4.3: An external disturbance on a soft STIFF-FLOP manipulator [61]. The resulting bending
moment is the highest in the base as is the deformation.

The ability of the pressurised medium to travel inside the actuation chamber reduces
the actuator resistance, as the local, relatively high volume compression is spread evenly
throughout the entire volume resulting in a limited increase in pressure. If, however, the gas
compression was held within the area in which it originated, the resistance of the actuator
would be much more pronounced.

That said, consider an actuator chamber split into smaller volumes, see Fig. 4.4, such
that the fluid is unable to move freely between compartments. In this instance, pressure
increases proportionally to the local, rather than global, volume change and the resulting
pressure will not be homogeneous throughout the actuator, but would increase faster closer
to the base. Since the bending moment is greatest near the base, the actuator experiences
the greatest volume compression in that area. As a consequence, the base of the actuator

stiffens more than the rest of its body, increasing the overall force response.
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Figure 4.4: In case the internal volume of the actuator is divided into small compartments, the
compressed medium can not move inside the actuator leading to pressure increase locally. Thanks to
that, the resulting stiffness of the actuator is significantly higher, and buckling is prevented.

A simple implementation of this idea would be to create a complete actuator chamber
composed of a series of mini actuation chambers and connect them using dedicated valves,
see Fig. 4.5a. Once actuated, all the valves can be closed, ensuring the fluid remains inside
the relevant compartments. Creating an array of binary valves and connecting each section
via a dedicated tube does not appear feasible. Indeed, any such solution would still only
provide two distinct modes of operation - actuation when valves are open and shape-locking
when closed.

Assuming that a bending actuator experiences the highest external-force-induced torque
at the base, which gradually decreases towards the force-acting point, one might postulate
that directional valves could be placed between adjacent compartments without affecting the
desired behaviour. Only the top section needs to be supplied with the pressure, and the fluid
would then fill subsequent sections in succession. Following any disturbance or impact, the
compressed fluid cannot go back towards the top compartment on account of the valve. It is
not able to move toward the base either, as the pressure in the lower adjacent compartment
would be even higher, see Fig. 4.5b. The final base compartment needs to be connected to
the outside environment (i.e. the surrounding atmosphere) with a binary valve to vent the
overall structure. This valve would need to remain closed during operation and only open to

release the pressure and return the actuator to the relaxed state.
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Figure 4.5: (a) each of the compartments of the actuation chamber is connected to the compressor via
its dedicated valve. Once pressurised, valves can be closed trapping the medium in the compartments.
(b) only the top compartment is connected to the pressure source. Adjacent compartments are
connected via check-valves, and the last compartment via a binary valve.

4.2 Principle of stiffness increase

4.2.1 A linear actuator

Consider a flexible cylinder comprising an internal pneumatic chamber reinforced with helical
fibre. Assuming the actuator’s constituent elastic material shows linear strain-stress behaviour,
it will behave like a spring whose elongation is described by the spring equation eq. (4.1), see

Fig. 4.6. The stiffness of such an actuator is determined by the spring constant k.

internal
chamber
cross-section A

= A==l

actuation
chamber actuation

length | L— chamber
~—|| internal gas length I
volume V at

Y | pressure P ‘
§
\t; effective spring J
stiffness k  stiffness k,

Figure 4.6: The force response for external displacement. The cylindrical linear actuator and an
equivalent pneumatic cylinder with a spring in parallel.
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This cylinder, when pressurised under an external force could be described using eq. (4.2),
where F), and F, represent pressure-induced force and external force values, respectively.
F, — F, = kox (4.2)

In this case the stiffness, in relation to the external disturbance of the device, can be
expressed as eq. (4.3).
dF,  d(kox + Fp)

et S el 74 4.3
dr dzx (4.3)

k=

where F), represents the pressure-related force and can be expressed as Fj, = AP. A and
P stand for the chamber cross-section area and relative internal pressure value.

The F}, value does not change under constant pressure inside the chamber. In that
scenario, the device is powered via a pressure regulator that constantly adjusts to any value
changes. In this case effective stiffness k = kg. However, the situation changes if the pressure
is initially set but not regulated thereafter. If the mass of the gas inside the chamber and the
gas temperature remain constant, the pressures before and after any disturbance (Py and P;
respectively), can be described by the ideal gas law eq. (4.4). As the volume of the chamber

is proportional to the length x of the actuator, the equation can be transformed into eq. (4.5)

PV =PVp (4.4)
Vo lpy
P = P = P, 4.
(z) ph= (4.5)

Taking the above into account in relation to the closed chamber, eq. (4.2) can be
reformulated as eq. (4.6) where A denotes the cross-sectional area of the actuator and P,

stands for the atmospheric pressure. Stiffness will therefore be represented by eq. (4.7)

I,

F.+ A(Py — P.) = ko (4.6)

lpo—ilf
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l
_aF,  dkor — AR5 — P)] T wn)
dr dx - O(lp0 —x)? '

Given that the desired behaviour is the increase in stiffness with respect to the baseline
actuator, the stiffness gain can be expressed as eq. (4.8)
k APylp,

— =14+ ——0
ko ko(lpo—x)Q

(4.8)
where [p, is the length of the actuator pressurised with pressure p = F, before the
external load is applied. Knowing the parameters of the material used, and the geometry of
the actuator, that length can be expressed as a function of pressure as eq. (4.9) where [ is
the passive length of the device.
PA

lp:l(P):lo—l-kiO (4.9)

Assuming that the passive length and the fully extended length of actuator /o and Ip,
respectively, at a given pressure Py are predefined by the design requirements, we can express

the required stiffness ko of the device as follows: eq. (4.10)

ko:APO_Pe (4.10)
lps — lo
combining eq. (4.10) and eq. (4.8) we get: eq. (4.11)
k (Polry ) (Lpy — lo)
=1+ 4.11
ko (P() — Pe)(lpo - 33)2 ( )

which shows that the stiffness increase for an actuator with a predefined length and range
is a function of the value of the pressure required to achieve that extension FPy. Stiffness

increase for an actuator expanding twice (Ip, = 2lp) depending on the Py value and the

T
lpy—lo

compression value has been presented in plots Fig. 4.7

The above reasoning demonstrates that the device’s stiffness increases if the mass of the
actuation gas is locked within the actuation chamber volume, but also that it is non-linear and
increases with the compression of the device. The lower the actuation pressure required to

achieve the assumed extension of the actuator, the more pronounced the increase in stiffness.

Taking all the above into account, the actuator design can be tuned to low actuation
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Figure 4.7: (a) stiffness increase vs full actuation pressure for no compression and 50% compression
of the device, (b) stiffness increase vs compression for 0.3 bar actuation pressure. Assumed nominal
extension of the actuator is [p, = 2ly at pressure Fj.

pressures (e.g. increasing the actuation chamber area) to increase its ability to stiffen when

the actuation chamber is closed.

4.2.2 A bending actuator

The bending actuator considered here uses similar physical principles, except that the
elongation on one side of the actuator is constrained by a strain limiting layer. Similar
reasoning can therefore be applied in relation to the bending motion.

In static conditions, the state of the actuator can be described via the equilibrium

condition eq. (4.12), Fig. 4.8.

distance of cross-

section geometrical external
center from neutral moment M,
bending axis
internal
chamber
cross-section
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Figure 4.8: Bending actuator geometry
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M, + M, = M, (4.12)

where M denotes torque resulting from internal stresses My = SEI, and where 5, E and
I stand for bending angle, Young modulus and first moment of inertia of the cross-section
of the device, respectively. M, and M, are the internal force moment and external moment
resulting from the pressure inside and external force, respectively.

The apparent bending stiffness k; of the device relates to the change of the external

moment M., itself a function of change in bending angle causing a deviation in eq. (4.13).

_dM, _ d(BEI — M,)

ko B dp

(4.13)

The internal moment M), depends on the chamber geometry and the internal pressure

M, = ArP. The pressure in turn is also affected by the volume change, and can be expressed

in terms of the initial pressure and the current bending angle of the device, P; = PO%.
1
Consequently the derivative eq. (4.13) can be expressed as eq. (4.14)
Ar?Py(l
= Al trb) | gy (4.14)

(I+rp)?

Just as with the linear actuator, we can assume that [, £ T and 3y values are set by design
requirements, while other values, A, r, and Py can be tuned to achieve the requisite bending
and passive stiffness levels.

And similarly, we can plot the apparent stiffness gain with respect to the assumed pressure
value Py, Fig. 4.9.

The parameters used for generating the plots above are the actual values used for the
prototype described in the following sections. Given the geometry of the actuator, the
expected stiffness gain at actuation pressure of 0.3 bar is around 1.8 times the original

stiffness and is expected to increase slightly on external disturbance.

4.2.3 Numerical models

The physical properties used in the previous section have been implemented to simulate the
bending actuators shape under external loads.

Three distinct scenarios have been taken into account: (a) single actuation chamber, with
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Figure 4.9: (a) stiffness increase as a function of actuation pressure Py for fully bent and half
straightened (with external force) device, (b) stiffness increase vs compression for 0.3 bar actuation
pressure. Assumed nominal bending of the actuator is Sp, = 7 at pressure Fp.

pressure regulated at a constant level, (b) single actuation chamber with constant gas mass,
but pressure increasing under a load, (¢) actuation chamber split into smaller sections, with
constant gas mass in each compartment.

The simulation results are consistent with expectations. The closed chamber increases
the stiffness of the device significantly and splitting it into smaller compartments amplifies
that effect. The amplification is more pronounced the closer to the base the force is acting.
This is caused by the fact that the compression happens only in the section between the base
and the point at which the force is applied, but is distributed throughout the entire volume

in the case of single chamber device.
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(a) (b)

(c) (d)

Figure 4.10: Simulation results for (a) only pressure, no force, (b) internal pressure and external
force acting at the tip of the actuator, (c) no pressure, a force acting on the tip of the actuator,
(d) internal pressure and the external force acting in the body of the actuator. The black arrow
represents the external force acting on the actuator. Red colour: actuator with a single chamber and
fixed pressure. Green colour: actuator with a single chamber and fixed mass. Blue colour: actuator
with the split chamber and fixed mass in each section independently.

4.3 Design

The ideal implementation of the presented idea would be a material composed of microscopic
cells, with each cell capable of stopping the outflow of the actuation medium so that it
can freely enter but exit only on demand. To the best of the authors’ knowledge, no such
engineering material exists. Therefore we propose a simplified model at the macroscopic level
that simulates the desired behaviour.

The proof-of-concept design features a few common elements to many of the devices
already produced; the main part of the actuator is a cylindrical pneumatic chamber with
fibres embedded into its wall, arranged in such a way as to enable elongation but limit
radial expansion [61]. As the cross-section of the chamber is circular, and its perimeter
has a constant length regardless of the pressure, its geometry remains circular during the

pressurisation process [113].

118



CHAPTER 4. STIFFENING STRUCTURE INSPIRED BY MAMMALIAN ERECTILE
TISSUE

The core part of the design, and indeed the main difference with respect to previous
designs, are the dividers. The dividers split the overall volume of the chamber into smaller
individual actuation chambers. Each division features a check valve that allows the pressurised
medium to flow in one direction only. The top compartment is supplied with the actuation
pressure, while the bottom one can be opened or closed to vent the device or to keep it

pressurised, see Fig. 4.11.

|
: — | | /==
s 1L AL
(a) (b)

Figure 4.11: Compartments of the actuation chamber connected via check valves. (a) The check-
valves enable the flow from top to bottom, (b) but restrict it in the opposite direction.

This system is not without its drawbacks. Any check-valve requires some pressure
gradient to open (cracking pressure). While this may not be an issue towards the top of the
actuator, under low actuation pressures, the threshold may not be reached between the lower
compartments.

The built-up pressure difference between the top and bottom compartment was large
enough to cause a visible difference in the first prototypes, and for that reason, the design
has been adjusted. Additional check-valves connecting each of the compartments with the
pressure supply were added so that each compartment could be provided with the same
input pressure. At the same time, the fluid flow remains possible in one direction only, from
the pressure supply towards the chamber and then from the upper compartments to lower
compartments, see Fig. 4.12. Given that each compartment is pressurised equally, the real
actuation pressure differs only marginally from the supplied pressure.

Pressurisation and venting cycles, as well as the valves’ working principle, are demonstrated
in Fig. 4.13. The valves are created by overlaying a small hole with a thin silicone membrane.

Since the silicone membrane tends to adhere to the material surrounding the hole, it creates
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Figure 4.12: Additional valves between each compartment and the supply pressure channel helps
to distribute the actuation pressure uniformly. (a) the check-valves enable the flow from the supply
channel and from the top to bottom, (b) but restrict it in the opposite direction, (c) cad model of
the design.

a seal when there is pressure from outside. However, when there is pressure from within,
acting on the membrane through the hole, the slight adhesion is overcome, and the membrane

deflects, opening up the channel. Once the flow stops, the membrane re-seals the hole.

4.4 Fabrication

The proof-of-concept prototype was designed by casting silicone in 3D-printed moulds. The
fabrication process consists of the following steps - creation of the external sleeve containing
the reinforcing fibres, moulding of the internal structure, arrangement of the membranes
constituting the internal valves, and eventually assembly of all the parts.

The external sleeve is made in three steps. Initially, the thread is wrapped around a
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Figure 4.13: Actuation cycle: (b) pressurization, (c) venting.

input valves open

cylinder, then placed into a mould and covered with a layer of silicone. Once the silicone
has cured, the cylinder is replaced with another cylinder of smaller diameter and an internal
layer of silicone is created. When the internal silicone is cured, the resulting structure is cut
along a straight line and peeled off the cylinder. For the external sleeve, SmoothOn Ecoflex
0030 silicone was used. The sleeve is cut because it needs to be sealed against the internal
structure in the subsequent steps. If it were not cut, applying glue between the sleeve and
compartments would not be possible. Since the sleeve is cut, it is feasible to apply glue on
the compartment edges and then wrap the internal structure with the sleeve.

The internal structure is moulded in a multi-part mould, see Fig. 4.14 using relatively stiff
silicone SmoothOn Smooth Sill 950. Once out of the mould, uncured silicone is dispensed
with a brush onto the surface areas surrounding the holes in order to create a smooth surface
- a necessary step to ensure valves are airtight once fitted. Once surfaces have been prepared,
small pieces of soft silicone sheeting made of Ecoflex 0050 are placed on top of each of the
holes to create the actual valves; the internal structure of a physical prototype is shown in

Fig. 4.15.

(b)

Figure 4.14: (a) demoulding of the internal structure, (b) smoothing surfaces to create valves.
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Figure 4.15: Implementation of the valves. Input and output valves exposed

The final step is to apply the prepared external layer. For that process, Smooth-On
Sil-Poxy adhesive is applied to the edge of all the dividers to ensure each compartment is
appropriately sealed, and that the medium can only flow in the desired direction through the

one-way-valves, see Fig. 4.16.

Figure 4.16: Application of the external layer.

The finished actuator is shown in Fig. 4.17.
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(b)

Figure 4.17: Finished actuator, (a) passive state, (b) actuated.

4.5 Results

In order to validate the simulated results, experimental data was collected.

4.5.1 Force response

The test setup consisted of two pressure regulators controlling the pressure inside the actuation
chamber and the outlet valve, a Cartesian positioning system with a force sensor attached
that is used to create the deflection and measure the reaction forces, and all the electronics
required to actuate and record the data including an Arduino and Raspberry Pi boards. As
a positioning system, an adapted Saintsmart CNC3018 machine was used. For experimental
reasons, the original spindle was replaced with a Robotous RFT40-SA01 6 axis force/torque
sensor to collect the force data, see Fig. 4.18.

The test procedure involved actuation up to the requisite pressure value, closing the main
venting valve so that the pressurised medium could not escape, moving the force sensor along
the predefined trajectory and recording the reaction forces of the actuator with respect to
the position of the force sensor. This procedure was repeated in several trials to cover the

complete sampling area.
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Figure 4.18: Test setup used for data collection. (a) Schematics showing the setup, (b) actual setup

with data sampling points presented, along with the tool path used to collect the data. Please note
that the reference frame is attached in the actuator base, while the samples are collected staring from

z=-10,y =30

The normal force value as a function of XY (position of the probe) with respect to the

base of the actuator is presented in Fig. 4.19
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Figure 4.19: Normal force value with respect to the probe position for a fully actuated finger. (a)
The samples have been collected for the stiffening mechanism engaged (green) and disengaged (red).
(b) Stiffness relative increase (dimensionless value). Note the vertical axis ranges from 1.6 to 3.0.

4.5.2 Grasping force

The force response presented in the previous section accounts for the force applied in the
normal direction with respect to the deformed finger axis. In a real-world scenario, more than
one finger would be acting in opposition, as seen in Fig. 4.20. In such cases, the friction effect
comes into play, causing the tangential resistive force at the contact point F'y. This force is
proportional to the normal force, Fy = pkF;,, where p represents the friction coefficient.

By summing up the reaction force vectors F'y and F;,, we obtain the force vector F', which
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can be represented by components parallel and perpendicular to the motion direction, Fy and
F. Note that the second contact point creates similar vectors Fy, and Fy, where F, = —F.
The opposing vector components F, and F), cancel out, while the F, and Fé components
add up.

In my test, the probe was attached via ball bearings. As a result, the friction effect was
reduced when moving on the actuator surface, since the probe rolled rather than slid on it,
and only the normal reaction force was captured. However, if we assume a sliding motion, the
friction coefficient would become significant, and the actual force required to pull an object
from a gripper composed of such fingers can be calculated using eq. (4.15). The resultant
forces for various 1 values are presented in Fig. 4.21. Note that the calculated force value is

‘per finger’.

F, = sin(p)Fy, + cos(o)uFy, (4.15)

motion
direction

object motion

grasped
----- object

(a) (b)

Figure 4.20: Grasping with stiffening actuators. The grasping force Fy results not only from the
normal forces F},, but also from the friction F}.
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Figure 4.21: Force required to displace an object out of the gripper as a function of the location
of the object with respect to the finger. (a), (b) & (c) the calculated forces, (green with stiffening
system engaged and red - disengaged), (d), (e) & (f) stiffness gain. The data was plotted for three
assumed friction coefficients : g = 0.1, u = 0.5 and p = 1.0 for (a), (b) & (c) respectively.

4.6 Single stiffening cell as a logic element

A check valve, by design, transfers fluid in one direction. If pressure is applied in the opposite
direction, it simply remains closed and no flow is possible. This behavior corresponds to
the behavior of a diode in electric circuits. Single cell of the proposed structure could be
considered as a capacitive element connected via diodes and resistors, as shown in Fig. 4.22.

Diodes represent the check valves, while resistors represent the resistance of the pneumatic

channels and finite valve dimensions.

P1
\/
{
(a) (b)
Figure 4.22
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In such a circuit, the internal pressure of the given cell would be expressed as V;, while
the internal cell volume V corresponds to the capacitance of the capacitor C. Any external
disturbance compressing the cell volume causes the capacitance to decrease, which, given a
constant electric charge, causes the voltage V; to increase accordingly. If the voltages V; or
V5 are greater than the internal voltage V;, then the current would flow and the capacitor
charge would increase. If, in turn, the output voltage V, is lower than the internal voltage V;,
the capacitor would discharge proportionally to the voltage difference. Each diode requires
some voltage V; to start conducting any current (Forward voltage), which corresponds to the
check valve cracking pressure.

The last compartment of the actuator is connected to the atmosphere via a channel
that can be closed with pressure applied to a dedicated chamber in the actuator base. This
element could be expressed as an NMOS transistor (n-type MOSFET) that opens when no
voltage is applied to the gate terminal and closes otherwise. The overall actuator equivalent

circuit can be expressed as Fig. 4.23.

Figure 4.23: An electronic circuit that is equivalent to the beiding actuator’s internal structure

Electric diodes can be used to implement simple diode logic [140]. Since diode logic allows
for creating AND and OR gates, and capacitors could be considered as memory elements, the
proposed structure could potentially be used to create simple logic functions implemented

directly into the devices physical structure.

4.7 Discussion

In this chapter, I have proposed a novel smart structure capable of soft actuation and

stiff responses despite low actuation pressure. The idea is inspired by mammalian erectile
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tissue that is capable of trapping blood, which drastically increases the stiffness of the penis
structure despite relatively low actuation pressure.

While the idea was incorporated into a bending actuator to prove the concept, it could be
abstracted to a more general mechanism. Currently, the structure is composed of macroscopic
cells that can lock the actuation medium under certain conditions and release it when
conditions change. Ideally, the structure would be miniaturized to create a smart material
composed of microscopic cells. This material would offer varying mechanical properties
in response to external disturbances along different axes, which could be controlled by an
external input signal. As a result, the material could be used to enhance local interaction
forces without locking its shape.

The proposed structure has the potential to be used in various scenarios in soft robotics,
including improving existing soft actuators and devices as shown in this chapter. Additionally,
it could be utilized in the creation of novel actuation modes and devices, offering new
possibilities for soft robotic applications.

A single cell of the proposed structure could be considered as a logic element that executes
a specific function: when the condition of the pressure gradient is met, it fills up with fluid,
and when the pressure gradient reverses, it locks and remains pressurized until another
pressure-releasing condition is met. The check valves themselves can be considered fluidic
diodes, passing signals in one direction and stopping them in the reverse direction. Diode logic
could be implemented using these elements, leading to some level of intelligence embodied
within the structures of soft robots.

To prove the concept as a stiffening mechanism, I have implemented fluidic soft actuators
that can significantly improve their apparent stiffness while maintaining their actual stiffness
and actuation pressure range at a low level.

The experiments conducted gave results similar to what was expected based on calculations,
showing a significant improvement in force response when the stiffening mechanism was
engaged.

The proposed actuator can be utilised in several designs but is especially suitable for soft
gripper fingers.

The main difference in comparison with other stiffening principles proposed in soft robotics

is that actuation and stiffening work in a complementary way, without influencing each other.
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This means that even if stiffening is engaged, actuation can still proceed, as more actuation
fluid is freely transferred into the actuation chamber. In other designs stiffening inhibits
actuation.

The proposed actuator has several limitations. Firstly, the stiffness increase is dependent
on the actuation pressure range and is more pronounced at lower pressures. That said, in case
of applications requiring high actuation pressures, the stiffening effect for bending actuators
is expected to be small (according to eq. (4.14), it converges to around 117% of the original
stiffness at high actuation pressures for the tested bending actuator geometry). In theory,
this issue could be addressed by using a non-compressible actuation fluid, such as hydraulic
actuation.

The manufacturing process of the actuator is labor-intensive and prone to manufacturing
errors. There is no efficient way to test the subsequent manufacturing steps, and the device can
be tested only when completed. Consequently, if there is any leakage between compartments,
this will be detected only at the very end of the process and cannot be easily fixed. The
manufacturing failure rate in my case was approximately 50%.

The lifetime in terms of the number of cycles has not been tested; however, during my
tests, I observed that internal compartments lose their air-tightness over time. This could
be explained by post-curing shrinkage of the used materials. Smooth Sil rubber experiences
significantly larger shrinkage than EcoFlex material, resulting in a significant shrinkage ratio
difference between the compartment wall and the silicone sheet that creates the check valve -
causing leakages. Consequently, the lifetime of prototypes was limited to several days or a
few weeks. If these actuators are to be used in actual devices, this problem would need to be
addressed.

Additionally, the proposed actuator inherits standard limitations of soft actuators: at
certain pressures, it buckles and twists instead of applying more force on the external object.

This chapter concludes my research on soft actuation, and the forthcoming chapters
will showcase a series of demonstrators and devices that are built using the soft actuators I
have developed. Although some aspects, such as stiffening, were not incorporated into these
demonstrators due to the chronological order of my research, it is important to note that the
stiffening actuator detailed in this chapter is the culmination of my PhD work. Unfortunately,

due to temporal limitations, I was unable to incorporate the stiffening actuator into any
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functioning device.
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SOFT ROBOTIC SYSTEMS

Whilst earlier sections concentrated on soft actuators and their specific characteristics, this
chapter delves into various robotic systems that implement the actuation principles discussed.
The majority of devices examined in the subsequent sections serve as demonstrators; however,
in Section 5.4, a practical upper-limb assistive device is introduced.

The demonstrators primarily explore soft grasping and underwater locomotion. The
research presented in this chapter has been disseminated through numerous publications:

[141, 142, 143].

131



CHAPTER 5. SOFT ROBOTIC SYSTEMS

5.1 Prosthetic hands

One possible application of fibre-reinforced actuators lies in the realm of grasping devices. In
this section, I introduce a soft hand designed with a potential application as a prosthetic hand,
created to showcase the capabilities of fibre-reinforced actuators. The hand was fabricated

using the techniques outlined in preceding sections.

5.1.1 Motivation

Grasping devices are not only used in robotic applications, but also in applications such as
wearable prosthetic devices that help amputees compensate for missing limbs.

Traditional rigid robotic prosthetic devices can be expensive due to their complex and
sophisticated mechanisms. They contain a wide range of precise mechanical and electrical
elements and require complex control techniques to enable even simple manipulation tasks.
They are made of rigid and heavy materials and actuated by the power of electric motors. Due
to their lack of mechanical compliance, any flexibility in such devices requires the addition
of compliant features (such as springs) or for complex sensing to be embedded into their
construction (to achieve software-controlled compliance).

In recent years some new prosthetic hands based on 3D printing technology have been
proposed. Those projects aim to make prostheses simpler to fabricate, more affordable and
ultimately more accessible [144, 145]. Nonetheless, they are still rigid in nature.

Over the last years, some examples of hands made of soft and compliant materials
have also been presented. The Pisa/IIT Soft Hand [146] uses elastic tendons to operate its
rigid-component fingers. By exploiting grasp synergies and flexible tendons, a single motor
is sufficient to actuate all the fingers and to achieve a variety of grasps that adapt to the
environment. Another compliant hand driven by shape memory alloy is presented in [147|. Tt
can also passively adapt to the environment while offering sensing capabilities, without the
need for any sophisticated control mechanisms.

A pneumatic soft hand composed of PneuFlex actuators is proposed in [35, 42|. It contains
one actuator per finger, each individually controlled, one for the thumb and two for the palm.
Another hand with a similar working principle is presented in [148]. It incorporates sensing

capabilities using light-based sensors integrated into its fingers. Even though several devices
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Figure 5.1: Soft pneumatic hand. From [142].

with human hand morphology have been proposed [149, 150|, very few of them offer a real
human-like shape and appearance [15], which is deemed a significant issue when the device is
to be used as a prosthetic system [151].

In this section, I present a prosthetic device designed to closely resemble the human hand

in shape and replicate some of the mechanisms inherent in a natural hand, Fig. 5.1. It offers
six degrees of actuation that can be operated in groups for simplicity or controlled separately
for enhanced manipulation precision. Each finger has one actuator to achieve bending, while
the thumb is equipped with two actuators to make it capable of apposition and opposition
modes. Since all the fingers can operate within the same actuation group, the costs of the
final system can be further reduced.
The prosthetic hand described here is based on a 3D scan of a real human hand, ensuring that
the design’s proportions and shape are anatomically accurate. The shape, configuration and
size of the hand can be easily modified to meet the needs of each patient. Low fabrication
costs make it affordable and especially suitable for child amputees who require frequent
device changes due to their body growth. It is worth noting that because it is made of soft
materials, it is also considered safer than traditional prostheses.

Grasping capability is evidently the most crucial requirement; however, other primary
objectives of the work outlined in this thesis were to emulate the appearance and behaviour of
the human hand. This is predicated on the assumption that similar behaviour (finger synergy)
and morphology (closely matched geometry) would facilitate the transfer of human hand

strategies to the robotic system. Furthermore, a more human-like geometry and appearance
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could potentially enhance the experience of future amputees when compared to prostheses
with a more machine-like appearance [151|. Safety and affordability were also important
factors considered during the development process.

Subsequent to the publication of the work described herein, several soft-material-based
hands have been proposed, which reasonably resemble the human hand in shape [14, 13]. To
the best of my knowledge, the design proposed in this thesis offered the most human-like
appearance at the time of publication. For a more detailed comparison of other devices, refer
to table 5.1 in Section 5.1.8.

The work described in this section has previously been published in [142] and [141].

5.1.2 Mechanical structure

The hand contains six independent pressure-driven soft, flexible actuators. Each finger uses
one actuator and thus can be controlled independently from the other fingers. In addition,
the thumb is equipped with two actuators allowing it to bend and change its pose between
opposition and apposition. The overall structure of the hand is presented in Fig. 5.2.

Soft and compliant
palm surface

Pressure-driven
soft actuators

#

Intelligent
structure for more
human-like motion

e

Figure 5.2: The mechanical structure of the hand. From [142].

The hand is designed to be easily manufactured without need of any expensive equipment.
It is made of two kinds of two-component silicone reinforced with polyester thread. The
main part of the device, a rubber exoskeleton, is made of relatively stiff silicone SmootOn
SmoothSill 940 (Shore A40), while the actuators are fabricated from the far softer SmoothOn
EcoFlex 0050 (Shore 50 scale 00). This combination of materials allows us to ‘pre-program’ the
fingers’ mechanical properties into the hand structure and transform the linear deformation
of the actuators into the required curling motion of the fingers.

In this section, I present a prototype that is 100 mm in length, measured from the wrist

to the ring finger’s tip - a size that corresponds to the hand of a 2 to 3 year old child.
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Actuator Design

The actuator is a pneumatic, fibre-reinforced conical tube, as discussed in Section 3.2. The
linear expansion of the actuator is converted into a bending motion using the exoskeleton
finger structure with its appropriately designed stiffness distribution, i.e., one side of the

finger is made of a stiffer material than the other.

Reinforcement
Hollow pressure

\‘ chamber
‘ \

TKK\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

f Internal

3 silicone layer
External silicone

layer

Figure 5.3: Structure of the actuator. From [142].

The structure of the actuator is presented in Fig. 5.3. The slight pitch of the reinforcing
helix (« &~ 0.6°) guarantees that its impact on the elongation capabilities is minimised. The
internal layer creates an airtight membrane that transfers the pressure onto the reinforcement,
and the external one prevents the reinforcement from detaching from the actuator and keeps
it in the desired shape. The bottom and the tip of the actuators are sealed using stiff silicone
SmootSill 940. A 1.2mm-diameter channel is integrated into the actuator base, as a pressure

inlet.

Overall design

The hand structure is essentially defined by an exoskeleton structure made of stiff silicone -
see Fig. 5.4. The exoskeleton constrains all the actuators and creates the palm and fingers’
surface. The exoskeleton is based on a 3D scan of a human hand to be as bio-realistic
as possible. The finger lengths and location of joints are therefore anatomically accurate.
The exoskeleton is designed to constrain the deformation of the actuators in areas that
correspond to bones and to transfer longitudinal motion into bending motions in the regions
corresponding to the finger joints. This behaviour is achieved by making the exoskeleton out

of a material with a significantly higher stiffness than that of the actuators. The actuators,
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made of soft material, elongate when pressurised. They are, however, attached on one side to
the exoskeleton which is far less stretchable or extendable. As a result, the side attached to
the exoskeleton expands less than the free side, and consequently, the finger bends. As the
hand is made without any rigid components, bending is not limited to discrete joints but
distributed along the whole finger.

The soft rotational joint described in Section 3.3 was also considered as an actuator for
the design presented here as finite joints lead to more human-like hand motions. However,
this would have required a separate actuator for each joint, making the overall design and
fabrication process significantly more complex. I therefore discounted its use for the prosthetic
hand.

As mentioned, each finger can be controlled independently, but can also operate in groups
efficiently and synergistically as they are flexible and compliant. The control complexity
of dexterous manipulation is therefore reduced as the hand structure and its compliance

simplifies interaction with objects.

“bones”,
deformation
[ limited
.. o
“joints”, %1
deformation 3
enhanced

Figure 5.4: Exoskeleton. Defines the hands’ shape and generates bending motion. From [142].

The exoskeleton fuses the fingers so that they affect each other - much like the fingers of
a human hand do. For example, the actuation of the index finger causes the middle finger to
move slightly, the actuation of the middle finger makes the index and the ring finger move
too, and so on, see Fig. 5.10. For that reason, the synchronous actuation of all the fingers
results in more bending and higher grasping forces than the actuation of separate fingers,

again, just as in a human hand [152, 153|. An additional actuated joint is embedded into the
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thumb’s base to change the thumb operating mode between opposition and apposition.

5.1.3 Manufacturing

The manufacturing process used here follows the approach presented in Section 3.2. It consists

of several moulding steps and involves a set of 3D printed moulds.

Actuators

It starts with the manufacture of the actuators. Reinforcement is wound around conical 3D
printed cores which are then inserted into a dedicated mould. The mould is then filled with
silicone creating a thin layer on the outer side of the reinforcing helix. When the silicone has
cured, the cores are removed. The actuators are then filled with new silicone material, and
another set of cores is inserted to create a thin layer of silicone inside the reinforcement - see
Fig. 5.5.

The next manufacturing steps focus on sealing both ends of the actuator. The base of
the actuator contains the pressure inlet, which is created by inserting a 1.2-mm diameter rod
into the sealing mould. The pressure is provided to the actuator through 2-mm diameter
tubes that combined with the 1.2-mm diameter hole in the actuator base, create a reliable
and tight seal. Although this seal is secure, the tubes are nonetheless glued to prevent them
from being pulled out - see Fig. 5.6. It is noted that similar designs ([35, 56]) use the manual
reinforcement winding approach, which has certain drawbacks in comparison to the design
presented here (refer Section 3.2). The enhancements represent a step toward industrial

manufacturing as most of the processes can be easily automated.

The Hand

The prefabricated actuators are arranged inside the main mould that creates the exoskeleton.
There are specially designed sockets that keep the actuators in position and ensure that stiff
silicone does not cover the joint areas. This is a crucial aspect of the process, as in the areas
covered with non-stretchable silicone, expansion is significantly limited. As a consequence,
the shape and arrangement of sockets define the joints’ positions and ‘pre-program’ the finger
motion. The main mould is shown in Fig. 5.7.

Since some hand areas require enhanced flexibility (i.e. metacarpophalangeal joint - the
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(c) (d)

Figure 5.5: Actuator manufacturing. (a) thread winding for reinforcement, (b) actuators in mould,
(c) external silicone layer cured - cores removed, (d) internal layer created - a cross-section of the
actuator. From [142].

base joint of all the fingers and carpometacarpal joint - the base thumb joint), there are
auxiliary structures made of soft silicone deployed into the main mould together with the
actuators. Before filling the mould with the stiffer silicone, all parts are glued to the mould
using softer silicone. This operation reduces the risk of stiff silicone penetrating undesired
areas during the injection operation. The mould is then filled with stiff silicone (SmoothSill
940) by syringing the material through a small hole on the upper part of the mould. The

filled mould and the hand formed from the mould are shown in Fig. 5.8.

5.1.4 Kinematics

The hand has six actuators, one per finger and two for the thumb - see Fig. 5.9. Each finger

can be controlled separately, but as the whole hand structure is compliant and adapts to the
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Figure 5.6: Fingers bases with pressure pipes connected. The actuator pressure inlets are 1.2mm in
diameter, and the pipe diameters are 2mm. From [142].
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Figure 5.7: (a) Alignment of pneumatic actuators in the main mould, (b) other side of the mould.
From [142].

object being handled, they can be actuated in groups, i.e., synergistically, reducing control
requirements.

The hand is designed to mimic the human hand in terms of appearance and fingers
actuation. The exoskeleton is designed to fuse the fingers at their bases, leading to interference
between finger movements, as is the case for human hands. For example, in Fig. 5.10 only
the middle finger is actuated in both the real and prosthetic hand, but movement of adjacent
fingers can be observed in both cases.

To further increase the bio-mimetic aspect of the hand, a second actuator was added to

the thumb allowing it to work in apposition or opposition modes as shown in Fig. 5.11.

5.1.5 Control

The hand is driven by pneumatic pressure. For the presented prototype a custom control
unit has been developed - see Fig. 5.12¢, and Section 5.5 for more information. Each pressure
controller is controlled independently with PWM signals and provides pressures from 0 to

0.2 MPa. The controller can be commanded by a joystick or mimic the operator’s hand
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(2) (b)

Figure 5.8: Main open (a) and demoulded hand with degassing channels visible (b). From [142].

Figure 5.9: The degrees of actuation. One actuator per finger and two for the thumb: thumb
actuation in green, thumb mode control (apposition/opposition) in red. From [142].

using a LeapMotion controller as in Fig. 5.12b. This type of interface allows for smooth and
natural control that is very useful for development purposes but not very useful in the target
system as it requires a healthy hand for command input. For the final application, an EMG
interface or similar will need to be developed to control the hand directly from the activities
of the remaining muscles of the amputee. The software developed for prototyping enables
the creation of a sequence of different pressure values that can be applied in a specific order.
Desired grasp motions can be saved and loaded from a file. The control methods are shown

in Fig. 5.12.
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Figure 5.10: Influence of the middle finger actuation on other fingers. (a) hand passive, (b) only
middle finger active but index and ring fingers affected. From [142].

Figure 5.11: The thumb in different modes. (a) apposition and (b) opposition mode. From [142].
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Figure 5.12: (a) Slider-based controller, (b) LeapMotion-based hand tracking (c) The control unit.
From [142].
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5.1.6 Experiments
Bending and force test

The hand has been tested in terms of forces and bending angles generated by the fingers as
a function of pressure. During the tests, the hand was observed with a camera. For each
finger, the hand’s orientation was adjusted so that the bending plane of the examined finger
was always parallel to the camera imaging plane. A colour marker attached to the fingertip
was tracked using an image processing algorithm during the actuation process. The pressure
was tracked with the same camera using the same techniques - see Fig. 5.13. The actuation
process was repeated six times and recorded at 60 frames per second. Each frame of the
recorded video was processed, and the value of the actuation pressure and the corresponding
bending angle was determined. For bending and force evaluation, two scenarios were tested:
individual actuation of each finger separately and simultaneous actuation of all the fingers.

The force assessment used the same experimental setup and a custom 3D-printed force
sensor [122]. The generated forces were measured for each finger separately in each scenario.
The results of all the performed tests are presented in Fig. 5.14, Fig. 5.15 and Fig. 5.16.

Graphs indicate the average of all trials for each configuration.

= F 4 B B P QDM

Figure 5.13: Finger bending tracking software. PS3-eye camera image at 60 frames per second is
used to extract the bending angle and pressure value for each recorded frame. From [142].
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Figure 5.14: Actuation angle vs actuation pressure, whole actuation cycles. From [142].
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Figure 5.15: Actuation angle vs actuation pressure, single finger actuation compared to the
simultaneous actuation (all the fingers together). Only pressurisation is shown. From [142].
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Figure 5.16: Experimental results. Force measured at the fingertip vs actuation pressure, comparing

individual fingers and whole hand actuation. Note that during the simultaneous actuation the ring
finger force sensor failed - no data was gathered. From [142].
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Grasping tests

One of the tests conducted was the estimation of maximum payload. A cylinder was placed
in the hand and pulled out multiple times while the pulling force was measured. The forces
required to extract the object in the direction indicated in Fig. 5.17 ranged between 7 and
10 Newtons, with the lowest recorded value being 6N. Thus, the maximum payload can be

estimated to be 500g assuming some safety margin.

Test object

Puling force

Figure 5.17: (a) Puling force test. A plastic cylinder is placed in the hand and pulled-out while the
pulling force is recorded. The max value is considered as the required pulling force.

Preliminary grasping postures tests were performed. During these experiments, I was
trying to demonstrate different kinds of grasps for different objects. The grasp postures have
been chosen from the postures described in the literature and referenced as Kapandji score
test [154, 35, 155, 156]. To investigate the hand’s capabilities, I tried a number of those, the

results of which are presented in Fig. 5.18.
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Figure 5.18: Grasping tests, (a) various grasping postures picked from Kapandji score test [154],
images from [142], (b) an exemplary load applied to the hand. Total mass of the object and syringe
550g. In both cases all the actuators are connected to the same pressure source.

One of the observed grasping issues is finger twisting. This is an inherent feature of
soft bending actuators: beyond a certain actuation pressure, instead of providing additional
bending force, they begin to twist to the side. This failure mode constitutes the actual
pressure limiting factor, rather than the pressure value that would lead to a burst. The

twisting process is presented in Fig. 5.19.

146



CHAPTER 5. SOFT ROBOTIC SYSTEMS

Figure 5.19: One of the failure modes: increasing pressure above a certain pressure leads not to
higher forces, but to twisting of a finger.

5.1.7 Adult-size hand

After initial tests with the child-sized prototype, I spent a considerable amount of time
designing and fabricating an adult-size version of the device. Due to the substantial increase
in the volume, it became possible to embed more complex actuation mechanisms into the
larger prototype, and so the adult-sized version comprised an additional actuator per finger
making actuation of the metacarpophalangeal joint independent from the actuation of the
rest, resulting in an 11 DOF system (similarly to double-compartment actuators described

later in [13]) - see Fig. 5.20.

Distal & Proximal
Distal & Proximal

joints .
joint actuator
Metacarpophalangeal
joints
Distal & Proximal
pressure inlet
Interphalangeal
joint
Metacarpophalangeal
Trapeziometacarpal joint actuator
joint (2DOF)

(b)

Figure 5.20: (a) Adult-size hand prototype degrees of freedom. Metacarpophalangeal joint and
proximal & distal joints actuated separately, (b) index finger cut to show internal structure and
individual actuators.

The hand was designed, along with all the required moulds and a single prototype was
fabricated. However, the further development of the project was interrupted in early 2022 by
the Covid 19 outbreak and has never been finalised. A photo of the full-size prototype is

presented in Fig. 5.21.
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(a) (b)

Figure 5.21: Adult-size hand prototype. (a) small hand and big hand prototypes comparison, (b)
hand prototype and set of moulds. From [142].

5.1.8 Discussion
Test outcomes

The tests show that the hand is capable of a range of motions. The bending tests prove
that individual fingers influence adjacent fingers when pressurised, eliciting natural finger
motion. This is especially notable in the case of activation scenarios when not all the fingers
are directly activated. Simultaneous actuation results in a significantly higher force exerted
by each finger, which is helpful when trying to lift heavy objects. Some actuation hysteresis
was observed.

Grasping tests show that the hand is capable of efficiently grasping various objects. A
passive adaptation capability was observed during those tests. It is noted that the hand was
able to hold the test objects despite its small size. It should be noted that the depicted items
were not grasped but rather placed and then held by the hand. Pressures were tuned for
each individual object. I anticipate that an adult-sized hand would offer similar dexterity
while exerting higher grasping forces.

The overall payload of the hand, assessed in a pull-out test with a 24mm cylinder, is
approximately 0.5kg. This means the hand can lift approximately seven times its own weight.

The table 5.1 provides a brief comparison of the proposed hand with other anthropomorphic
designs. Note that the table is divided into two parts: soft material hands, and hands claiming
some degree of ‘softness’ or flexibility but constructed from rigid components. Each section is
sorted by date. Only anthropomorphic designs are considered. When comparing to other soft

devices, bear in mind that the described design was developed in late 2016 and published in
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2017, while the larger version was developed in early 2020 but never finalised. Large-DOF
devices, such as RBO Hand 3 [13, 14|, were published in 2021 and ’22, meaning that no soft
pneumatic hand with more than 10 DOF was available when I was working on the large
version of my design, which comprised 11 DOF and featured double-compartment fingers,

similar to RBO Hand 3 published in '22.

Limitations

Actuation of the thumb is insufficient. For the range of actuation pressure, the palm actuator
is unable to fully move the thumb from apposition to opposition mode. Although this joint
is powered by two separate actuators, they are interconnected and controlled by a single
pressure regulator. In the subsequent iteration, the exoskeleton thickness was reduced in the
actuation region, and the actuators’ cross-sectional area was enlarged. The actuators were
also divided into two independent actuators, which should collectively enable greater thumb
mobility in terms of bending range and add the missing degree of freedom.

Another limitation is that beyond a certain pressure value, fingers cease to provide
additional grasping force and instead start to twist and buckle. This issue could be addressed
to some extent by employing the stiffening structures described in chapter 4, which would
increase finger stiffness at the same actuation pressure level. The breaking pressure value has
not been quantified, but it is considerably higher than the useful pressure range.

When controlling the hand with the LeapMotion controller, it became apparent that
it does not work correctly in certain configurations. Its performance is highly dependent
on lighting conditions and the kind of gestures performed, some of which are impossible
to achieve using LeapMotion. The most problematic cases occur when fingers are not fully
visible from the LeapMotion’s perspective, requiring the software to estimate the actual hand
configuration, often inaccurately. It also struggles with gestures where fingers touch each
other, such as pinch grasps, typically outputting a similar hand configuration but with a
large gap between fingertips. Consequently, pinch grasps were not truly feasible using this
type of interface. Nonetheless, it remains useful for other test scenarios, and its interface is

easy to operate even for inexperienced users.
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5.2 Soft Octopus

Soft robotics has offered solutions beyond the niche fields of robotic arms and grippers, having
entered into the realm of mobile robots, with bio-inspired systems that can walk, crawl, jump,
roll or swim [161, 31, 162, 106]. One specific area, underwater exploration, can benefit hugely
from soft robotic solutions, as soft robots are able to mimic the very complex movements
of aquatic creatures [163, 110]. Indeed several octopus-inspired robots have already been
developed. In [105] the eight-arm octopus-like robot presented is able to swim using sculling
movements of its arms, while in [104] the device, whose soft arms enable it to mimic octopus
crawling locomotion - see [164]. In both cases, the arms are made of flexible material, though
the rest of the robot body is rigid. The arms are driven by electrical motors embedded in
their bases to achieve locomotion - each arm itself is only a passive extension of a rigid shaft
attached to a motor. Involving electric motors in the design leads to an end-product that is
largely rigid, and therefore somewhat distant in nature to its biological role model. Their
tendon-based actuation is another aspect in which these robots differ significantly from their
biological counterparts.

In this section, I present an entirely soft octopus robot (Fig. 5.22) whose locomotion is
achieved through fluidic actuation. It has eight arms that actively deform and bend during
the actuation cycle. The actuator designed specifically for this robot is described in more
detail in Section 3.4. The swimming action is caused by direct deformation of the active
parts of its arms, using fluidic actuation chambers. Its arms or tentacles make use of a novel
type of soft continuum fluidic actuator that can bend in a range of directions, with bend
angles a function of the chamber pressures. The robot can therefore offer a range of motions,
including forward propulsion, turning and rotation around the primary axis, that hitherto
have not been achieved in these kind of devices.

The work described in this section has previously been published in [143].

5.2.1 Design

As in other designs described here, the octopus arms are made of two types of silicone -
SmoothOn Ecoflex 0030 and Smooth-Sil 940. A polyester thread is used to reinforce the outer

walls of the chambers. Each arm contains active parts (actuation chambers) and passive
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(b)

Figure 5.22: The octopus robot. (a) - side view, (b) - top view. From [143].

parts (extended tails). The passive part of each arm is not actuated but is designed to
generate thrust while moving. When actuated, the active part of the arm experiences a
curling motion, which in itself would not cause any significant thrust. The arms are therefore
extended by long tails that are pushed through the water, amplifying the active part’s motion
and achieving the requisite forward thrust. The main body of the robot is entirely made of

Smooth-Sil 940.

Figure 5.23: The robot’s design. 1,2,3 and 4 - independent actuator groups, 5 - internal pressure
distribution chambers. Body diameter: 55 mm, body height: 53 mm, total diameter with arms
straighten: 335 mm. From [143].

In the design, I ensured each side of the robot could be actuated independently to enable
the robot to turn. For that reason, four arms are grouped together. As each arm has two
degrees of freedom, two arm groups require four independent pressure inputs. The actuation
fluid is delivered through flexible pipes and distributed between the arms by internal channels

within the robot body. The structure and distribution of the arms are designed to allow
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the robot to swim forward, change its course of direction, and rotate around the z axis to
navigate the three-dimensional space effectively. The structure and the dimensions of the
assembled robot are shown in Fig. 5.23. Robot behaviour as a function of the pressure in the

respective actuator groups is shown in Fig. 5.24.
(a)

(d) (e)

Figure 5.24: Different actuation patterns. (a),(b) - passive robot, top and bottom view, respectively,
(c) - same pressure for all actuation chambers, forward movement, (d) - axial activation symmetry
(20414 actuation groups), rotation along Z axis, (e) - one side activation (15¢+2"? actuation groups),
rotation around y axis, (f) - two sides activation, (15¢+4%" actuation groups), rotation around z axis.
From [143].

5.2.2 Manufacturing

The robot is made in a similar way to the other designs described in this thesis. Fabrication
of the body is a multi-staged process, as described below. The manufacturing procedure for
the arms is outlined in Section 3.4.

The main part of the body is cast in the dedicated mould as seen in Fig. 5.25a. The main
part of the body contains eight sockets for the arms with two pressure channels per arm - see
Figs. 5.25b and 5.25c. The arms are connected to the body with the same material as used
in the body itself (Smooth-Sil 940).

The body consists of several empty chambers that ultimately connect to the arms. The
chambers are open after the first casting step - the mould used for that procedure is shown
in Fig. 5.25a. Once the silicone is cured, the arms are connected, and all connections checked.

Provided the seals are all tight, the top and bottom chambers of the body are closed - the
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(c)

Figure 5.25: The robot’s body. (a) Mould, (b) body assembled, arm socket with two separate
pressure inlets presented (c) parts of the body, internal distribution chambers visible (compare
Fig. 5.23). From [143)].

final step of the fabrication procedure. The assembled robot is presented in Fig. 5.22. Its

weight is approximately 120g.

5.2.3 Tests

Although the end-goal environment for the robot is water, its actuation system was tested
with air. This is due to the high water viscosity generating resistance and reducing the
actuation medium flow, in turn resulting in very slow robot actuation. Air actuation, however,
causes actuators to change their volume significantly while their weight varies only slightly.
The additional air volume in the robot body increases its buoyancy such that it floats. For
that reason, the velocity tests were performed on the water surface. For the force tests, the

robot was fixed to a lever that kept it below the water surface despite the buoyancy issue.

Test setup

All the experiments were conducted in a water tank made of transparent acrylic glass. The
robot was powered by pressurised air supplied through 1 m long and 2 mm wide flexible

tubes. The pressure was regulated at the tube inlet with a Camozzi k8p pressure regulator.
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Figure 5.26: Test setup. (a) velocity test setup, (b) force test setup. From [143].

For all the actuation trials, just one tube was used to pressurise the robot. Using a small
connector, the pressurised air was then distributed to the relevant chambers to activate the
desired actuator groups (groups 1 - 4 for velocity and force tests, 1 and 3 for twist motion, 1

and 2 for turning motion - see Fig. 5.23).

Velocity test

For the velocity measurements, the robot was allowed to move freely within the tank, powered
by a sequence of pressure pulses of a given frequency and a given pressure value. While
progressing through the tank, the octopus robot was filmed, and, to simplify motion tracking,
it had a coloured marker attached - see Fig. 5.26a. Using image analysis techniques, the robot
position was extracted from the recorded image sequence and correlated to pressure data.
The robot replicates the arm swimming pattern of the octopus. [165] defines arm swimming
pattern as undulated motion of the arms in synchrony. Those undulations consist of a power
(closing) and a recovery (opening) stroke of the arms. A sequence of frames extracted from
the recording is shown in Fig. 5.27. The results are shown in Fig. 5.28a. The data presents

three full actuation cycles using averages with error bars from six trials.

Force test

The robot was tested for force generation during actuation. The setup used is presented in
Fig. 5.26b. The robot was attached to the lower end of a rod suspended on a hinge, with
only the lower end of the rod below the water surface. A point on rod, one third of the way

down its length, was aligned to abut a force sensor, which was activated when the rod was
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Figure 5.27: Movement of the robot, arm swimming pattern [165]; forward motion, three cycles
presented. Video recorded at 30 fps. Every fifth frame is shown. White line indicates the tip position
in the first frame and remain constant in space through all the other frames. From [143].

pushed toward it - see Fig. 5.26b. For the experiment, a single axis force sensor was used.
During actuation, the robot exerted a force on the rod that was transferred to the sensor.
Knowing the sensor position and the length of the rod, the measured force was calculated.

The recorded forces are presented in Fig. 5.28b

Manoeuvring capability evaluation

The turning and twisting manoeuvres have not been quantified, but some preliminary tests
have been done. To achieve certain motion types, specific sections of the arms or group of
arms were actuated, and the resulting manoeuvres recorded from above. For twisting motion,
all the arms were actuated, but only one side of them was pressurised. Both sets of arms had
the same chamber actuated simultaneously, i.e. either the left or right side, depending on the
spin direction. For the turning motion, only one arm group was activated, but in this case,
both chambers of each active arm were used. The test shows that the robot is capable of the

assorted motion types - see Fig. 5.30 and Fig. 5.29.

5.2.4 Limitations and Discussion

The initial test shows that the robot is capable of manoeuvring in a number of fundamental
ways - it can proceed, twist and turn. For the tested actuation pattern, which is a sequence
of pressure pulses of 1 bar value, 1.5 s period, and 0.3 s pulse time, the average velocity of
the robot is approximately 3.8 cm/s and around 9 cm/s at the peak value. This pattern was

chosen to show the current design’s capabilities. The pressure was set to a safe level and was
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Figure 5.28: (a) velocity test result, (b) force test results. The plot presents average velocity values
of 6 trials with error bars. Three complete actuation cycles are shown. From [143].

removed when a significant velocity was achieved. The next pulse was applied when velocity
dropped to near zero. The thrust generated by the robot actuated in the same manner but
at a fixed position (no velocity with respect to the water) is, on average, approximately 0.011
N and around 0.11 N at the peak value. The generated force has a low value but is sufficient
to drive the robot.

The possible reasons for the low force value include a small actuator area, along with long
and soft levers of the arms, and a relatively slow actuator response that reduces the relative
speed of the arms with respect to water, which in turn limits the drag and thrust. If the
force were insufficient to drive the device, several adjustments could be attempted, such as

moving the power source closer to the robot to reduce dynamic losses in the actuation pipes,
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Figure 5.29: Movement of the robot; twisting motion. Three actuation cycles are presented. For
better clarity of the twisting motion shown in the static figure, one of the arms is coloured blue.
From [143].

Figure 5.30: Movement of the robot; turning motion. Two cycles are presented. For better clarity
of the robot’s dynamics, the direction of the robot is marked in blue. From [143].

adjusting the arms’ geometry, or increasing the actuator size. It is also worth noting that a
low force value is not necessarily a drawback, as higher force generation could potentially
incur additional costs, such as increased energy consumption and a drop in efficiency.

As the robot is powered by external pressure controlled via a regulator connected to
the robot with a relatively thin and long pipe, its value in the actuators varies from (is
considerably smaller than) the requested delivery pressure. This is due to the regulators’
limited flow, the air viscosity and compressibility. The measurements of the pressure near the
regulator outlet and the robot inlet are presented in Fig. 5.31. As demonstrated, the pressure
at the robot level is significantly different from the requested one. Not only is it lower in
the active state, but the venting process is also slow. The drag in the pipes and viscosity of
the actuation fluid cause a significant delay and loss of dynamics. As a result, the overall
range of available actuation frequencies is reduced with respect to the robot itself. Such a
significant disparity must be considered when designing robot control algorithms and is a
clear drawback of having an external power source. One potential improvement is moving the
power source as close to the actuators as possible or using different sizes of pressure pipes.

This kind of effect is expected in all air-pressure-driven systems, but it has the most

158



CHAPTER 5. SOFT ROBOTIC SYSTEMS

significant impact on devices where system dynamics play a role, like in the discussed octopus
where arm speed and beating frequency are important. The beating frequency issue is

discussed in more detail in Section 5.3.

—— Measured pressure, regulator outlet
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Figure 5.31: The disparity between requested and actual pressures in the system. From [143].

For proof of concept, the system was powered with pressurised air - this proved a useful
way to show feasibility but limits real-world applicability. Ultimately, the end-goal system
would need a liquid medium such as water or oil. In this way the control mechanism would
be volume based rather than pressure based, and, as a result the robot’s buoyancy would be
unaffected.

The performance of the proposed demonstrator is within the range of other robots
resembling octopus-like swimming with arms described in the literature. The overall average
speed of 32mm /s is similar to another soft octopus robot driven with shape memory alloys
[166]. While other designs outperform the proposed device in terms of absolute velocity
(180mm/s) [167], it is worth noting that in this case, the robot is driven with conventional
servomotors, is substantially larger, and is equipped with a flexible net that, along with the
arm swimming pattern, creates a propulsion jet. The speed expressed in By, (body lengths)
per second of the described robot is approximately 0.22 (for the body length assuming the
distance from the tip of the head to the end of the arms in the stroke - when the body length
is the longest), with other robots reporting values ranging from 0.19 [105] up to 0.5 for [167].
However, it is unclear how the robot body length is measured in most cases. Most of the
reported octopus robots use conventional actuators (servomotors), and to the best of my

knowledge, only one other design uses soft actuators [166]. There are other robots resembling
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octopus or squid in appearance but swimming due to jet propulsion with arms added for
different purposes (e.g. crawling and manipulation [168]); they have not been considered in
the following comparison. Octopus-inspired robots that perform crawling [104] or climbing
[169], etc., but can’t swim, have not been included in the following comparison. Swimming
octopus robots’ motion parameters are presented in table 5.2. No lifetime cyclic test has
been conducted, and the breaking pressure has not been assessed.

Table 5.2: Swimming robots resembling octopus morphology powered with arms

=
=
=Y
—~ O |
7 G- RN .
;: B . 0§ 2%% 5Z
o = _ = o ¥ A S 9
e o) Sa) > Z T ™ < £
.5 Proposed total - 175 0.22 38 8 4 + fiber reinforced
i)
T Soft octopus arms - 140 0.27 pneumatic actuators
-
& Octobot [166] total - N/A  N/A 25 8 1 - shape memory alloy
dé arms - 79 0.32

8-arm robotic total - N/A 0.19 986 8 8 + electric serovomotors
system [105]  arms - 200

Octopus with  total - N/A 0.5 180 8 8 + electric servomotors
,5 compliant arms - N/A
E  web [167]
£ Variable total - N/A  N/A  ~ 100 8 8 -+ electric servomotors
Tg morphology arms - 300 ~ 0.3
£ 1obot [170]
qé Kraken [171]  total - 500 N/A N/A 4 4 + stepper motors
8

arms - 300 ~ N/A
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5.3 Soft Fish

Another bio-inspired concept for a soft swimming robot is a fish robot. There are examples
of soft robotic swimming fish {110, 163, 172| but to the author’s best knowledge, at the
time of development of the following design, there were no others that were driven with soft

silicone-based fibre-reinforced actuators.

5.3.1 Design

The robot contains a fixed head section, an actuated tail, and a fin. The tail consists of an
actuator and a flexible but passive section, Fig. 5.32. The active section has an asymmetric
pair of fluidic actuators that extend when pressurised. As they are located on the sides,
actuation of one side of the robot results not only in elongation but also in bending towards
the non-actuated side of the fish - see Fig. 5.33. Applying and releasing the pressure in a
periodical manner on both sides creates a heaving motion of the robot’s tail. The flexible

structure of the tail allows the fin to adapt to the water flow.

- pressure
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\ )
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Figure 5.32: Robot’s design.

My focus in this project concerned the rear part of the robot only. The head of the
robot is a 3D printed part designed with a view to potentially house any requisite electronics,
hydraulic pumps or batteries. With a potential increase in head size necessary for this, it

seems likely that the rear section of the robot would need to be scaled up to match.
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(a) (b)

Figure 5.33: Bending of the tail, (a) bottom view, (b) the actuator zoomed-in, fibres visible.

Tail

The tail consists of an active part and a passive, flexible part. The active part deforms when
pressurised and bends the tail sideways. The passive part of the tail deforms during the
movement, assuring the fin travels through the water and also rotates so that it not only
pushes the water to the side but also generates a thrust. The fin attached to the tail is
responsible for the actual thrust generation. The active part of the tail is approximately 15%
of the overall length of the rear part of the robot. Each side of the active part contains five
connected actuators - see Fig. 5.34b. Although each actuator is conical in shape, they all have
different dimensions, so as to fit better within the tail’s geometry. The tail’s cross-section is
elliptical and becomes thinner towards the dorsal fin. While each side of the tail consists of
many actuators, not all of them need to be actuated simultaneously, though for the purposes
of this study, they are set to work in unison. Indeed they could be actuated separately to

control the thrust not only in the horizontal plane but also vertically.

(a) (b) (©

Figure 5.34: (a) Section view on the actuators and (b) connections between them, (¢) a 3D printed
nylon structure supporting the caudal fin of the robot.
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Caudal fin

The caudal fin is made of the same material as the tail. Since it is very soft silicone, I added
a 3D printed structure to increase the fin’s rigidity - see Fig. 5.34c. I used Nylon filament for
that part, ensuring that the fin remains flexible. The 3D printed part is covered with silicone
creating a thin membrane stretched across the nylon component from one end to another.
Because of the outer silicone membrane, the caudal fin can adapt to the water flow, even

during the actuation.

Similar designs

Researchers from MIT have developed a robotic fish SoFi, driven by a soft tail that deforms
when the pressurised medium is transferred from one side of the tail to the other [110, 173|.
In the SoF1i robot, however, the actuation chambers take up almost all of the volume of the
tail, are not reinforced with fibres and are not divided into any sections enabling separate
actuation. For that reason, SoFi has additional actuators for the pectoral fins to control
pitch - a feature that would not be necessary in my design. My understanding is that
the application of fibre reinforcement would improve the robot’s efficiency as it effectively
reduces any radial expansion of the actuators (a problem that is clearly observable in the
footage of actuated SoFi prototype - see [174]). Another design difference - the inclusion of a
passive deformable flexible part of the tail, helps create the desired swimming behaviour -
see [172]; with a short tail, fine-tuning the swimming behaviour becomes considerably more
difficult. Furthermore, smaller actuation volumes mean that there is less fluid to transfer
between the chambers, which in turn could help to increase the beating frequency. On the
other hand, smaller chambers mean higher pressures are needed to produce equivalent tail
bending and actuation torque. Nevertheless, commercial miniature pumps are able to provide
high pressures although flow rates are relatively low. Specifically, commercial pumps of the
dimensions required by my design offer flow rates lower than what is required to provide
a beating frequency of 1.7Hz for my system (e.g. [175]). That said, they do offer up to
8bar pressure - considerably more than the 1.8bar currently demanded by my fish design.
High-pressure low-volume chambers do therefore seem to be a better choice than low-pressure

high-volume actuators.
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5.3.2 Fabrication

For the fabrication of my robot fish, I used a manufacturing process similar to the one
described in previous chapters; rods with the fibre wound around them are placed into the
moulds and are covered with a silicone layer that bounds the fibre creating the external layer
of the actuator. Once the silicone has cured, the rods are removed. To make the removal
step easier and mitigate damage to the fragile structure of the reinforcement (at this stage, it
is quite delicate as it is not embedded into, but rather just attached to the silicone surface),
the rods are split into three parts and the inner part of the rod removed while the external
parts remain attached to the thread preventing it from being pulled away from the actuator.
Having removed the internal part, the outer parts are loosened and can be removed easily. It
is noted that by using conical rods instead of cylindrical ones, the removal of the internal
parts is even further simplified, as they can be easily withdrawn in the thin end to thick end
direction, mitigating the need to be split into three parts. A partially manufactured actuator
with the conical rod still embedded is shown in Fig. 5.35a. The next step is to create the
actual pressure chamber, which is the internal part of the actuator, and which is made in a
separate mould. Once the inner part of the actuator cures, it is inserted into the external
layer of silicone created in the previous step with the fibre already attached. The actuator
is then sealed at both ends using caps cast in a stiffer silicone material, one of which has
openings for the insertion of pressure pipes. A set of 5 actuators for each side of the robot is
then connected and inserted into the tail mould - see Fig. 5.36. The set of moulds for the

right side of the robot is shown in Fig. 5.35b.

(a) (b)

Figure 5.35: Manufacturing. (a) partially manufactured actuator, (b) set of moulds for one side of
the robot.
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(a) (b)

Figure 5.36: (a) set of actuators ready to be deployed, already connected, (b) actuators arranged
inside the tail mould.

Figure 5.37: Assembled soft fish robot

5.3.3 Experimental validation

Experimental validation of the design comprised two sets of trials. Firstly the thrust generated
by the robot was measured, and secondly, the speed of the robot was assessed. The force was
characterised as a function of actuation pressure amplitude and frequency, while the velocity

test was conducted for just one beating frequency selected from the force trials.

Force measurement

The force was measured using a Robotous RFT40-SA01 sensor. The experiment was repeated
for various pressure amplitudes and beating frequencies. The chosen tail motion was a
sinusoidal wave. In the experimental setup, the robot was submerged in water while attached
to a float and a weight, ensuring that it stays at a constant depth and maintains its orientation
during the experiment - see Fig. 5.38. The robot’s mounting point was aligned with its
yaw rotation axis. The mount did not constrain the yaw rotation, so the robot was able to

oscillate as though it was not attached to the sensor. This is important as in real conditions,
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an element of the force generated by the fin would be consumed by the oscillations of the
robot’s body. Also, the head rotation affects the orientation of the tail and, ultimately, the
generated force. As the force sensor used was not water-proof, the force generated by the
robot had to be transferred to the sensor by way of a lever. The robot was attached to
the lever using a flexible element to reduce vibrations. Force was measured for at least five
complete actuation cycles (more cycles for higher frequencies).

The data collected from the tests is presented in Fig. 5.39.

controller
sensor

/ pressure
pipes

compressor

Figure 5.38: Force measurement setup

Force [N]

| L I | Il Il l : Il \ I
1.0 12 14 16 1.8 20 24 28 32 3.6 40
frequency [Hz]

(a)

Figure 5.39: Force generated by the robot for various actuation amplitudes vs frequency of actuation.
Data was collected from seven trials for each amplitude. Average and standard deviation plotted.
Yellow, blue, green and red colours denote various pressure amplitudes.

Experimental data shows that the generated force increases along with the actuation
pressure. It also shows that the efficiency of the actuation depends on the beating frequency,
and for all the tested amplitudes the highest efficiency is within a similar range of frequencies.

Those results agree with the research described in [176].
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To investigate how much the yaw angle oscillation of the robot’s body affects the generated
force, the experiment was repeated with the tail itself fixed firmly to the same lever. The
shape of the measured curves is very similar to what had been previously observed, although
the frequencies are shifted, and the force values are much higher - see Fig. 5.40. Note the

logarithmic scale at the x-axis in the presented plots.

Force [N]
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frequency [Hz]

(a)

Figure 5.40: Force generated by the tail of the robot rigidly attached to the sensor for various
actuation amplitudes vs frequency of actuation. Data was collected from five trials for each amplitude.
Average and standard deviation plotted. Yellow, blue, green and red colours denote various pressure
amplitudes.

These results suggest that reduction in body oscillation would be beneficial in terms of

robot motion effectiveness.

Velocity

As the robot is attached to an external pressure source, its movement is inevitably constrained
to some extent. The robot’s motion, for example, is affected by the rigidity of the tubing
used for pressure connection and the drag it creates. Moreover, since the current design uses
air as an actuation means, it is not possible to balance the robot as its buoyancy changes
during the actuation cycle. For this reason, to keep its pitch and depth at a constant level,
an additional float is attached to the robot, changing its inertia and creating extra drag.
The measured velocity is therefore not the true velocity the robot would achieve under real,
untethered conditions.

In order to measure the velocity, colour markers were attached to the robot’s body and the
motion filmed from above. By extracting the markers from the footage it was then possible

to calculate the approximate velocity of the robot. Four different actuation amplitudes were
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tested, always using the 1.7Hz beating frequency that generated the best results in force tests.
The results are presented in Fig. 5.41. This is the first evaluation of the fish swimming in
water; the acquired data is not statistically significant but shows the velocity is approximately

proportional to the actuation amplitude over the tested range.

0.3
— 0.9 bar
— 1.2 bar
—— 1.5 bar
0.2 ~—— 1.8 bar

velocity [m/s]

time [s]

Figure 5.41: Velocity measured for various pressure amplitudes. Actuation frequency 1.7Hz. Three
full actuation cycles are presented.

The swimming process is shown in Fig. 5.42.

Figure 5.42: Three full actuation cycles (each column shows a single cycle). Beating frequency
1.7Hz, pressure amplitude 1.8bar

5.3.4 Discussion

The robot requires an external pressure source (compressor) and is controlled by two pressure

regulators. During the actuation process, air travels from the compressor to the regulators
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and then to the robot via relatively thin pressure pipes. This process takes time, and some
pressure is lost due to the viscosity, compressibility and the mass of the air that has to be
moved in and out, meaning the actual actuation pressure differs from the requested pressure,
as seen in Fig. 5.31.

The gathered data shows the behaviour of the whole system, complete with compressor,
regulators and pipes. The efficiency drop for frequencies higher than 1.5Hz is most likely
related to the inertia of the pressure supply system and not the robot itself: the viscosity
and inertia of the actuation fluid, along with the limited flow of the pressure regulators and
the drag created in the pressure tubes, result in reduced dynamics of the actual device. The
pressure at the actuator level is significantly different from the pressure at the regulator
output and from the requested pressure. As a result, the amplitude of oscillations drops
significantly above a certain frequency (cut-off frequency). The pressure-drop effect has been
examined in the case of the octopus robot, see Fig. 5.31.

It is also noted that the controlled value in this setup is the pressure at the regulator
outlet and that it is not possible to ensure that this pressure is reached inside the actuator
(for higher frequencies, there may not be enough time for the air to travel through the piping).
Furthermore, the pressure inside the actuator, even if it does reach the requested value, may
not necessarily correspond with the tail amplitude, as this is highly dependent on the tail
inertia and drag generated by the surrounding water.

The current robot design features a set of 5 actuators per side, which enables actuation
of the tail in two directions (vertically as well as horizontally) and potentially 3D navigation
without the need to articulate other fins. The current prototype provided proof of concept,
though not without failings - in its present form it can swim forward with no issues but can
barely turn. Furthermore, the pneumatic actuation system creates imbalance as the variable
volume of the actuation chambers affects the robot’s buoyancy.

To put the described fish robot demonstrator into context, several other soft robotic fishes
have been presented in table 5.3.

It is noted that some of them are claimed to be ‘soft’ while using traditional actuators
(servomotors). Apparently, one of the most popular actuation methods for swimming fish
robots are electroactive polymers, but there are examples of pneumatic and hydraulic

mechanisms too. The typical swimming speeds of these robots range from as low as 0.25 Bp,
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Table 5.3: Comparison of soft and compliant swimming fish robots

£
=
z £ z
. B 5 E g
2 = < g £ g g
e = E = = 3 =
/~ Q a) S B = <
P d P ti
FOPose 021 071 0.5 025 2D  comaue
soft fish Fiber Reinforced
P ti
» Manta robot [31] 0.15 0.67 01 N/A 1D  Cmae
3 Fiber Reinforced
§ SoFi '14[110] 0.34 044 0.15 N/A 2D Pneumatic PneuNet
&  SoFi '18[177] 047 05 0235 N/A 3D Hydraulic PneuNet
o
S Flexi-Tuna [178] 0.33 270 0.89 0.185 2D Pneumatic McKibben
Electro-ionic fish [179] 0.09 0.69 0.06 18m 2D Dielectric Elastomer
Biomimmetic fish [180] 0.15 0.25 0.032 0.5m 2D Dielectric Elastomer
Micro-robot fish [181] 0.15 0.75 0.112 N/A 2D Dielectric Elastomer
_,Variable stiffness fish [182] 0.32 0.55 0.176 1.5 1D Servomotor + cables
S OpenFish [172] 0.42 2.02 085 N/A 1D Servomotor + cables
S
Compliant
(_E) R 0.27 037 0.1 N/A 2D Servomotor + cables
~ Robotc Tuna[183]
Wire-driven Fish [184] 0.31 2.15 0.665 N/A 3D Servomotor -+ cables

for one of the electroactive polymer designs up to 2.7 By, for a McKibben muscles powered
device. The most similar design, SoF1i, uses positive pressure driven PneuNet actuators and
reaches the same velocity of 15cm/s and slightly slower body length per second. However, this
is a self-contained device powered with water pressure, rather than air, while the proposed
design has an external power source and is actuated with air.

SoFi uses soft pneumatic (or hydraulic - depending on implementation) PneuNet actuators
[12] that are arranged in antagonistic pairs. PneuNet is a network of interconnected cavities
that expand when pressurised. One side of the actuator is equipped with a strain-limiting layer,
so that the expansion causes elongation on the other side of the actuator, and consequently
bending. The radial deformation of the actuator is limited by compartment dividers made of
the same flexible material. For this reason, the radial expansion is reduced, but still present,
when compared to virtually no radial expansion in the case of circular fibre reinforcement

actuators used in the proposed design.
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The actuators in the case of SoFi occupy approximately 57% of the robot length, while
in my design they are reduced to 10% of the length. There is, however, a difference in SoFi’s
pneumatic and hydraulic designs, as the pneumatic one is optimised for escape manoeuvres
and uses only one pair out of two for forward swimming. The other half deforms passively in
that process, similarly to the passive part of the tail in my design. In such a case, the active
actuation part of SoFi constitutes approximately a quarter of the robot’s body length. The
hydraulic version, however, has only one actuation pair spanning the entire tail volume. The
overall SoFi actuation volume is approximately 110ml per side, while the proposed robot
requires approximately 6ml of pressurised medium.

Due to the significant reduction of the actuator volume, the approximated energy required
to actuate the tail in my design is significantly smaller. It is not clear, however, for what
actuation range the energy consumption in SoFi was calculated, and it is noted that the
SoFi robot is significantly larger than my design. The energy consumption might not be that
significant if the same conditions were met (sizes, actuation range).

The energy consumption for proposed fish was calculated at 60° actuation angle. In such
case the actuation pressure is & 1 bar and the actuation volume is ~ 6ml. The approximated
elastic energy stored in the system in such case is ~ 0.3 J according to eq. (5.1)[110], where
Welastic 18 the energy, V is the final actuation volume and P is pressure. This value is based
on assumed linear volume-pressure relationship. The actual shape of the curve was not

measured. Only the elastic energy required to bend the tail compared.

\%
Welastic :/ P(U)dv (5.1)
0

Both designs operate at very similar beating frequencies and achieve very similar velocities.
The SoFi robot swims at slightly lower velocities relative to body length, but it is a self-
contained system with the power source onboard, while my design has an external power
source.

A detailed comparison between SoFi and the proposed design has been summarised in
table 5.4.

In my tests, I have not gathered life-time information. The breaking pressure is ap-
proximately 2 bar, which corresponds to approximately 100° bending angle (tested on one

prototype only).
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Table 5.4: Comparison SoFi robot and proposed Soft Fish

SoFi 2014 SoF'i 2018 Proposed Fish

Overall Length (cm) 33.9 47 20
Overall Fork Lenght (cm) 30.5 N/A 15
Acuatior length (cm) 15.9 N/A 2
Max tail bending angle (deg) >140 N/A 60
Actuation volume (ml) 110 N/A 6
No. of actuators 4 2 10
No. of actuation groups 4 2 2
Actuation Pressure (bar) 0.6 N/A

Actuation Elastic Energy (J) 2.89 N/A ~0.3
Beating frequency (Hz) 1.67 1.4 1.7

Only forward swimming has been tested; the turning motion has not been quantified.
During the tests, the varying buoyancy of the fish was compensated with a weight attached
to its body and a float on the surface.

The described fish robots conclude the demonstrators I have developed during my PhD.
Soft hands, the octopus, and the fish were designed primarily to create a pleasant visual
experience and showcase the actuators’ performance, proving that they can be used in realistic
scenarios. While these devices could be developed further towards their target applications,
they remain only demonstrators at this stage.

In the following section, however, I describe an actual upper-limb assistance device that

has been specifically designed for a particular patient and successfully deployed.
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5.4 Icarion Semi-Passive Exoskeleton

In 2019 a small start-up company contacted me regarding a product they were developing.
Their idea was to create a compact, wearable, active arm exoskeleton that could be worn under
clothing. The goal was to improve quality of life for people with disabilities by increasing
the range of everyday activities they could perform without assistance. The solution was
to provide patients with a device that offered very low interference with their appearance
(meaning no bulky mechanical parts mounted around their limbs) and that was wearable
for an extended period without causing fatigue or requiring frequent battery recharge. The
device needed to flex or extend patients’ joints on request. Depending on individual patients’
needs, various levels of forces were required, as in some cases, the force should only assist the
movement, while in others, the entire flexing force would be generated by the device. The
force range needed to account for potential objects held by the patient. The device needed

to be slim, lightweight, ergonomic, and power-efficient. The goal was to initially augment the

elbow joint and then, based on the learnings, design devices for other joints.

5.4.1 Requirements

To meet the high-level requirements for supporting everyday activities and rehabilitation,
more detailed technical requirements were assessed. These requirement values stem from the
analysis of use cases conducted in collaboration with the patient and their doctor and assume
tasks like handling a glass of beverage, TV remote, or mobile phone usage. The requirements
take into account safety measures such as the maximum force transferred via the patient’s
elbow and safe pressure ranges. Most of the data is the property of the company, but overall

requirements have been summarised in table 5.5.

5.4.2 System architecture

The primary component of the device is a passive bracket attached to the patient’s upper
limb, while the actuation part exerts forces on the bracket to aid in operating the limb. The
system also includes a control unit that generates the actuation pressures based on user

input, with force sensors operated by the user’s leg to increase or decrease the operating

“The intellectual property described in this chapter belongs to Icarion Sp. z 0. 0. company. Thanks to
Barttomiej Gaczorek and the Icarion company for permission to share this work.
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Requirement Target Value First Prototype Value
Actuation pressure range 3 bar 3 bar
Wearable part weight as lightweight 250 g
as possible
Time to recharge one day battery - one day

air pressure - 1 hour

Elbow torque 5 Nm 1.1 Nm
Passive actuator length 90 mm 90 mm
Actuator extension 100% 100%

Table 5.5: Elbow assistive device requirements and first prototype parameters

pressure, and a pressure tank containing pressurised gas, as shown in Fig. 5.43. Due to the
low-pressure storage used in the initial prototype, the system also employed an integrated
compressor to recharge the pressure tank when needed. The entire system is integrated with
the user’s wheelchair, so the only additional payload carried by the patient is the wearable
part of the device. The force-sensing input interface is fixed to the wheelchair frame and

operated via movements of the patient’s knee.

pneumatic
pipe

elbow
assistive

device signal

line
control unit
& battery

N

optional wheelchair-
Compressor integrated,
force-sensing
user input
pressure device
tank

(a)

Figure 5.43: Overall architecture of the device.

The actual prototype is presented in Fig. 5.44.
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(a) (b)

Figure 5.44: (a) A prototype of the arm exoskeleton device during tests (b) final prototype worn
by patient.

5.4.3 Actuator

To satisfy the design requirements, the correct actuator technology needed to be selected.
Moreover, the actuators had to have a good force-to-weight ratio, sufficient stroke and be soft.
McKibben actuators and fibre reinforced linear pneumatic actuators were both considered.

McKibben actuators provide a very high power-to-mass ratio but have a very limited
stroke [185]. Limited stroke forces the actuator to act on a short lever to generate the requisite
amount of rotation. This is not ideal, as a short lever requires higher forces for actuation,
which in turn means that higher forces are transferred via the joint. Since the device needs to
be slim and lightweight, it relies on the patient’s body along with the structural elements of
the device. That said, the forces and bending moments in the system are transferred partially
via the device and partially via the patient’s bones and joints. In such a case, high actuation
forces are undesirable as they put the patient at risk of high forces being transferred via their
joints. Along with that, mechanical parts themselves would need to be bulkier to handle
these higher forces, as shown in Fig. 5.45.

Due to the above limitations, fibre reinforced actuators were chosen for further development.
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Figure 5.45: The stroke of the actor determines its alignment with the joint, which affects the
forces transferred by the joint. (a) Low-stroke actuator, (b) large-stroke actuator.

A significant difference when compared to McKibben actuators is that fibre-reinforced
actuators expand when pressurised and passively return when pressure is released. Since the
kinematics of the device requires pulling actuators, fibre reinforced actuators in this type of
design work in a passive manner, like springs that can be actively released, much as in [186].
This feature is another advantage of fibre reinforced actuators, as the maximum force they
provide is physically limited. With McKibben actuators, the force generated increases with
the pressure value, and so, should it encounter a failure in pressure reduction or a bug in the
software, the potential consequences for the patient could be disastrous. Our system ensures
the safety force levels are never exceeded despite any such failures in the system.

The actuator design is similar to the actuators used for most of the projects described in
this thesis - see chapter 3; a flexible tube reinforced with fibres that elongates when pressurised
and contracts when pressure is released. Due to its simple geometry, the behaviour of such an
actuator can be easily adjusted, in terms of dimensions and force profile, for a specific user.

Hooke’s law can approximate the force and displacement of such an actuator (assuming

linear characteristics of the silicone) eq. (5.2),

F =k (5.2)

where I’ denotes the force acting on the actuator, and x is the displacement. In the
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case of this actuator, F' is composed of two factors - the internal force F), = PA; generated
by the pressure inside the actuator and the external force exerted by the actuator upon
the outer world F,. k in turn is determined by the material properties (elastic modulus F)
and cross-sectional area of the silicone A4 and the initial length of the actuator [, eq. (5.3),

Fig. 5.46.

EA,
x

AP+ F, = (5.3)

actuation chamber fibre-reinforced wall
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Figure 5.46: The Icarion actuator schematic. [ - passive length, = - displacement, R; and R, radii
internal and external respectively, A; and A; - cross-section area of the silicone and actuation chamber
respectively.

When the pressure-resulting force is less than the force resulting from the stretch of the
material, the device will exert a force on the user’s limb. The maximum force that can be

generated occurs when the internal pressure is off eq. (5.4).

EA,
l

Fe’p:() = x (54)

Using the above equation, knowing the required range of forces Fg, for the required range of
motions under a given range of actuation pressures, the actuator’s geometry can be tweaked
to satisfy those requirements.

By putting the requested forces F, = Fyy and F, = F}, as well as the required lengths of
the actuator [y and /1 on a plot, we can determine the actuator’s required stiffness k£ and

passive length [, Fig. 5.47
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E, atan(k\)\

force [N]
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Figure 5.47: The required forces and displacements on the plot.

This, in turn, allows us to determine the overall actuator geometry.

lk
Ay = — 5.5
Z (5.5)
I
A, = .
so that
A;
Ae
Re=1/— — R? (5.8)
T

5.4.4 Results

The first prototype of the device was delivered to the patient and tested for several weeks
with good results. The battery lasted between 15 and 28 hours. The pressure tank used had
a volume of 2 liters and was charged up to 3.5 bar, lasting between 30 and 60 minutes. When
the pressure level dropped, it was automatically recharged with an integrated compressor.
The patient reported that after short training, she was able to operate the device without
explicitly thinking about the leg actions needed to induce the required elbow motions. The

patient reported that the device was helpful in many situations, but there were scenarios that
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required more degrees of freedom actuation (such as the shoulder joint) in which the device
was not helpful, though it did not cause any additional effort either. The patient reported
that full desired functionality would require the shoulder to be assisted as well.

During the wear and tear tests, the actuators were tested for several thousand cycles with
no visible wear. The target tank pressure was 200 bars and was estimated to be sufficient for
approximately 2000 actuation cycles.

The first prototype’s torque was significantly lower than the target value. This design
choice was made because higher torque would require larger actuators, which in turn would
consume more air. The patient did not need such high assistive torques for operation, as 1.1
Nm was already sufficient. The initial prototype operated with a low-pressure source (3.5
bar) and an integrated compressor, whereas the target system was designed to use only a
high-pressure source. This should allow for the use of larger actuators without compromising

operation time and should enable the removal of the compressor from the system.

5.4.5 Summary

My contribution to this project was the actuator design and fabrication as well as the control
unit prototype, in terms of both the electronics and firmware along with integration of the
input devices.

When this text was initially written, the first prototype of the device had undergone testing
by the first user. After several weeks of use, the user reported a substantial improvement in
their mobility, and the device had not experienced any system failures.

There were plans in place to improve the device based on feedback from both users and
doctors. Unfortunately, the decision was made to end the project due to technical difficulties

and lack of further funding.
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5.5 Pressure control system

An element common to the various systems presented is a pressure control box. The box was
developed explicitly for the prosthetic hand project (Section 5.1), but used extensively for
the other projects too. It was designed as a standalone device that could work in several
modes. The simplest mode was to generate a requested sequence of pressures in a loop for
demonstration purposes. In this mode, a soft device, say the hand, could re-play the recorded
sequence of movements in a loop. In another mode it could be used in remote control via
a gamepad, web interface, or external program running on a PC. This could be a simple
application with sliders, where each slider corresponds to a single pressure output, or a more
sophisticated controller such as LeapMotion. To satisfy all those goals, the internal control
unit comprised two parts - a Raspberry Pi computer and Arduino micro-controller. The
Raspberry Pi board was responsible for communication via the Ethernet port, handling
game-pad input or playing the pre-recorded sequence of pressures, as well as exposing the
WiFi interface alongside a webpage composed of sliders that could be operated via any
browser, laptop or mobile device. The Arduino board was generating PWM (Pulse Width
Modulation) signals for pressure regulators. The reason to delegate the PWM generation to
Arduino is that the Raspberry is not a real-time system, and the PWM signals it provides
are subject to fluctuations making the pressure output unstable.

A diagram showing the structure of the device is presented in Fig. 5.48, and the actual

device is shown in Fig. 5.49.

Device Function Model Units
High level controller Web interface Raspberry Pi 3B 1
UDP interface
Gamepad interface
Control signals
values calculation
Low level controller Realtime PWM Arduino clone, 1
signal generation  ATMega328P-A

Pressure regulators Pressure control Camozzi k8p 6

Table 5.6: The hardware used in the pressure controller
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Figure 5.48: The pressure control box block diagram.

Figure 5.49: The pressure control box along with soft hand and Leap motion controller.

181



CONCLUSIONS

In this thesis, I have summarised the outcomes of my PhD research. The focus throughout
was on soft mechanical structures actuated with pressurised fluids and their optimisation in
terms of mechanical design and fabrication.

I have presented various actuators and the mathematics that underlie their functioning. I
have created a new stiffening mechanism, that allows for simultaneous actuation and stiffening
and calculated how much stiffening is expected depending on the actuator geometry and
physical properties.

Finally, I have created several soft robotic devices and systems, including demonstrators
such as hands, swimming octopus and fish robots, as well as a real-life semi-passive orthotic
device.

While implementing specific actuators and devices, this work aims to address general
problems in soft robotics. The performance of soft actuators is an important issue that will
become increasingly important as soft material robotic technology reaches consumer-level
readiness. Currently, most soft robotic devices and applications are still in the research phase,
where energy efficiency and ease of use are secondary issues. However, when companies begin
selling their soft actuators to other tech companies as a power source for more complicated
devices, or sell soft robotic devices themselves, performance, robustness, and ease of use,
including linearity of their responses, will become increasingly important.

Reliable actuators require not only proper design but also relevant fabrication techniques.
The highly manual fabrication approach that is most popular in the literature is not only

inefficient, but also prone to human errors, and the quality of the final product can vary
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significantly. If soft actuators are to become more popular and accessible to engineers, we
need more automated and reliable fabrication techniques.

Finally, stiffness controllability is a growing concern in the case of soft actuation. Soft
actuators are intrinsically soft, but when they need to exert forces, such softness becomes an
issue. Existing stiffening approaches are usually some form of state transition, such as the
actual transition from liquid to solid or solidification of granular medium via jamming. This
process, however, limits further actuation and requires more complicated control strategies. I
believe that the preferred stiffening technology should coexist with actuation in a way that

the shape of the device is not locked and can be further adjusted.

6.1 Contributions

In Section 1.2, I asked three questions about soft robotics design, fabrication, and stiffening
techniques. These questions have been addressed by advancing the state of the art with the

contributions outlined below.

6.1.1 Design and Fabrication
Fibre-reinforced actuators

The concept of soft robotics is relatively new, and manufacturing methods and design
paradigms are therefore shifting an developing at a pace - indeed as yet, there are no
well-established rules or best practice guidelines for soft robot design or manufacture. In
this work, I have proposed several innovations in relation to the design and fabrication of
soft-bodied, fibre-reinforced actuators. I identified circular cross-sectional geometry as the
ideal shape of the actuation chambers in applications where the linearity of the actuator
response is important. Any non-circular geometry displays a tendency toward circularity
during pressurisation, leading to non-linearity in the initial part of the actuation process. I
also proposed the application of dense rather than sparse reinforcement. Even if dense enough
to prevent actuator damage, sparse reinforcement may not constrain ballooning sufficiently
and thus affect the linearity of the actuator’s response. Sparse reinforcement often requires
contrary helical fibres to cancel torsion created while the actuator is expanding. In the case

of dense reinforcement, this effect is negligible as the pitch of the thread is minimal. Dense
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reinforcement is however problematic for most common fabrication techniques. To overcome
this issue, I proposed another improvement, which was to revert the standard fabrication
process order and complete the process of applying the reinforcement before creating the
body of the actuator. This can be done by wrapping a rigid rod with a thread by spinning
the rod on a spindle while progressively applying the thread. This process is fast, reliable
and labour efficient. The rod with the tread is then covered with silicone, and the internal
layer is created afterwards, enabling the production of denser reinforcement, with more even

thread arrangement than with previous techniques.

‘Instant’ soft robots

To simplify the manufacturing process further and to improve the repeatability of actuator
performance, I developed a new design for soft structures that I refer to as instant soft robots
- so-called as the idea is based on disposable moulds that dramatically reduce the fabrication
time. This is effectively the time it takes to fill a 3D printed structure with silicone and
allow it to cure (once cured the mould can be broken-off and disposed of, while all the crucial
reinforcing structures remain integrated with the silicone).

My research on the design and fabrication of fiber-reinforced actuators has the potential
to make an impact not only within the field of soft robotics but also in other areas where
actuation technology is utilized. The advancements proposed can improve the reliability and
characteristics of soft actuators, making them a more appealing alternative to traditional
actuation methods. Additionally, the simplified fabrication techniques developed can increase
the availability of soft actuators, potentially leading to the introduction of soft technology in
new applications. This represents a qualitative change in the field and highlights the potential
for further innovation and integration of soft robotics technology in various industries.

The potential impact of this "instant" soft robot design extends beyond the current field
of soft robotics as well, as the simplified manufacturing process and improved repeatability
of actuator performance can make soft robots more accessible to a wider range of industries
and applications. The reduced fabrication time and simplified process, along with publicly
available CAD files, could make it easier and more cost-effective for companies and makers

to incorporate soft robotics technology into their projects, products, and services.
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6.1.2 Stiffening

The biggest advantage of soft-bodied robots - mechanical compliance - is, simultaneously,
one of their major limitations. Although soft and compliant, which is a huge bonus in terms
of robot access and working in delicate and fragile environments, their inability to exert
significant force is potentially problematic.

I proposed a stiffening structure inspired by the mammalian penis. The structure is
designed to direct the flow of the actuation fluid to, and then ensure it cannot escape from,
those areas in which stiffening is required. This mechanism can be activated on-demand,
and the increased stiffness can be applied in one direction while other dimensions remain
compliant. In this way, the stiffening effect does not act against the actuation mechanism, as
is the case in all other stiffening systems proposed for soft robots.

I was able to implement this mechanism into a bending actuator, demonstrating proof of
concept. The test data shows that activation of the stiffening structure causes the apparent
stiffness to double compared to the non-activated mechanism, which is consistent with
expectations. A higher stiffening ratio could be achieved by adjusting the geometry of the
device or using hydraulic actuation.

This work has the potential to improve the ability of soft-bodied robots to increase the
range of possible interaction forces, broadening the possible application space and improving
the performance of devices that are already based on soft technologies. Since this idea uses
actuators that are backward compatible with previous fiber-reinforced actuators, in terms of
their outer shape and structure, the existing designs could be easily adjusted for this kind of
actuation.

Even though this stiffening actuator renders itself as an ideal candidate for grasping
devices, the soft hand presented here had been developed before the stiffening actuator and

for that reason uses standard bending actuators.

6.1.3 Soft robotic systems

I designed and constructed various robotic systems able to demonstrate proof-of-concept
for the actuators I developed. These included soft hands, a swimming octopus and fish

robots. All of them could be controlled via the pressure driver that I designed, offering several
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interfaces for user convenience.

Beyond that, I played a part in creating a real-life arm exoskeleton that passed through the
initial several-week-long deployment, reporting very good results in relation to significantly
improved mobility. My involvement included the development of the soft actuation mechanism,
the creation of a prototype of the pressure control unit, complete with electronics and firmware,

and the integration of the technical elements into the system.

6.2 Future work and open questions

There are several possible routes to take in relation to developing the research work of this
thesis, the most obvious one being to create a grasping device with an internal stiffening
structure. This could offer better grasping performance than currently provided by soft
grippers.

Although the demonstrators I produced were just demonstrators - necessary to establish
proof of concept - each of them was made with a specific application in mind. The soft
hand could be further developed to deliver a real prosthesis that could be worn and used by
amputees. That would require the development of some user input interface and a portable
pneumatic power source would need to be created. Swimming robots could be equipped
with onboard hydraulic power sources and sensors for several applications, from marine life
research to military reconnaissance.

The work presented here can also serve as a foundation for the development of more
advanced features, such as embodied intelligence. The proposed stiffening structure has been
implemented using individual cells, each having directional inputs and outputs and reacting
to disturbances depending on those input and output pressures. If arranged in more complex
structures, such cells could be used to implement smart behaviours or perform embodied
computations. That said, the stiffening structure has shown potential, but there is much

more to explore.
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