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Abstract

Soft actuators are inherently compliant, highly dexterous, and lightweight alternatives to
traditional electromechanical actuators in many robotic applications, especially human-
interactive robots. This research aims to develop a soft robotic actuator that leverages body
movements to mimic the function of human fingers to perform gripping and grasping tasks.
Unlike the predominantly used chamber-based actuation techniques, this study involves
braiding fibres along the axis at two different angles on each half of the cylindrical
actuator. This angle difference allows the actuator to bend in one direction when
pressurized by a pneumatic or hydraulic source. Furthermore, winding the fibres

continuously along the axis increases bending by limiting radial expansion.

As a first step, the bending concept based on variable stiffness has been validated using
numerical and finite element analyses. Secondly, manufacturing a fibre-based soft actuator
using materials of low Young’s moduli with a split fibre-reinforcement (SFR) technique
was studied, followed by altering the fibre braiding pattern using the continuous fibre-
reinforcement (CFR) method. The third study investigated the effect of Young's modulus
on the bending and force output of the actuator. Additionally, a comparison was made
between pneumatic and hydraulic-powered actuators. As a final step, the shoulder
movements of the body were studied and utilized to power a set of actuators capable of
performing gripping and grasping tasks. The low modulus materials and the continuous
fibre winding technique allowed us to develop a portable, standalone, cost-effective body-

powered prosthetic device.
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Chapter 1

Introduction

1.1 Biorobotics

Over the past decade, interdisciplinary approaches have resulted in significant advances in
robotics [1]. Bioinspired robotics is a subfield in robotics that emphasizes replicating
extraordinary capabilities found in natural organisms [2]. Robots of this type have been
extensively used in healthcare, social administration, and field investigation as an essential
and inseparable part of modern technology [3]. Fabrication of these robots is mainly based
on a modular design concept using electric motors, printed circuit boards, semi-rigid
synthetic compounds, and carbon-based composites to establish sensing, control, and

actuation strategies (Figure 1.1) [4].

Figure 1.1 Outline of the process of making a biorobot from inspiration to application.



While these developments are promising, there are still many challenges to overcome,
including the flexibility, biocompatibility, and adaptability of materials used in these
robotic applications. Recent researchers have focused on utilizing more compliant and
flexible materials to help these robots interact safely with humans [5]. When a human body
is considered, muscles make up 42% of its mass, while bones make up 11%. The
integration of soft materials in human-centric robotics can therefore be the next step in
bio-inspired robotics technology. In recent years, bio-inspired soft robots have enabled
similar automated tasks to be performed without rigid counterparts. For soft robotic
applications, the materials used must guarantee the human system's functionality and
acceptability upon installation [6]. When choosing materials for soft actuators, it is
important to consider whether the actuators’ application involves external or internal

interactions with the human body. [7].

1.2 Soft actuators

There are many challenges associated with soft robotics. Actuation is one of the biggest
challenges and designing flexible actuation systems that can generate output forces
comparable to the ones exerted by the muscles in the human body [8]. Humans can change
their body posture depending on the extension, expansion, twisting, and bending of
muscles. Numerous research has been conducted on generating actuation mechanisms
using soft materials [9]—[11]. The most common ones are dielectric elastomeric actuators
(DEASs’) [12] and fluidic actuators that operate on hydraulic and pneumatic power sources
[13]. The dielectric elastomeric actuators are made of soft materials that actuate through
electrostatic forces — an important development in the quest for artificial muscles. Despite
its relatively high-performance metric (high strain/stress and mass-specific power), this
technique has few limitations. (i) Most designs that use DEAs require a rigid frame that

pre-strains the elastomer. Some design works have been done without rigid frames;



however, they resulted in a very low stress, and their fabrication process is highly
complicated. (i1) The reliability of the compliant electrodes used in these designs needs
improvement. (iii) The technique requires high voltages, which is undesirable for many

applications [ 14].

Fluidic actuators, on the other hand, use fluids like compressed air to power the actuator
[15]. This technique has provided robust actuation systems for soft materials since the
1950s [16]. Compressed air or fluids can be used to create deformation in these actuators
to directly replicate motions found in body parts by inflating the network of chambers and
creating motion in tethered robots [17]. Fibre-reinforced actuators are another type of
actuator that can produce a variety of motions like bending and twisting by restricting the
radial bulging by winding fibres on a soft material core. Depending on the braiding pattern,

the actuator’s movements can be customized to suit the application [18].

Materials play a significant role in the performance characteristics of the actuator. The
materials used to make these actuators vary from elastomer-based products like Ecoflex™
[19], Dragon skin, and PDMS to 3D-printed materials like Polylactic Acid [20],
Acrylonitrile Butadiene Styrene and fabric-based materials like TPU (Thermoplastic

polyurethane) [21] as shown in Figure 1.2.
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Figure 1.2 Classification of fluidic actuators based on design and material.

1.3 Motivation

In elastomeric actuators, chamber-based designs are geometrically complex, and adding
chambers will increase the actuator's weight. Reducing the size of these chambers to make
a low-powered less mass actuator requires the actuator walls to be made thin, which makes
them prone to bulging. Therefore, improving efficiency can be done at the design level.
Wang et al. and other researchers successfully manufactured a non-chamber-based
actuator. However, it involves utilizing materials with high Young’s moduli, dirty
manufacturing processes, and embedding an inextensible strip layer to induce bending
[22]; hence there is a requirement of an external compressor to generate sufficient pressure,
negating the suitability of using body movement to power these actuators. These
drawbacks have affected their usage in different applications. Therefore, this work aims to
develop an actuator of simple design, powered by the wearer's body movement, and easy

to fabricate that can be utilized in body-powered prosthetic applications.



1.4 Objectives

This research aims to utilize body movements to power a soft elastomer-based prosthetic
device to perform gripping and grasping tasks. A detailed literature study has been
conducted to analyse the parameters that can be modified to make this application possible.

The research objectives have been summarised as follows.

Task 1. Create an actuator that operates at a low pressure.

Task 2. Design and evaluate the characteristics of split and continuous fibre winding

techniques and different braiding combinations.

Task 3. Characterise and evaluate the actuator response with soft materials of different

Young’s moduli.

Task 4. Utilization of body power to operate soft bending actuators for gripping

applications.

1.5 Outline of the thesis

This thesis is organized as follows:

Chapter 2 provides the background and literature on the soft materials used in making soft
robots, actuation, and design techniques responsible for bending, twisting, and other types of
motion found in soft actuators. It also discusses the application of soft actuators in wearable

robotics and body-powered prosthesis.

Chapter 3 explains the design concepts based on which this work has been based on. It also

validates using numerical analysis that the actuator’s bending is possible with a pressure input.

Chapter 4 explains the simulation of the actuator model using a finite element analysis tool to

support the concept of bending based on stiffness difference.



Chapter 5 demonstrates two fabrication methods, i.e., split-fibre and continuous-fibre-
reinforcement techniques. It also discusses these fabrication methods' results, advantages, and

disadvantages.

Chapter 6 discusses the effect of the material’s Young’s modulus on bending and the force
output of the actuator by utilizing three different elastomeric materials. It also explains the

impact of compressible fluids on generating pressure inside these actuators.

Chapter 7 demonstrates the implementation of a body-powered prosthesis on an actual human.

Chapter 8 summarises all the main findings of this thesis and suggests the potential future

work for this research.



Chapter 2

Literature review

To begin with, an overview of soft materials used in the construction of soft robots has been
discussed. As a second step, the design and powering techniques that are responsible for
bending and other types of motion in various soft actuators have been discussed. Last section
of this review discusses the applications of these soft actuators for wearable robotics and body-

powered prosthetics applications.

2.1 Actuator

2.1.1 Categorized by materials

Materials used in biologically inspired soft robotic systems should be elastic or flexible to
perform multiple functions naturally found in living organisms. In human-machine
interaction applications, soft materials also provide comfort and safety [23]. The ability of
soft materials to integrate with other functional mechanisms or robots without altering their
mechanical properties allows for high customizability options in robot design, depending
on the application [24]. As a result, material selection plays a vital role in the quality of
the soft robot. Generally, soft robots are made from one of the material categories: silicone

elastomers, polymer composites, and fabrics [25].

2.1.1.1 Silicone elastomers

Elastomers made with silicone are composed of reactive, straight-chained molecules and
cross-linking agents to provide excellent mechanical properties. Several advantages make
silicone elastomers one of the most widely used soft robotic materials, including their high
flexibility, biocompatibility, tear strength, stretchability, compliance, and elastic resilience
[26]. Due to their elastic response over a wide range of strains and the fact that they have
a stress-strain relationship derived from a strain energy density, these elastomers are

considered hyper-elastic [27]. Young's modulus is an effective tool for comparing
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stiffnesses, and most elastomers used in soft robotic actuators possess moduli between 0.1

to 10 MPa, as summarized in Table 2.1.

Table 2.1 Young’s moduli of silicone elastomers

Material Name  Young’s modulus (E) MPa

Ecoflex™ 00-10  0.038  [28]
Ecoflex™ 00-30  0.066 [29]
Ecoflex™ 00-50  0.089 [28]
Dragon skin 0.226 [29]

Elastosil-M4630  1.18 [30]

Sylgard 186 12 [31]
Sylgard 184 24 [31]
PDMS 26  [28]

Smooth Sil™ 940 3.8  [32]

Soft robotics utilize polysiloxanes like PDMS due to their high strain limit, low hysteresis,
and low modulus during loading and unloading cycles. A variety of elastomers like
Ecoflex™ 00-30 from Smooth-On and Sylgard 184 are prevalent because they are
transparent, inert, and mechanically robust [33]. Engineers typically consider properties
like strain limit, modulus, and manufacturing processability when choosing an elastomer.
However, creep, stress relaxation, and other forms of inelastic deformation can result in
energy loss and hysteresis during the consecutive loading and unloading of these materials
[34]. Soft robots use elastomers for a variety of purposes. In addition to housing the
electrical circuit for soft sensors, it can also serve as a fluidic pressure channel for
actuators. Fluidic pressure deforms these elastomers, enabling them to produce a variety

of movements under controlled conditions. One such model utilizing fibres to control a



soft silicone material's motion is demonstrated in Figure 2.1 [18]. With the help of
elastomers integrated with conductive materials like Carbon nanotube and graphene, the

soft robots can be made to sense mechanical deformation [31].
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Figure 2.1 Demonstration of motions using soft silicone elastomers. (a) Extension (b)

Twisting (¢) Bending [18].

2.1.1.2 Polymer composites

Polymer composite materials result from combining two or more materials of different
natures. This is done to obtain a product with a quality superior to the originals. In other
words, the idea is to create a resource that meets the needs that pure polymers do not. In
selecting soft materials for robotic applications, tensile strength, Young’s modulus, and

dynamic modulus are the mechanical properties most often considered [35].

Since the soft robot finger is mainly designed to have flexion, extension, abduction, and
adduction movements, the material's flexural strength is another essential mechanical

property that must be considered in the selection. The bending strength of the chosen
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material will decide the degree of rotation or bend of the soft finger [36]. These properties
may be achieved from synthetic polymer matrices mixed up with naturally occurring
mineral fillers such as silica, mica, glass fibres, or carbon fibres as summarized in Table
2.2. The use of filler in the polymer matrix may make the composite an anisotropic non-

linear material like human skin [37].

Table 2.2 Polymer composites in soft robots

Material-1 Material-2 Application

Smooth Sil™ 950 Kevlar fibre Soft bending actuators [38]
Polyvinyl alcohol Iron Oxide Magpol actuators [39]
PDMS Carbon nanotube  Robotic skin [40]
Sylgard-184 Gallium & Indium  Stretchable capacitor [41]
Hydrogel Sodium Chloride  Ionic skin [42]
Ecoflex™ 0030 Liquid metal Stretchable electronics [43]

2.1.1.3 Fabric materials

Textile-based pneumatic actuators have become increasingly popular for wearable applications
due to the high strength-to-weight ratio of these actuators and the range of actuation modalities
[44]. A spandex and nylon fabric-based soft actuator, along with neoprene, is used for ankle-
foot orthosis to assist in inversion-eversion ankle support and gait rehabilitation [45]. A soft
ankle-foot Exo-sock is used to passively assist bed-ridden patients affected by deep vein
thrombosis, preventing blood clots and serving as an alternative to mechanical prophylaxis
[46]. A lightweight pneumatic exoskeleton for total knee arthroplasty patients was
developed using a fabric pneumatic actuator to assist the patient’s knee movements during
rehabilitation [47]. Thermoplastic polyurethane (TPU) fabric materials were used to

fabricate a foldable pneumatic bending actuator [48]. A fully fabric-based pneumatically
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driven bidirectional glove was made by sealing TPU fabrics, providing both active flexion
and extension. In comparison with fabric-embedded elastomeric gloves [49], fully fabric-
based gloves are much lighter and can achieve a larger range of motion and higher force

output at lower pressures (Figure 2.2).

|

Figure 2.2 Demonstration of motions from fabric actuators (a) Extension (b) Contraction (c)

Twisting (d) Bending [21].

The use of the extension fabric actuators can activate a faster pneumatic discharge to assist
in boosting the speed to achieve bidirectional motions (Figure 2.3) [21][50]. Another
wearable suit was made by sewing multiple soft, thin pneumatic muscles into a flexible
fabric, which provided high power density, high force, good flexibility, and lightweight
nature [51]. However, they may not be sufficient for medical rehabilitation programs due
to their limited force. Additionally, fatigue tests on fabric-based actuators and efficacy

evaluation in impaired patients need to be conducted.
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Figure 2.3 A bidirectional bending soft actuator made of thermoplastic polyurethane [21].

2.1.2 Categorized by actuation motion
It is possible to categorize soft actuators into electroactive polymers and soft fluidic

actuators based on the source responsible for the actuation.

2.1.2.1 Electroactive polymers

Electroactive polymers are polymer materials that respond to electrical stimulation by
undergoing significant changes in dimension or shape [52]. Dielectric elastomeric
actuators (DEAs) are one of the popular electro-active polymers used in soft robotic
actuators. It consists of a thin elastomer membrane between two compliant electrodes. The
elastomer deforms when a voltage is applied, leading to mechanical actuation, as shown

in Figure 2.4 [53].
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/

Figure 2.4 Mechanical deformation of dielectric elastomers upon electrical actuation [53].
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By stacking multiple electrodes and elastomers, the performance output of the DEAs can
be significantly improved [54]. The main performance advantages of DEAs can be
highlighted by large deformation [55], high energy density, fast responses [56],
lightweight, and low cost [56]. The sensing capabilities of DEAs [57], [58] and the ability
to configure customized shapes make them ideal actuators for soft robotics [59]. One of
the simplest examples is the annular type diaphragms that were used in early DEA
development. When the potential energy of these systems is minimized with respect to the
thickness of the film, it results in a highly nonlinear relationship between bidirectional
stretch and power supplied [34], [60]. In addition, such couplings often exhibit instability
at a critical point, where the film wrinkles or creases suddenly when the supply exceeds a
critical value. There is also the possibility that the elastomer may fail at these high voltages
due to a dielectric breakdown, depending on how strong the applied electric field is on the
elastomer. The failure of DEAs due to this phenomenon is sometimes difficult to prevent
because they only undergo significant deformation when voltages are close to these critical
values [61]. Furthermore, the use of DEAs in combination with fluidic actuators has been
developed to improve both the work density and load capacity. Despite their ability to be
integrated with mobile electronics, DEAs may still be too bulky to be compatible with

miniaturized soft robotic systems due to their high voltage circuitry requirements [62].

Ionic electroactive polymers are another type of electroactive polymer in which actuation
is caused by the displacement of ions inside the polymer, as shown in Figure 2.5 [63]. For
actuation, only a small voltage is required, but for the actuator to maintain its position,
higher electrical power and energy are needed [64]. A few examples of ionic electroactive
polymers are conductive polymers [65], ionic polymer-metal composites [66], and gels
that react to electro actuation [67]. One example is bucky gel actuators, consisting of a

polymer-supported polyelectrolyte layer made of an ionic liquid gel sandwiched between
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two single-wall carbon nanotube electrode layers [68]. Another type of ionic electroactive
polymers includes electrorheological fluids, which change their viscosity with the applied
electric field. This fluid is mostly made of a suspension of polymers in a low dielectric-
constant liquid [69]. When a large electric field is applied, the suspension's viscosity
increases. A shock absorber, engine mount, and acoustic damper could all benefit from

these fluids [70].
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Figure 2.5 Universal architecture and mechanism of ionic polymer actuators [63].

2.1.2.2 Soft fluidic actuation (SFAs)

Soft fluidic actuators utilize pneumatic or hydraulic fluids to power them. In the
demonstration shown in Figure 2.6, multiple modules are inflated to cause bending when
pressurized with fluids. Soft actuators made of silicone [71], fabrics [72], polymer
composites [73], [74], and flexible fibreglass [75] are of particular interest in
manufacturing soft fluidic actuators. These actuators can be rapidly fabricated in a multi-

step moulding process, and with new design concepts, fabrication approaches, and the
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availability of varieties in soft materials, they can be used to achieve combinations of
contraction, extension, bending, and twisting using pressurized fluids. Applications like
heart assist devices and soft robotic gloves for rehabilitation can be considered as a ground

to define the movements and force requirements expected of these actuators.

/1,.'3]1.-9 Fluidic channsl
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Figure 2.6 Bending of fabric-based soft actuator upon fluidic actuation.

A pneumatic artificial muscle (PAM) was one of the first soft robots that used compressed
air for actuation [76]. Essentially, these actuators consist of elastomer shells that are lined
with braided textiles that would contract when filled with compressed air. The use of
pressurized air produced by combustion and fuel decomposition has recently been
investigated as a way to drive soft pneumatic actuators [77]. One approach that has been
taken is to use platinum as a catalyst to activate the disintegration of hydrogen peroxide or
to promote the combustion of butane and oxygen [78]. Gas pressures of 50 kPa can be
generated by such reactions. This is sufficient for actuator motion. A robot powered by

combustion can jump, and it requires functionally graded materials with varying degrees
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of mechanical compliance so that internal stresses can be equally distributed during impact

landings [8].

Water is also used as a propellant in soft fluidic actuators, as water can carry a greater load
and allows a quicker response from the actuator. Water is treated as being incompressible
when considered with the surrounding elastomer, which means that slight displacements
to the boundaries between the fluid and the surrounding elastomer can lead to rapid
changes in both fluidic pressures as well as actuator stiffness [79]. Figure 2.7a shows a
traditional schematic for controlling a bidirectional fluidic actuator requiring high and low
pressures. This method employed two five-way valves, a high-pressure accumulator, a
digital pressure, and a vacuum gauge, which was mapped to position through electrical
control. Figure 2.7b shows an integrated positive displacement pump schematic showing
the need for just one stepper-motor-driven peristaltic pump to drive the entire system.
Alternatively, there have been recent developments in the development of underwater soft
actuators based on hydrogels, which allow for the flow of water into a fluidic medium [80].
Hydrogel's density and transparency are similar to seawater, making the actuators optically
and acoustically transparent. It might be possible to engineer underwater soft robots that

do not interfere with the natural behaviour of marine organisms [81].

Several techniques can be used in conjunction with soft fluidic actuators (SFAs) to
improve their performance in terms of constructability, variable stiffness, and operational
range criteria. The SFAs along with shape memory polymers, are integrated to improve
the bending point, shape configuration, and variable stiffness [82]. SFAs combined with
Gecko adhesion provide higher-strength grasps at lower pressures [83]. SFAs integrated
with dielectric elastomers (DEASs) are targeted toward improving the handling of soft and
delicate targets [84]. It also helps in the reduction of the size of SFAs [85]. SFAs used
along with tendons can be controlled by a servo motor for precise control of the actuator
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bending [86]. In addition, improving control tendons helps to miniaturize the size of SFAs

as well [87].
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Figure 2.7 Traditional schematic of a controlled bidirectional fluidic actuator. (a)

Conventional soft robotic hardware (b) Peristaltic fluidic engine [88]

A combination of SFA and rigid robot paves the way for improving the flexibility of
determining bending point, modifying the shape configuration and variable stiffness. It
also increases the capability of actuators to perform multiple functions [24], [89], [90].
SFAs with electro-adhesion are used for delicate gripping tasks on flat or irregularly
shaped objects [91]. SFAs with layer jamming mechanisms provide variable stiffness in
the actuator due to the change in friction between layers [92], [93]. Soft pressurized fluidic
actuators, along with soft vacuumed fluidic actuators provide variable stiffness [94], [95],

increased actuation [96], and linear motion capabilities [95].
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It is important to note that fluids perform similar functions in soft actuators as they do in
traditional pneumatic and hydraulic machinery. However, there are a wide variety of
parameters that influences the performance of a soft robotic system, including thrust

performance and hysteresis [97].

2.1.3 Categorized by design
Based on the design factor that is responsible for bending in a soft actuator, the actuators

can be classified into bellow actuators and fibre-reinforced actuators.

2.1.3.1 Bellow actuators

Bellow-based actuators consist of a parallel arrangement of chambers that are connected
internally via a channel [98]. Generally, each chamber has two thin walls that are
perpendicular to this channel and expands upon pressure. A thicker base of the actuator
restricts this expansion leading to a seamless bending of the actuator as shown in Figure
2.8 [99], [100]. Inflating these actuators non-collinearly can produce coupled twisting and
bending motions when actuated [101]. This coupled motion enables the actuators to be
more flexible and dexterous, making them a suitable candidate for a wide variety of
applications, such as flexible manipulators, biologically inspired robots, and medical

devices [102].
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Figure 2.8 Bellow actuators (a) Origin state, (b) compression state, and (c) inflation state of

the bellow actuator [103]
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Multicore actuator design is useful for assisting joints in a single degree of freedom and
has been widely used in the flexion of finger and elbow joints [104]. A soft wearable
robotic device used chambers to make muscle-like structures to generate bidirectional
active knee motions. Each muscle had four muscle cells creating a maximum force of 38N
and contraction of 18mm. With different combinations of actuations, the device was able
to create active motions for knee extension and flexion [105]. Inspired by the fore flippers
of seals, a supernumerary soft robotic (SSR) flipper was designed to replicate their
strength, dexterity, as well as flat-shape foldability using origami and kirigami techniques.
A range of experiments using the fabricated prototype showed excellent object

adaptability, grasping capability, and versatility [106].

2.1.3.2 Single-core actuators

In recent years, many research groups have developed soft actuators with single cores due
to their simpler design technique. The design concept involves an elastomer bladder
surrounded by inextensible reinforcements (e.g., skeleton-like structures) [107]. When
inflated, the bladder expands in all directions. Inextensible fibres constrain the bladder
from expanding radially, allowing only axial expansion [108]. Inflated bladders undergo
a particular type of motion due to the arrangement of reinforcements as shown in Figure

2.9 [73].

A combination of bending, extension, and twisting can be achieved by selecting the
appropriate placement [109]. Several different behaviour types can be achieved along a
single actuator. For example, when the actuator is inflated, one segment will bend, another
segment will extend in the axial direction, and one segment will twist and bend [18]. Pre-
programming complex behaviours like this are one of the primary advantages of soft

robotics over traditional rigid robotics.
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Figure 2.9 Actuator performing an orientation-specific task. (a) Four actuator segments are

combined in series to achieve forward locomotion and perform an orientation-specific task.
(b) Segments 1, 2, and 3 are actuated in sequence to move the device through a bent tube. (c)
As the device approaches the end of the tube, the prongs are not aligned with the holes.

Segment 4 is then actuated, extending and twisting the prongs into the holes [73].

The importance of reinforcing a system is to alter the overall material strength to achieve
customized movements [110]. By doing so, the stiffness can be increased in areas where
deformation isn't needed to achieve the task. Soft fluidic actuators are particularly
vulnerable to this problem, as an increase in internal pressure may result in the extrusion
of their walls and ultimately rupture [111]. Also, it is possible to change the strain-limiting

reinforcement fibre braiding angle of the core to study the different behaviour of the soft
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actuators [74]. Due to a difference in expansion between one side and the other of the

actuator, when inflated, the actuator bends [22]. The reinforcements can be added at any

point during the moulding process. To avoid friction and hysteresis, they must, however,
be properly bound to the soft structure [112]. Alternatively, reinforcements can be
achieved by over-moulding or glueing [113], [114] later in the process. There are also
ways to generate complex behaviours using internal skeletons [115], fabric jackets, or
plastic exoskeletons [116]. In these hybrid designs, the soft core of the product is ideal for

soft interactions, and rigid sections of the product provide larger force generation.

In the process of optimizing soft actuator flexibility, different materials can be combined
to provide different mechanical properties. Using heterogeneous materials together
provides the anisotropy necessary for enabling soft mobility with limited transverse
deformation [117]. Despite similar chemical compositions, materials can have contrasting
mechanical properties. For example, [118] suggests the use of a PDMS rubber, which has
a Shore hardness of 50 A, in combination with a relatively soft Siloxane rubber as the
actuator body. In this way, a pneumatically actuated bending grasper was created based on

the contrast between stiffnesses.

Embedding papers or fabric in the fluidic structure would be another option [112], [114].
Layers of these materials are very stiff when stretched, but they can also bend very easily,
which makes them an ideal reinforcement for bending actuators. Alternatively, if the
structure is to be extended linearly, inextensible threads may be wound around the
structure, exhibiting very low radial expansion [119]. A combination of strain-limiting
paper and winding fibre around the actuator can also result in interesting designs that

combine twisting and bending [120].
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Fibre-reinforced actuators have advantages and disadvantages over bellow actuators. For
example, the reinforced actuators are more robust and can be used to achieve a greater
spectrum of movements. In addition, these actuators have only one seam at the top where
it attaches to the base, while bellow actuators have a seam throughout the axis. As a result,
there is less risk of failure in reinforced actuators. However, reinforcing fibres in
elastomers and moulding is both resource and time-consuming, whereas the bellow
actuators can be cast and assembled in a shorter amount of time using moulds. Therefore,
the actuator chosen should be based on the application, available time, and access to

resources.

2.2 Applications

2.2.1 Soft Actuator in wearable applications

Soft actuators have become an important part of wearable robotic applications due to their
mechanical flexibility, lightweight, and portability [121]. A paradigm shift has occurred
from rigid exoskeletons with isolated compliant actuation methods to soft, garment-like
wearables that feel very light on the human body. Recently, a significant increase in the
number of robotic devices made from soft, compliant materials in research and commercial
products [122]. Lightweight, low-cost garment-like devices eradicate the need for heavy,
bulky, and rigid components in favour of materials with inherent softness and compliance
[2]. In addition to their flexibility, soft robotics offer unmatched versatility and
adaptability, resulting in systems that are very easy to use and that can conform to their

surroundings and their users for greater comfort and ease of use.

2.2.1.1 Shoulder assistive devices
The shoulder joint, as one of the most important upper body joints, plays an important role
in the assistive device due to the advantages of smoothness and high flexibility for

movement [123]. Significant research was conducted in developing a compliant soft
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wearable shoulder assist device that closely mimics the functionality and comfort found in
the human body [124]. However, the high flexibility of shoulder joints makes it difficult
for use as conventional assistive wearable devices made of solid counterparts. The initial
approach of using the shoulder joints requires the user to be in a stable position for the
utilization of device. Figure 2.10 demonstrates a wearable, soft robotic shoulder assist
device for shoulder overuse syndrome (SOS) patients, utilizing pneumatic artificial
muscles (PAMs) to assist the biological muscles during the push phase of the wheelchair

stroke cycle [125].

Front View Sagittal View
Shoulder__ /EEm&™

Figure 2.10 The soft robotic shoulder assist prototype device worn by a user shown in front

and sagittal views [125].

McKibben actuators were one of the early stages of soft actuators utilized to form assistive
devices for the shoulders. They were simpler and easy to wear due to their lightweight
[126]. However, when powered, these actuators tend to slip from the initial position and
cause discomfort to the user while translating the generated force into an accountable
application. Further developments in the McKibben actuators have been made to improve

the ability, in terms to shift the balancing posture for shoulder flexion and extension
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movements [51]. Cable-driven mechanisms that utilize tendons to assist movements were
another choice for shoulder assistance wearables due to their compactness and identical
behaviour. They overcome the problems present in McKibben actuators in terms of limited
tensile force and allow easy placement options on the shoulder, paving the way for an
increased degree of freedom [127]. The development of fabric-based soft actuators [128]
has proven to generate enough force to lift the arm with smoother movements in pediatric

wearable assistive devices [129].

2.2.1.2 Soft actuators in trunk assistance

The posture of the trunk plays a major role in preventing injury with people who constantly
work sitting for a long time and also with people who frequently lift heavy materials as
part of their work in industries. Also, people who injured parts of their trunk in accidents
or other causes need assistance in lifting themselves in order to move places. A passive,
assistive device has been developed to support the trunk of patients with Duchenne

muscular dystrophy [130].

Figure 2.11 shows a mechanical design in which a spring is configured in series to
Bowden cable transmissions [131]. The spring is compressed during a lowering task, and
this energy is released to assist in a lifting task. Another passive exoskeleton used for torso
twist assistance helps eliminate Musculo skeletal disorders in nursing people [132].
Pretensioned soft bands and pads help protect the extra pressure exerted on the muscles
and also prevent injuries [133]. The development of a trunk support trainer provides active

support to the trunk and generates reasonable force for assistance [134].
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Figure 2.11 System architecture of a lifting assist device (LAD) prototype [131].

2.2.1.3 Elbow protection and rehabilitation devices

Elbow injuries are one of the common injuries that can occur in the human body. Leaning
on a hard surface using your elbow can cause bursitis and tendinitis due to repetitive strain
or injuries to tendons that attach muscle to bone. Therefore, elbow assistance is an
important factor in preventing injury and provides rehab assistance for elbow-injured
patients. Figure 2.12 shows an untethered elbow Exo-suit designed to assist elbow flexion

[135].
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Figure 2.12 Untethered elbow Exo-suit .1. Load cell 2. IMU sensors 3. Load cell amplifier 4.

Actuation stage 5. Embedded controller and motor drive stage 6. Controller battery pack 7.

Motor drive battery pack [135].

McKibben actuators were used to design elbow rehab devices, but they suffer the same
problem as shoulder assist devices in terms of converting the force generated to the motion
of the elbow joint without causing discomfort. By using cable-driven systems, the upper
arm can be flexed and extended in a way that mimics the biological function of the muscles
[136]. With cables attached to the forearm and routed to the shoulder, the cables can help
to flex and extend the elbow joint. Chamber-based soft actuators were designed to

implement flexion assistance in elbow joints by creating a rotational torque [137], [138].

2.2.1.4 Wearable wrist protectors
A fall or slip will first induce our brain to use our hand or wrist to reduce the damage

occurring to the front of the torso or head. It was reported that wearable wrist guards
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reduced the impact of landings by half and effectively prevented fractures by stabilizing

the wrist against bending moments [139].

An active wrist protector uses a pre-inflated airbag that transfers the pressure from one
compartment to another based on the fall detection input [140]. With the discovery of
lightweight, stronger materials, passive wrist protectors are now commercially available
that use cushion-like bands on the wrist to absorb impact during landings [141]. Figure
2.13 shows a wrist-protecting device that can absorb the impact during a fall, pass it over

the wrist area, and transmit it to the forearm [142].

>

Figure 2.13 Wrist protector [142].

Hand-assistive devices to rehabilitate patients with disabilities are becoming a popular area
of research. These devices are designed with the focus of executing repetitive flexion and
extension motions to prevent the formation of blood clots in stroke patients and also assist
them in performing daily activities. Rehabilitation is necessary for patients post-surgery to
restore hand functionality [143]. Table 2.3 provides the list of end-effector devices used
in hand rehabilitation [144]. These devices generally are not portable due to the need for
pneumatic or electrical power sources based on the type of actuator and are mostly used in

a clinical or medical environment. These devices typically have sensors to give therapists
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feedback on a patient's progress and to determine his or her degree of impairment. These
devices are mostly active devices with a relatively high output force projected to the
patient’s fingers depending on the training or rehabilitation given by the therapist as well
as to overcome stiff joints [145]. Currently, haptic exoskeletons are being developed as a
safety measure for healthy individuals with the intent of giving haptic feedback as part of
virtual or teleoperation applications. In this virtual environment, the individual can
interact with objects and feel them through the exoskeleton [146]. Augmentation [1], [147]
type of hand exoskeletons serve the purpose of increasing the user's power. Besides their
military use, these exoskeletons are also used in space programs to assist in motions that

are hard to execute using the thick suits of astronauts [148].
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Table 2.3 End effector devices for hand rehabilitation [144]

Name DOF Features Movement Output force Remarks
Rutgers Master 11 4 Active finger Extension and flexion of four 164N ROM is limited (internal mechanism)
rehabilitation  fingers (without little finger)
Reha-Digit 4  Passive finger Extension and flexion of four Not specified Ambidextrous, not significant gains of
rehabilitation  fingers (without thumb) ADL
Amadeo 5  Passive finger Extension and flexion of the five ~ Not specified Improvements in joint, grasping and
rehabilitation  fingers pinching power. Not suitable for
spasticity
Haptic Knob 2 Active hand Opening and closing movements 1.5 Nm Suitable for wrist and forearm recovery
rehabilitation  (pronation and supination of the
forearm)
HandCARE 5 Activehand  Opening and closing hand I5N Compact robot easy to use and setup
rehabilitation =~ movements extension/flexion of
the five fingers
BiManu Track 1 Active hand Forearm pronation/supination, SNm It works under the principle of bilateral
rehabilitation  wrist flexion/extension training
ReachMAN 2 Active hand Forearm pronation/supination, 10N —
rehabilitation  palmar grasp
GENTLE/G 3 Additional Extension and flexion of four 18N Connected to a Haptic Master robot
hand module  fingers and thumb
extension/flexion
Hand Robot 1 Additional Extension and flexion of the five 120N Connected to MIT-MANUS
Alpha-Prototype hand module  fingers
II
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2.2.1.5 Hip assistive devices

Wearable devices in the lower body generally aim to assist in the adjustment of gait posture
while walking or provide rehab therapy in restoring functions. Heavier devices will result
in unnatural gait adaptations, and safety concerns as any added weight will increase the

inertia of the limb, increasing the risk of trip and fall when walking [149].

The hip is a critical joint that supports the body’s posture and assists in standing and
balancing tasks by allowing the transmission of force from the ground to the torso.
However, it requires more force outputs since it involves balancing the whole torso. Cable-
driven actuators can provide such a level of force outputs [150], [151]. A PVC gel-based
soft elastomeric actuator was made to provide hip joint support during walking [152]. In
addition to providing hip protection and support while walking, soft wearable hip devices
are used in stationary sit-to-stand tests [153] and corrective gait therapies [154]. Figure
2.14 shows a wearable Hip-assist Robot with an assist-as-needed algorithm for stroke
patients with gait disorder. This robot was designed to deliver active-assistance torque to

both the hip or hip joint of the paretic side for extension and flexion [155].

Hip Bra
Inner Belt
Controller & Battery.

Actuator & Motor

Thigh Frame
Thigh Belt

Figure 2.14 Gait Enhancing and motivating System-Hip (GEMS-H) [155].

30



2.2.1.6 Knee flexion and extension devices

Like elbows, soft actuators help to flex and extend the knees in the lower body and provide
stability, as shown in Figure 2.15. A cable-driven system was used to assist the knee [156],
while other researchers used soft, flexible actuators for knee assistance [47]. Rehabilitation

treatments for ligament injuries have been developed with soft knee braces [157], [158].

T — )
————————— Pneumatic sourc

Battery

Master board

— [nflatable actuatc

Inlet & outlet
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Figure 2.15 Wearable knee suit with a soft actuator to assist the human knee while walking

Slave board

[159].

2.2.1.7 Wearable actuator for ankle joint

When soft actuators are chosen to assist the ankle, joint extra care has to be considered
since it will be closely involved with the walking movements of the human body. Heavier
devices or devices that cause discomfort while wearing are more prone to cause accidents
due to the high inertia present at the foot [160]. In addition to assisting soldiers, cable-

driven ankle actuators can also help post-stroke patients regain their walking ability. The
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most notable ankle assistive devices include McKibben actuators that are connected to a
rigid orthosis [161], Fabric-reinforced assist devices [46]. Users' body weight may be used
to distribute pressure through different chambers depending on where they apply their
body weight, improving stability and preventing trips and falls [162]. Figure 2.16 shows
the use of a soft actuator as a robotic sock device, worn on the sock to guide plantarflexion

when pressurized and deflated to pull the ankle into dorsiflexion.

Connection
to air source

Knee sleeve

Soft double-
extension
actuators

Figure 2.16 Soft robotic sock for assisted ankle rehabilitation [46].

2.2.2 Body-powered wearable applications

Recent experimental efforts have greatly demonstrated soft actuators and their use in
wearable applications. It is a long process to make a wearable device from a compact and
comfortable setup to bending and force output generation capability in performing an
application using these devices. But powering this setup is the most important task, where

lightweight, compact wearable devices can easily add more than double their weight due
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to the power and control sources involved in them. These things make them non-portable
and prone to safety risks involving electricity or compressed air safety risks. Hence
alternate powering methods have to be researched to make them more effective in usage.
By eliminating the external powering sources, they will be able to provide additional

advantages in terms of reduction in production and maintenance costs as well.

This can be done by utilizing naturally available motions found in the human body. Body-
powered robots are comparatively less utilized than externally powered robots. This is
because, either the force generated by body movements is insufficient to actuate the
actuators or the device is bulky and difficult to wear. Cable-driven setup using shoulder
flexion has been combined with amplified power using gears and additional locking
mechanisms used to hold the cable in a fixed position until further movements, as shown
in Figure 2.17 [163]. Also, EMG signals from wearable sensors can be used to establish

control in body-powered prostheses [164].

Tension Shoulder Main
Adjustment Harness Tendon iff ial
Mechanism Di ereqtla
a) i Mechanism

Body —
Powered Tendon Routing
Glove Tubes

Velcro
Straps

Figure 2.17 Body-powered soft Exo-glove. Reprinted with permission from [163].
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Another cable-driven elbow brace was used to power the hand hook, which opens with left
shoulder flexion and scapular abduction and closes with left shoulder extension and scapular
adduction Figure 2.18 [164]. Cable-driven actuators that are body-powered need time and
assistance for installation. It has to be fixed by a technician since people with disability or hand-

impaired functions find it difficult to install the setup on their own.

Figure 2.18 Body-powered prosthetic simulator [164].

2.2.3 Other applications of soft actuator

In addition to wearable applications, soft actuators are used in a variety of other fields. In
robotics, soft actuators enable robots to perform complex and versatile movements, such as
gripping, grasping, crawling, and manipulating objects with varying shapes and sizes [165].
Soft actuators are utilized in human-machine interaction scenarios to create intuitive and
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natural interfaces. For example, soft actuators embedded in haptic feedback systems can
provide realistic tactile sensations, enhancing virtual reality experiences or remote
teleoperation of robotic systems [166]. Soft actuators have applications in bioengineering and
biomechanics research. They are used to develop artificial muscles and tissues for experimental
purposes, such as studying muscle function, modeling physiological systems, or creating
devices for medical simulations. Soft actuators can replicate the natural movements and forces
observed in biological systems, allowing for more accurate and realistic studies [167]. Soft
actuators are employed in industrial automation processes where the interaction between robots
and humans or delicate objects is required. Soft grippers and manipulators can handle fragile
items without causing damage, reducing the need for complex and expensive sensing systems.
They can also adapt to objects of varying shapes, simplifying the grasping process [168]. Soft
actuators are incorporated into textiles to create fabrics that respond to environmental stimuli
or user input. These responsive textiles can adjust their porosity, stiffness, or shape, enabling
applications like adaptive clothing, breathable materials, and smart textiles with enhanced
functionality [169]. Soft actuators offer possibilities for artistic expression and interactive
installations. They are used to create kinetic sculptures, interactive installations, or soft toys
that respond to touch or external stimuli. Soft actuators add a level of organic movement and
responsiveness to these creations [170]. These are just a few examples of the many potential
applications of soft actuators. As the field continues to advance, we can expect to see even

more innovative uses for this versatile technology.

2.3 Challenges and limitations
As observed from the literature, the critical areas to be addressed in utilizing a soft bending

actuator in wearable/prosthesis applications include

e Making soft bending actuators that are lightweight and can operate at low pressure,
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e Development of user-friendly devices that can be self-operated by the user in an ideal
environment.

e Standalone and portable device with the ability to make effective use of body
movements in usable wearable/prosthesis applications by improving the powering

system.

2.4 Summary

As outlined in this review, soft actuators are highly dependent on the type of materials,
design, and actuation strategies used in making them for use in wearable and prosthetic
applications. Wearable robotic technologies benefit from soft robotics by integrating and
adapting the developments in material science, sensing, and control technologies, making
them lighter, less expensive, and more comfortable to wear. Roboticists have been
challenged to rethink wearable assistive devices since this field is rapidly growing and is
providing new pathways offering wearable suits that feel like clothes embedded with
superpowers. One much-needed area for growth across most wearable robots is their power
source used for actuation. In general, to perform pneumatic actuation, a pressurized fluid
source such as a pump or compressor source has to be used, which restricts the mobility
of the user while operating the wearable device. Therefore, developing a standalone,
portable, lightweight, easily wearable, and body-powered exoskeleton will substantially

lead to a better user experience.
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Chapter 3
Concept introduction
This chapter introduces the concept of bending actuators using two materials with different

stiffness and analyses the bending angle using mathematical modelling.

3.1 Bending actuator concept

As aforementioned in the literature review, when two different materials with different
mechanical properties are combined into the same structure, it would cause the hollow
cylindrical shaped actuator to bend towards its more rigid side upon internal prezzurization
[74], [171]-[173]. Two materials, M; and M, each with Young's modulus E; and E,

respectively (where E; < E»), form a cylindrical actuator with closed ends, as shown in

Figure 3.1.
Length (L)
Pressure input . Closed cylinder
(P)
L +AL,
When, P;> 0
and E, <E,

Material (M,) with Young’s modulus (E,)
Material (M,) with Young’s modulus (E,)

Figure 3.1 Schematic of bending in a variable stiffness cylinder.
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By increasing input pressure (P;) from zero, two materials M and M», with Young's modulus
values E; and E, exhibit changes in length AL; and AL, respectively leading to a bending of
the cylinder. This is based on the assumption that P; will not cause any radial strain but only
axial strain. Due to the difference in Young’s moduli, the top half made from material M; will
elongate more than the bottom half made from material M>. The bending angle of the cylinder

can be measured using the 6 indicated in Figure 3.1.

To explain this concept of bending actuators based on two stiffness materials, we establish a
mathematical model. Firstly, the actuator was assumed as a thick-walled cylinder as it has a
different inner and outer diameter with a thickness. It is loaded by internal pressure P; and
external pressure P,, 1 and 1, are the inner and outer radius of the cylinders, respectively, as

shown in the cross-sectional view of the cylinder in Figure 3.2.

Figure 3.2 Cross-sectional view of a thick-walled cylinder.

As stated above, the two different stiffness material on two half of the cylindrical actuator
undergoes a different change in length when pressurized internally. The less stiff material

undergoes a larger change in length, while the stiffer material restricts its motion due to
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the coupling between them. This, in turn, results in the bending of the actuator if the radial

strain can be restricted.

To determine the bending angle of the actuator, we need to determine the change in length
on both halves of the actuator. Change in length (4,) can be represented in terms of axial

strain and initial length of the actuator using the following equation
A, =¢€,*L 3.1
the axial strain (&,) can be calculated using the following equation

Axial strain (sz) = % — % (0, + gg) (3.2)

Here v is the Poisson’s ratio, and E is Young’s modulus of the material.

0y, 0, and g, are tangential, radial, and axial stresses, respectively. In general, these stresses
act upon the elements within a thick-walled cylinder when pressurized. They can be expressed

as shown in the equation below.

. p;rf 8
Tangential stress (g5) = 77 1+ r% (3.3)
Radial stress (o,) = Pird (1- ik (3.4)
r r¢-rf r2 )
2
Axial stress (az) = er‘z (3.5)
5~}

Here P; is the pressure acting inside the cylinder, ri and r, are the inner and outer radius of the
cylinders respectively.
Substituting equations (3.3), (3.4) and (3.5) in (3.2), the axial strain for a thick-walled

closed cylinder can be narrowed down to the following equation,

2
_ (-2v) P;r{

(SZ)_ E X 2_..2 (36)

To

_ri
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By substituting equation (3.6) in (3.1), it forms the equation as shown below,

_ 2
4, =2 B (3.7)

2_
E o T

For simplification, it is assumed that the bending angle on both sides of the actuators is the
same in all cases, as they both increase in proportion with increasing pressure. (See Figure

3.3). Hence resulting bending angle can be calculated as follows,

g = (LHalz) _ (L+ALy) (3.9)

2 1

For an actuator of diameter 20 mm, the radius > can be calculated as shown below,

L =n + 10 (39)
Assume S; = (L + 4L;) and S, = (L + AL,) equation 3.8 becomes (3.10)
S2 S (3.11)

g = =
rn+10 ng

Rearranging equation (3.11), The radius r1 can be calculated using the following equation

10 * 54 1
ra = ——
T (sp—s1) (-12)
On substituting equation (3.12) in (3.11)
9 = 51 (3.13)
10 * 54
(52 —51)
5= (s, —51) (3.14)
10
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Figure 3.3 Bending angle (@) calculation in a bending actuator.

With a known initial length of the actuator (L) and the change in length (4;), calculated
from equation (3.7), S; and S> from equation (3.10) can be calculated. These S; and S> can

be used to determine 6 in equation (3.14).

3.2 Fibre-reinforcement concept

Fibre winding is reported as an effective approach to reinforce soft elastic material and restrict
the radial strain, endowing it with attributes such as fast response, high endurance, and
excellent stability. In a research work by Wang et al., they have demonstrated that embedding
fibres in an elastomeric material can alter the mechanical properties of the material. These
properties can be programmed by varying the angle between fibre braids. It was

experimentally verified in this work by testing samples made of two fibre-reinforced
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elastomers braided at angles 10° and 80°, respectively. The angles were calculated from

the axis of the actuator, as shown in Figure 3.4.

- Q° Axis of the

actuator

Figure 3.4 The braiding angle (o) measured from the flat projection of the cylindrical actuator.

(a) 80° braiding from the axis of the actuator (b) 10° braiding from the axis of the actuator.

In order to determine the Young’s modulus of the elastomeric materials reinforced with
fibre braid, samples were prepared to be measured using an Universal Testing Machine
(Instron 5567). Firstly, an acrylic sheet of a length of 525 mm and a width of 25 mm was
used as the base. Secondly, a rectangular frame of 2 mm thick with an inner hollow
rectangle of 500 mm x 20 mm dimension was cut. Thirdly, holes with a 1 mm diameter
hole were drilled at a 2 mm spacing, and a 1mm nail was inserted into each hole. As shown
in Figure 3.5, fibre braids were made at angles 10° and 80° using the nails as guides. The
mould was then filled with the elastomeric material to form a fibre-reinforced sample,

which was then cut into three samples for testing.
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Figure 3.5 Sample preparation (a) Mould for braiding (b) braided sample 10° (¢) braided

sample 80°.

In this research, three different materials were examined, Ecoflex™ 00-30, Ecoflex™ 00-
50, and Smooth Sil™ 940, and were tested using an Instron machine with a 30 kN load

cell, as shown in Figure 3.6.

10° 80°
Figure 3.6 Samples of 10° and 80° fibre braided Ecoflex 00-30 with Universal Testing

Machine set-up.
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A summary of the material properties obtained from the Universal Testing Machine
machine is shown in Table 3.1. Young's modulus is shown to increase in the order of
Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940. Furthermore, samples with 10°
braided angles have a higher modulus than samples with 80° braided angles. Note: Young’s
moduli of the pristine Ecoflex were obtained as per ASTM D638 standard and more details

will be presented in Chapter 6.

Table 3.1 Material properties of Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940.

Material Braiding angle Young’s modulus
(o) (E) MPa
Ecoflex™ 00-30 - 0.15
Ecoflex™ 00-50 - 0.21
Smooth Sil™ 940 - 0.90
Ecoflex™ 00-30 80° 0.08
Ecoflex™ 00-30 10° 4.46
Ecoflex™ 00-50 80° 0.14
Ecoflex™ 00-50 10° 5.60
Smooth Sil™ 940 80° 1.29
Smooth Sil™ 940 10° 42.75

The Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940 materials used in to study their
behaviour were assumed to be an isotropic materials. To calculate the AL from equation
(3.7) Young’s modulus and Poisson’s ratio of the fibre-reinforced elastomeric materials
are required. In this experiment, it was assumed that Poisson’s ratio was insignificant and
ignored. Substituting Young’s modulus (E) values for Ecoflex™ 00-30, Ecoflex™ 00-50,

and Smooth Sil™ 940 samples from Table 3.1, the change in length AL can be calculated.
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This bending angle (8) for all three fibre-braided Ecoflex™ 00-30, Ecoflex™ 00-50, and
Smooth Sil™ 940 actuators were calculated using equation (3.13) and plotted against each
other as shown in Figure 3.7. According to the numerical model, the bending angle of the
actuator is directly proportional to the pressure input. Also, the actuator made of low-
stiffness material tends to bend more compared to the ones possessing high stiffness as the

pressure increase.
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Figure 3.7 Numerical model results illustrating the relationship between the pressure and
bending angle () for Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940 actuators

calculated using samples braided with 10° and 80° combination.

Finally, a variable stiffness cylindrical actuator was proposed. Figure 3.8 illustrates how fibres
can be reinforced inside elastomeric materials at two different angles and combined to alter
their stiffness for bending motion. The fibres around the actuator can act to eliminate the radial

strain, and also prevent it from bulging.
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Figure 3.8 Schematic of a fibre braided elastomeric actuator. (a) Fibre braided at 80° (b) Fibre

braided at 10° (¢) Actuator with 10°/80° braiding combination.

3.3 Limitations of the model

The numerical model was developed based on a number of assumptions, including the
assumption that the actuator is a thick-walled cylinder and ignore any radial strain and to
maintain the same bending angle on both sides of the actuators. Also from previous studies
[174], Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940 were considered as isotropic
materials and the Poisson’s ratio was assumed to be insignificant. Due to these assumptions,
there is a possibility that the bending results may not be as accurate as those calculated using
experiments. In the future, a comprehensive numerical analysis can be conducted to eliminate

these limitations and improve the accuracy of the output results.

3.4 Summary
This chapter demonstrated a mathematical model that explains the possibility of bending

in a closed cylinder made from two variable stiffness materials. Also, it explained a process
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in which fibres braided at different angles could be used to program the stiffness of the
material. These stiffness values were experimentally tested and applied to the

mathematical model to calculate the bending undergone by a cylinder.

This concept of design looks promising as actuators can be made using a simple single-
core design, involving exclusively fibres and elastomers to create a bending. It also avoids
the usage of any external strain-limiting layers as used in literature to create bending [74].
Instead, the bending can be produced purely based on the stiffness difference between the
two halves of the actuator. However, the adapted design from Wang et al. focussed only
on using high-stiffness materials involving dirty fabrication processes and requiring high-
temperature speciality ovens. Therefore, it is essential to use low Young’s modulus materials
in making actuators, as they can undergo larger deformation at lower pressures. This provides
the possibility of utilization in the intended body-powered prostheses application where
small movements available from the body are to be used in powering these actuators into

performing useful tasks.

From the literature, it is also evident that it will be hard to implement the design with materials
with a low stiffness range as breakage along the interface between the two materials will occur.
The next few chapters will focus on the use of low-stiffness material in the construction of

the actuators and improving the design to avoid breakage along the materials interface.

47



Chapter 4

Simulation of the actuator

4.1 Introduction

To model the behaviour of the actuators, 3D FEM models were constructed and analysed with
ABAQUS/Standard (Simulia, Dassault Systems). This FEM model is to support the possibility
of bending in fibre-reinforced soft elastomeric actuators, where the winding angle of the fibres
results in the stiffness of the overall material. Additionally, FEM results are used to analyse if

experimental results follow the same trend as the simulation model.

4.2 Finite element method

Finite element analysis (FEA) is a computerized method that can be used to predict the
behaviour of soft-bending actuators to a pressure load. The FEA simulation software, such as
ABAQUS®, provides a straight way to visualize the outcome of change in the parameter. It is
widely used as an intuitive tool to model the proposed design. In this method, the actuator is
modelled as a closed cylinder with two sections in order to apply two different stiffness on

either side of the cylinder, as shown in Figure 4.1.

/ Material 1

\‘\L/
-

\ Material 2

Figure 4.1 Closed cylinder with two sections for application of two different materials.

The main body's materials are modelled as mechanically elastic materials as elastomeric
materials (non-linear) are used. Some other factors, such as external loading, the number and

type of meshed elements, mechanical properties of materials, and boundary conditions, are all

48



pre-set in software before a simulation is performed. Notably, non-linear material modelling
plays an important role in characterizing/modelling the proposed soft-bending actuator. Since
the kinetics of this actuator is largely dependent on the elastic energy stored in soft material,
the non-linearity of the material makes it challenging to build a working model to understand

the behaviour of the proposed actuator.

4.2.1 Actuator model

When different modulus materials are used on each half of the actuator, significant bending
can be achieved as a function of pressure. However, it is challenging to model the variable
angle fibre-reinforcements and embed them in the elastomeric material to simulate the bending
response. Hence, for a simplified model, Young’s modulus of the composite samples made of
fibres reinforced at 10° and 80° Ecoflex™ determined from chapter 3 Table 3.1 were used to

model the actuator to facilitate the bending performance.

The modelling starts by forming a hollow tube of 20 mm outer diameter and 10 mm hollow
inner core as a 3D deformable solid extrusion. Two caps of 5 mm thickness were created and
assembled to sit on both ends of the hollow tube. The inlet for pressurized air was not taken
into account in the model, as the pressure was applied to all the internal walls of the chamber.
The cylinder was partitioned into two halves along the axis to apply different materials to the
top and bottom of the actuator, as shown in Figure 4.1. The main body of the actuator was
chosen as an elastic material. Two surfaces, distinguished as inner and outer surfaces, were
created. As a result, the actuator can be loaded with pressure on its internal surface. The load
was set as a uniform pressure component that is distributed evenly on the inner surface of the

tube, as shown in Figure 4.2.
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Figure 4.2 Uniform pressure load on the inner surface of the tube.

One end of the actuator was fixed using the boundary condition to visualize the bending on the

other end of the actuator model, as shown in Figure 4.3.

Figure 4.3 Boundary fixed on one end of the actuator.

Following the load and boundary condition, the actuator was meshed to observe the structural

changes later during execution, as shown in Figure 4.4.

Pl S UNUSSN NN SN NS S N SN SN S SN N SN SN N S SN NI NN N N SN N

Figure 4.4 Meshed actuator model.

The model was submitted for successful compilation, and the results were observed. The

bending of the actuator model is shown in Figure 4.5.
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Figure 4.5 FEA actuator model’s bending upon an increase in pressure load.

4.3 Results and discussion

The bending angle of the actuator model was determined for a proportional increment in input
pressure load. These bending results from the FEA model were compared against the results
from the numerical model calculated in chapter 3 and are plotted against pressure, as shown in
Figure 4.6. Numerical results show higher bending angles than FEA model results as pressure
is increased. This might be because some radial expansion (radial strain) seen in simulation

results (Figure 4.5) was not taken into account in the numerical modelling of the actuator.
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Figure 4.6 Bending angle vs pressure of FEA and numerical model for Ecoflex™ 00-30,

Ecoflex™ (00-50, and Smooth Sil™ 940 actuators.

4.4 Conclusions

Soft fluidic actuators can generate complex 3D outputs at a very low mechanical cost with
simple control inputs. To date, the development of such actuators has largely been an empirical
process. FEA and numerical models have been used by the robotics research community for
deterministically designing soft robotic systems and evaluating their performance prior to their
manufacture. These FEA models provide the ability to simulate the function of the actuators
and highlight local stress/strain concentrations where the pressure interacts with the elastomer
and undergoes mechanical deformations. Results of the developed soft bending actuator FEA
model were compared against the numerically calculated results. The findings from the
modelling work were also evaluated through experimental characterizations in chapter 6, which
provided a better understanding of the individual parameters that affect the performance of

these soft actuators. Despite the fact that numerical and simulation results do not match, they
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do prove that using materials of different stiffness with different fibre-braiding angles on
different halves of the actuator can result in bending motion. Further, the stiffness of the
material does affect the amount of bending. The effects of simplifying and making assumptions
in addressing the numerical and simulation analysis of the actuator have been discussed in

chapter 6, comparing them with experimental data.
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Chapter 5

Design and fabrication

5.1 Overview

Fibre-based actuators take advantage of the fibres reinforced into a soft material matrix to
create a strain gradient on the elastomeric layers to generate twisting and bending motions [18],
[73], [175], [176]. Such motions can be controlled based on the fibre braiding pattern [177].
Restricting the lateral bulging by increasing the density of the fibre reinforcement has also been
used to demonstrate actuators capable of undergoing linear extension under applied pressure

[73]. Table 1 summarizes the most recent advances in soft pneumatic bending actuator designs

(@ 80 kPa)

Table 2.1 Blocking force for some recent soft pneumatic actuators

Structure Force (N) @80kPa

Chamber-based 0.25[17]
1[178]

Fibre-reinforced
1.2 [75]
0.5% [74]

Among these actuator designs, the research work by Wang et al., [74, 75] (marked by * in
Table. 1) has demonstrated good performances but utilizing neoprene rubber for making the
actuator involves vulcanization of this rubber in temperatures as high as 190°C demanding an
extremely complex actuator fabrication process and a high-temperature oven. Also, these
actuators operate at pressures of a few hundred kilopascals, which limits their utility in body-

powered prostheses applications.
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Towards addressing the drawbacks of Wang et al., [165]-[167], this chapter studies the
utilization of low Young’s modulus materials to facilitate bending and force generation at low

pressurcs.

5.2 Experimental section

5.2.1 Materials

This chapter explores different fabrication techniques, and at this stage, Ecoflex™ 00-30
(Smooth-On, Macungie, PA18062)) was used because the aim is to use low Young’s modulus
material to reduce the actuation pressure to facilitate bending using minimum body movements.

The fibre-reinforcement for the actuator was a nylon-based fibre (Kast King Superpower,

Garden City, NY, 11530), as shown in Figure 5.1.

SuPER POWER

s -
|

Figure 5.1 Braided line from Kastking.

5.2.2 Methods
This part of the chapter explains the series of steps involved in making a soft pneumatic
actuator. The actuator walls are made thicker to enhance the strength and restrict bulging as

much as possible. The cross-sectional dimension of the actuator is shown in Figure 5.2.
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Inner core
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Wall thickness
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Outer diameter of the actuator

30mm
Figure 5.2 Cross-sectional dimension of the actuator.

The length of the actuator is 180 mm. Two acrylic pipes of diameter 20 mm and 30 mm were
chosen to make the first layer and final layer of the actuator, respectively. These pipes were cut
along the axis into two halves and taped around for easy removal of the sample, as shown in

Figure 5.3.

a.

2 A

Figure 5.3 Acrylic mould (a) acrylic mould cut along the axis into two halves (b) taped around

to bind the two halves together.

The fabrication of the actuator begins by using a 20 mm acrylic mould to create a single

elastomeric chamber by mixing part A and part B of the Ecoflex™ 00-30 in a 1:1 weight ratio.
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The liquid Ecoflex™ 00-30 was degassed in a vacuum desiccator for 10 min to remove air

bubbles completely, as shown in Figure 5.4.

Figure 5.4 Bubble removal using vacuum desiccator (a) Mixed Ecoflex™ 00-30 Part A and
Part B (b) Bubbles in the mixed solution (c¢) After bubbles removal (d) Vacuum pump and

vacuum desiccator.

The Ecoflex™ 00-30 mixture was then poured into a cylindrical mould. All the mould and
experimental set-up were assembled using appropriate 3D printed parts based on the
requirement, designed using Creo Parametric software, and printed using Prusa i3 MK3S+

printer as shown in Figure 5.5.
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Figure 5.5 3D part designed in Creo and printed using Prusa i3 MKS3+ printer. (a) Parts drawn

using Creo (b) Prusa i3 MKS3+ printer (c) 3D printed parts.

To make the cylindrical elastomeric chamber hollow, a steel rod of 10 mm diameter was
concentrically inserted, forming the central core of the actuator mould. It was then cured at 50
°C for 2 hours in a vacuum oven, as shown in Figure 5.6. This completes the first layer for the

actuator.

Figure 5.6 Vacuum oven.
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5.2.3 Split fibre-reinforced (SFR) bimorph bending actuator

As part of the SFR fabrication technique, fibres are braided around the first layer of elastomer
to create two samples, one with a 10° angle and another with a 60° or 70° angle. Each sample
was cut in half along its length, and the two different halves, one with 10° and the other with
60° or 70°, were moulded together to create a variable stiffness SFR actuator. An automatic
winding process was created for accurate braiding of these angles, as shown in the following

section.

5.2.3.1 Automatic fibre winding machine
To improve the precision of winding, the braiding process was automated with a custom-built

precision winding machine equipped with two stepper motors, as shown in Figure 5.7.
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Figure 5.7 Automatic fibre winding machine with an exploded view of the spool supply.

One stepper motor drives the spindle about the axis of the elastomeric actuator, and the other
motor moves the spool along the length of the spindle that feeds the fibre for braiding. The
variation in the angle of the fibre braids was achieved by varying the spool feeder stepper

motor’s speed. This automated fibre braiding rig was connected to a PC via a MyRIO
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controller, and a GUI programmed in LabVIEW™ (National Instruments Corp., Austin, Texas,

USA). The input and motor control parameters programmed are shown in Figure 5.8.

VIS4 resource name

: g
X Stage Spindle:
200 Steps = 80mm 400 Steps = 1 Rev
Set Speed Set Speed Spindle
. 0 0
# of Steps to move X # of Steps to move Spindle

b O
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Play Button Stop Button
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»

Figure 5.8 Stepper motor control for automatic fibre braiding machine

The step-by-step fabrication procedure is explained and shown in Figure 5.9.
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Figure 5.9 Fabrication procedure of SFR actuator. (a) Steel rod (b) Fibres wound at 70°(c)

Fibres wound at 10° (d) SFR actuator after winding.

Two fibre braiding angle combinations 10°/60° and 10°/70°, were chosen due to the good
performance as demonstrated by previous literature [74], [171], [173]. However, this time
softer material Ecoflex™ 00-30 is used instead of vulcanized rubber. After curing the first
elastomer layer, reinforcing fibres were braided in a helical pattern at a precise angle. The pitch
of the wound fibre was created by moving the fibre-feeding spool along the axis in the forward

and reverse directions.

To keep these fibre layers in place, a thin layer of Ecoflex™ 00-30 was deposited over the
fibre-reinforcement layer, thus at the same time ensuring the fibre angles remain intact even
during bending actuation under the applied pressure. The fully cured fibre-reinforced
elastomeric actuator was carefully removed from the actuator mould. Next, each of the fibres
reinforced elastomeric bladders were cut along the length into two halves. One half with the

10° fibre angle and the other half with 60° or 70° fibre angle were placed around the cylindrical
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steel rod with their edges aligned precisely, as shown in Figure 5.10. A final layer of Ecoflex™

00-30 was coated using a mould of 30 mm diameter to form the resultant SFR actuator.

i
b. .+

Figure 5.10 Demonstrates the coating of the final layer of Ecoflex™ 00-30 to finish SFR

-
L

d

11 F
L1

actuator. (a) SFR actuator before the final layer of Ecoflex™ 00-30 (b) 30 mm mould (c¢) Cross-

sectional view of the actuator (d) SFR actuator after final layer of Ecoflex™ 00-30.

5.2.3.2 Testing set-up

All experiments on the fabricated actuators were performed with the actuator clamped
vertically with the blind end at the bottom. This ensured that there was no bending bias due to
the gravity effect. A compressed air source was used to power these actuators. A control system
regulated the pressure to ensure the safety of the actuators. As a first step, a solenoid valve
(SMC - VDWIO0OEA, RS Components, NSW, Australia) was chosen to operate as an on-off
switch. As a compact, direct-operated, 2/3 port solenoid valve, it can regulate water, air, and

vacuum. Powered by a 24V supply, it can operate up to 0.9 MPa. A differential pressure sensor
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MPX 5500DP from NXP Semiconductors was connected to the actuator’s inlet tube to monitor
the pressure inside the actuator chamber. The combination of a pressure sensor and solenoid

valve provides the possibility of maintaining the desired pressure (Figure 5.11).

=

.

Figure 5.11 (a) Solenoid valve (SMC-VDWI10EA) (b) Differential pressure sensor (MPX

5500DP).

To co-ordinate the pressure input to the solenoid actuation, a control must be established. With
the help of a MyRIO from LabVIEW™, pressure data was acquired. The raw data from the
pressure sensor was calibrated to zero at atmospheric pressure. The blocking force of the
actuator was measured using a cantilever force sensor that has a measurement range of 0-50 N
with an accuracy of 0.01N. The force sensor was calibrated using weights and made zero. A
pressure with an increment of 5 kPa starting from 0 kPa was applied to the actuator, and the
bending angle was measured. This process was repeated up to 80 kPa until the output of the
actuator saturated. In the same manner, the force sensor was used to block the tip of the
actuator, and the pressure was increased from 0 to 80 kPa. The resultant force for the input
pressure was plotted in a .xlsx file. The output was also monitored live using LabVIEW, as
shown in Figure 5.12, to stop the pressure during an emergency if the actuator becomes faulty.

Figure 5.13 shows the complete control and testing setup of the actuator.
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Figure 5.12 Input pressure and output force data acquisition using LabVIEW
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Figure 5.13 Schematic diagram of the experimental setup to measure blocking force and

bending angle.
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5.2.3.3 Testing observations
Mixing the elastomers may result in the formation of bubbles. If these bubbles are not removed

properly, they will fail the actuator when pressurized, as shown in Figure 5.14.

Figure 5.14 Bubbles leading to actuator failure.

While forming the final layer of the actuator, a rubber stopper was attached to one end and then
cured to form a blocked end. This prevents the stress from occurring at the tip of the actuator

to prevent bulging or failure of the actuator, as shown in Figure 5.15.

Figure 5.15 Stress at the tip of the actuator resulting in bulging.
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5.2.3.4 Preliminary results
SFR actuators made of low Young’s modulus material were tested to determine bending angles
and blocking forces for 10°/60° and 10°/70° braiding angle combinations with increasing input

pressure. Results were compared to those of the benchmark bending actuator possessing high

Young’s modulus material. [74].
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Figure 5.16 The bending angle for (a) 10°/60° (b) and 10°/70°. Braiding angle combination

for SFR actuator against the benchmark actuator.
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From Figures 5.16 and 5.17, it can be observed that actuators made from low-modulus
material have significantly increased bending angles at much lower pressure levels as
compared to the benchmark actuator. It is possible to achieve bending angles of 110° with
pressure as low as 80kPa for a 10°/70° braiding combination actuator, whereas the benchmark

actuator produces virtually no bending at such pressure [74].
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Figure 5.17 The blocking force for (a) 10°/60° and (b)10°/70°. Braiding angle combination for

SFR actuator against the benchmark actuator.
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The SFR actuator shows a continuous increase in blocking up to an input pressure of 60 kPa,
whereas no significant force was generated by the benchmark actuator at that pressure.
However, the blocking force stops increasing in the low-modulus SFR actuator after 60 kPa.
This is due to the significant bulging at the joint between the two halves of the fibre braiding
samples attached during the fabrication process. At pressures above 80kPa, delamination

occurs and the bulging of SFR actuator maximises, as shown in Figure 5.18.

Figure 5.18 Bulging in SFR actuator at pressure above 80 kPa.

To resolve this, an improved fabrication technique has to be developed to eliminate the bulging
at a higher pressure and improve the lifetime of the actuator while still achieving higher
bending angles at relatively lower input pressures. This was made possible by using unique
fabrication techniques, named continuous fibre-reinforcement technique (CFR), that can

eliminate the problem faced in the SFR-based actuator, as explained in the following section.

5.2.4 Continuous fibre-reinforcement (CFR) varying angle bending actuator
This part of the chapter demonstrates a new fibre braiding process to prevent the breakage of
actuators at the borderline by using CFR technique. This technique is explained in a series of
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steps below. Firstly, an aluminium rod was taken, and holes were drilled every 1 mm using a

mill, as shown in Figure 5.19. Next, Imm guiding holes were inserted into the aluminium rod,

as shown in Figure 5.20.

Figure 5.19 Drilling 1mm holes on the aluminium rod using a mill.

I7/77 11T TTUARARRRAVR AR\ N

Figure 5.20 Aluminium rods with guiding pins for CFR actuator braiding.
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Like the SFR actuator, the first layer of Ecoflex™ 00-30 is formed around the aluminium rod.
Guiding pins of 1 mm diameter were inserted along the length of the rod. Then the fibre was
wound on one half of the rod at one angle, and a loop was made around the guiding pin. The
braiding was continued on the other half of the rod at another angle, creating a varying angle
fibre on both sides of the actuator. Once the fibre wound around the guiding pins, the second
layer of Ecoflex™ 00-30 was applied to hold the fibre in place and cured in the oven at 50°C
for 2 hrs. The guiding pins were then removed, and the holes were sealed using Ecoflex™ 00-

30, as shown in Figure 5.21.

Figure 5.21 Fabrication of a CFR actuator.

For a secure leak-proof connection to an air compressor, a pneumatic pipefitting was fitted to
the open end of the actuator, and Ecoflex™ 00-30 was applied to secure this fitting to the
actuator and allowed to cure. To securely integrate the varying angle fibre-reinforced elastomer
chamber to the top and bottom ends, the entire setup was placed into an acrylic cylindrical

mould of 30 mm inner diameter, and Ecoflex™ 00-30 was poured to create a solid sealing layer
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with a wall thickness of 10 mm. The final assembly was allowed to cure for 2 hours in an oven

at 50° C.

5.3 Results and discussion

Tests were conducted on the bending actuators made from CFR techniques to determine
bending angle and blocking forces at different input air pressure. The test results were
compared against the low-modulus SFR actuators and the benchmark bending actuator
presented by Wang et al. [74], [171], [173]. The bending angles and the blocking force
responses for actuators fabricated by SFR and CFR techniques with 10°/60° and 10°/70°
braiding angles were plotted against input pressure and compared with the benchmark bending

actuator [74].

From Figures 5.22 and 5.23, it can be observed that actuators made by SFR, and CFR
techniques have significantly increased bending angles at much lower pressure levels as
compared to the benchmark actuator. Using CFR technique, bending angles as high as 145°
were achieved with a very low input pressure of 80kPa, with barely less than 10 % achieved at
similar operating pressures [74]. Furthermore, the bending angles of the CFR actuator design
were much higher than that achieved using the SFR actuator fabrication technique at similar
input pressure levels, with the actuators having a braiding angle of 10°/70° outperforming the

bending characteristics compared to 10°/60°.
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Figure 5.22 The bending angle for (a) 10°/60° (b) and 10°/70°. Braiding angle combination

for both SFR and CFR actuators against the benchmark actuator.

72



T’.
3r ---®--- Wangetal., ! 1
- ---4@--- SFR Actuator :
= ---@--- CFR Actuator ,
_—,
< 2t s ]
ot ;
515 b l
= ]
1F o .. |
. »
0.5 b ‘# )
cmmm = L 2
”- i i " i PR ——| " " M " PR
10! 10 108
Pressure (kPa)
{a)
3 T
4 ---®--- Wangetal, '
---@--- SFR Aclualor N
---@--- CFR Actuator ;
= .| ]
= 3 R 7
p -
;.: #
22t R .
-— < ... =
o F .
1t g . . -
'.' ‘.. "y
0 3". .

' 10° 10’

Pressure (kPa)
(h)

10

Figure 5.23 The blocking force for (a) 10°/60° and (b)10°/70°. Braiding angle combination for

both SFR and CFR actuators against the benchmark actuator.

CFR suffers little bulging as it was constructed with a single continuous fibre. Figure 5.22
shows the performance of the CFR actuator at various input pressures. Also, it is evident that
the CFR actuator demonstrated a continuous increase in blocking force when the input pressure
is increased. At 80 kPa, the blocking force of 1.5N is achieved, which is barely less than 30 %

of the pressure used in the benchmark actuator [74].
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Figure 5.24 Experimental bending profile. (a) for 450kPa achieved by Wang et al., (b) The
varying angle fibre-reinforced bending actuator, with fibres braided at 10°/70°, and (¢) the CFR

actuator at various input pressures.

5.4 Summary

The performance of fibre-reinforced soft bending actuators made from CFR techniques using
Ecoflex™ 00-30 braided with different angles has been demonstrated here. The fabrication
technique using Ecoflex™ 00-30 with CFR technique involved less complex fabrication

compared to SFR.

The results have demonstrated that CFR actuators achieve high bending angles at low-pressure
levels, with a linear bending rate of 1.77°/kPa. In comparison with the SFR actuator, the CFR
actuator performs better due to its construction technique that significantly reduces

delamination, as well as restricting the bulging that occurs in the SFR actuator.

By utilizing a varying angle fibre reinforced with low stiffness elastomeric material in bending

actuator design and CFR fabrication technique, its ability to achieve higher bending angles than
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those fabricated using the SFR technique was demonstrated. These actuators are highly suitable
for applications demanding high bending angles with low input pressures. Experiments with
different material properties are to be studied in the following chapter, and the results are to be

compared with the previously determined numerical and FEA models.

75



Chapter 6

Experiments based on different elastomers and fluids

6.1 Introduction

The design of soft elastomeric actuators with appropriately reinforced fibres will result in a
more controllable actuation and output force with low input pressure. In addition, by integrating
these soft elastomeric actuators that can operate at a lower input pressure range, they can be
easily powered by simple body movements that enhance the portability and minimize the
complication in the design of a prosthetic arm. Simple, ready-to-wear, lightweight, and easy-
to-handle devices are always desirable to users. Hence, developing a simpler and easier
actuation method for elastomeric actuators would be greatly beneficial for grasping and

gripping applications.

Here, this chapter presents the bending performance and blocking force output of elastomeric
actuators made from different Young’s modulus materials. Additionally, a syringe-powered
bending actuator was studied to calculate the difference in pressure output from the syringe,

when prefilled with different fluids like air and water.

6.2 Experimental section

6.2.1 Materials and preparation

This study uses actuators fabricated using CFR technique. Here, a 250 mm long hollow
aluminium rod (10 mm @) was coated with a thin layer of elastomeric material during
fabrication. Later, fibres were braided over 60 mm long steel guiding pins (I mm @), which
were cross-sectionally inserted into the aluminium rod. The commercially available 0.4 mm
diameter Kast King Superpower braided fishing line with a breaking load of 227 N was used
to create a braiding fibre in the actuator. Commercially available elastomers that offered

different elastic moduli were chosen, including Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth
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Sil™ 940. The Young’s moduli of these three materials were experimentally determined using
an Instron machine with a 30 kN load cell using the samples made based on ASTM D638

standard, as shown in Figure 6.1. The results are shown in Table 6.1.

Figure 6.1 ASTM D638 standard sample.

Table 6.1 Mechanical properties of different materials

Material Experimental Young’s modulus (MPa)
Ecoflex™ 00-30 0.15
Ecoflex™ 00-50 0.21
Smooth Sil™ 940 0.90

6.2.2 Fabrication of the fibre-reinforced elastomeric actuator

The fabrication started by coating a thin layer of one of the elastomer materials (Ecoflex™ (00-
30, Ecoflex™ 00-50, or Smooth Sil™ 940) on an aluminium rod, as shown in Figure 6.2a.
The assembly was degassed in a vacuum chamber to remove the extra bubbles formed during
mixing. The mixing ratio and curing time were followed as per the procedure described for the
elastomer. Once cured, the steel guiding pins were inserted every 2 mm along the length of the
rod, as shown in Figure 6.2b. Two different braiding angles on either half were made by
running the fibre around the guiding pins. 10°/80° was chosen as the braiding angle
combination for the soft actuator because it produced the maximum bending displacement and

blocking force [74]. The braiding started at 10° on one side of the rod and 80° on the other side
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of the rod, and the braiding was repeated until the rod was completed, as shown in Figure 6.2c.
As the next step, the elastomer mix was applied to the fibres to keep them intact, holding the
braid in place. Once cured, the guiding pins were removed, and the holes created by the pins

were sealed by using the elastomer (Figure 6.2d).
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Figure 6.2 Schematic illustration of the fabrication process 10°/80° CFR actuator. (a) Pouring the elastomer mix into an acrylic mould with a
supporting rod in the centre to form the first layer of elastomer, (b) inserting the guiding pins at a distance of 2 mm apart onto the cured elastomer,
and (c) braiding the fibre at an angle of 10° on one side and 80° on the other side around the guiding pins; (d) photograph of the fibre-braided
elastomer with the braiding angle combination of 10°/80°; () photograph of a complete actuator attached to actuation tubing with a final protective

layer coated on the fibre-braided elastomer with an embedded cap at the tip; (f) bending profile of the actuator at various input pressures.
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A 3D-printed end-cap was attached to the tip of the actuator to block one end of the actuator.
A silicon pipe was fitted to the other end of the actuator using a Sil-poxy silicon adhesive to
secure a leakproof pneumatic connection between the actuator and the power source (Figure
6.2¢). To enhance the strength, the actuator was placed in a cylindrical acrylic mould of 20 mm
diameter and filled with the elastomer to create an additional outer layer of elastomer. Pouring
the elastomer mix from the top of the mould might trap the air bubbles inside them. To avoid

this, an injection moulding device was designed (Figure 6.3).

Mould

Syringe  Plunger Gear housing Driver

| A _ e

&

Figure 6.3 Injection moulding device to create a bubble-free actuator.

The handle at the end of the device is rotated, and the device will convert the rotational motion
into translational motion. A syringe plunger set-up filled with elastomer mix was coupled to
this device. This device helped to push the bubbles to the top of the mould and create a bubble-
free actuator. Figure 6.2f shows the bending response of the fibre-reinforced soft elastomeric

actuator at different pressures.

6.2.3 Testing set-up

6.2.3.1 Motion tracking

An optical signal processing method using a USB camera was used in motion tracking of the
bending actuator. The images were acquired in real-time by the USB camera with the help of
LabVIEW and myRIO. Configuring the image acquisition system is important to obtain quality
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images with high contrast and to suppress distracting background features that complicate
subsequent software processing. The logic scheme for the proposed tracking method is

presented in the following flow chart (Figure 6.4).

Figure 6.4 Bending angle measurement using vision acquisition.

Vision Acquisition Software, once installed, the main application can call the Vision
Acquisition.vi subroutine, which can acquire, save and display the images from the camera
connected to the computer in real-time. The configuration of this subroutine presumes to pass
off some steps in which the acquisition method is selected finite or continuous, with in-line or
post-processing the images. The configuration implies the selection of the parameters along the
image: resolution (implies the refresh rate), brightness, contrast, and sharpness. These elements
can be introduced into the main program as variables, so they can be modified in real-time.
Vision Assistant.vi subroutine permits to process of the images acquired by the camera using
a large variety of programming technologies. For measuring the vertical and horizontal motion,

colour pattern matching technology is used. The application follows the movement of a colour
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pattern (Figure 6.5). The colour patterns indicated in red and black are detected as co-ordinates

in 3d-space by the vision assistant, as shown in Figure 6.6.

ITV-0030-3BS
Valve

Figure 6.6 Camera in-position to acquire an image for co-ordinates detection.
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Figure 6.7 shows the vision acquisition and vision assistant parameters used in acquiring the

bending co-ordinates of the actuator. The refresh rate is essential because it will determine the

reconstruction of the elements' trajectories. For an image with a continuity effect, a refresh rate

with a minimum of 25 fps is necessary. The attributes which can be modified using this

technology are the followings: the number of matches, minimum score, colour sensitivity,

searching strategy, the possibility of searching rotated patterns, etc. The source code of the

main application is presented in the appendix. The continuous acquisition with inline

processing is permitted using a While loop.
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Figure 6.7 Vision acquisition using vision assistant in LabVIEW.
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The information contains the templates, which must be optically tracked and flows into a
cluster form. The coordinates of the centres of the markers form a vector which is written into
an Excel file with the saving folder path and the file name, as shown in Figure 6.8. These
recorded coordinates were used to obtain the bending angle relative to its equilibrium state

(vertical position, 0°).

A E C D F |G| H I
1 [Date Time Iteration Pin X0 ¥0 X1 ¥1
2 |07/28/20 12:31:00 AM 169 199 96 48 197 471
3 |07/28/20 12:31:01 AM 1700 200 96 48 197 471
4 |07/28/20 12:31:02 AM 171 199 96 48 197 471
5 |07/28/20 12:31:03 AM 172 208 96 48 198 471
& |07/28/20 12:31:04 AM 173 215 96 48 199 470
7 |07/28/20 12:31:05 AM 174 209 96 48 200 470
8 |07/28/20 12:31:06 AM 175 209 96 48 200 470
9 |07/28/20 12:31:07 AM 176 208 96 48 201 470
10 |07/28/20  12:31:08 AM 177 210 96 48 201 470
11 |07/28/20  12:31:09 AM 178 218 96 48 202 469
12 |07/28/20 12:31:10 AM 179 218 96 48 204 468
13 |07/28/20 12:31:11 AM 180 219 96 48 205 468
14|D?}'28}'20 12:31:12 AM 181 217 96 48 208 467

Figure 6.8 Co-ordinates automatically registered in Excel file.

6.2.3.2 Bending and force testing setup

As the aim was to actuate the actuator using body movement, hence a plastic syringe was used
instead of a compressed air supply to pressurize the fluid. Hence, a characterization of the
amount of force and displacement required by the plunger to bend the actuator was conducted.
The fabricated bending actuators had a 20 mm outer diameter with an 8 mm hollow inner core
and a length of 150 mm. These actuators were clamped to a holder that allowed the actuator to
hang in a vertical direction with the inlet at the top. The injection moulding set-up mentioned
in the earlier section of this chapter was operated manually since it was only used for pumping

the elastomer into the mould, which doesn’t require any gradual increasing time frame.
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Whereas it has to be automated when pumping air or water to record the actuator’s bending or
force performance. A linear motor was attached to the end of the injection moulding device to
rotate the shaft which in turn pushes the syringe’s plunger, as shown in Figure 6.9. The force
measurement here was performed by using an aluminium alloy load cell from Top Sensor

Technology Co., Ltd and controlled using a Phidget bridge, as shown in Figure 6.10.

motor

- / To supply
l- e

Figure 6.9 Automatic shaft driving system.

PhidgetBridge
4-Input
(4Z| 10460 |OP @

@.
mmq l 3138 5-ype Lot - lkg

Figure 6.10 Force sensor and 4-input Phidget controller.

For all the experiments below, the pressure control voltage is transmitted through the myRIO
1900 (National Instruments, Texas) regulating proportional valve to inflate the actuator (ITV-

0030-3BS, SMC, Noblesville, IN, USA), as shown in Figure 6.11.
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Figure 6.11 ITV-0030-3BS pressure detection and fluidic control valve.

Characterizations were conducted with the system pre-filled with air or water as a working
fluid. As the plunger was pushed, it pressurized the actuator, causing it to bend or curl upwards
(Figure 6.12a). A camera was installed to track and record the bending of the actuator, and
images were processed to obtain the bending angle relative to its equilibrium state (vertical
position, 0°). In addition, a force sensor was attached to the plunger to measure the amount of
force applied for actuation. This force, combined with the area of the plunger, could be
converted into the pressure that was built up in the elastomeric actuators. For the measurement
of the blocking force by the actuator, a second force sensor was attached to the rig close to the
tip of the actuator (Figure 6.12b). Data acquired by these force sensors were read through

myRIO using LabVIEW 2019 (National Instruments, Austin, TX, USA).

(b) R Sample

Force
Sensor 2




Figure 6.12 Testing setup for evaluating the performance of the fibre-reinforced actuators. (a)

Photograph showing the bending of the actuator from rest (vertical position). The bending

angle was then obtained objectively using goniometric measurements. (b) Photograph showing

the blocking force analysis of the actuator, where the pressure was built up by pushing the

plunger of the syringe.

6.3 Verification of bending characteristics

The bending angle vs pressure data obtained from numerical analysis, finite element model and

through experiments for all three materials was compared against each other in Figure 6.13.
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Figure 6.13 Bending angle comparison of numerical (N), simulation (FEA), and experiment

results (Exp).

Figure 6.13 shows that the FEA results are closer to the experimental results that were

determined numerically as the FEA does account for some radial strain. However, in real life
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(experiment), the radial strain in the form of bulging is higher in Ecoflex 00-30 and 00-50 and
leads to more departure between FEA and experimental results. The FEA and experimental
results for Smooth-Sil 940 are a good match due to its higher modulus and negligible radial

strain.

6.4 Results and discussion

6.4.1 Force characteristics

When air or water pressure is applied to this soft actuator, a force is generated along the inner
curve of the actuator. The strain gauge measures the blocking force generated by the actuators
made from Ecoflex™ 00-30, Ecoflex™ 00-50, and Smooth Sil™ 940. The force blocked by
the actuators was measured as the pressure was increased up to 76 kPa, as shown in Figure
6.14. It was noted that there was a gradual increase in the force with input pressure at first,
followed by a larger rate of increase. This was because the braided fibre was relaxed in the
beginning and started to tighten when pressurized by extending slightly, causing radial stress.
Once the stretching limit was exceeded, the fibres were inextensible, and the blocked force
increased at a greater rate with pressure. At an air pressure of 76 kPa, the forces recorded by
the Ecoflex™ (00-30, Ecoflex™ (00-50, and Smooth Sil™ 940 actuators were measured to be
0.719, 0.864, and 0.260 N, respectively (Figure 6.14a). Similarly, the actuators pressurized
with water demonstrated an almost identical pattern and achieved maximum forces of 0.779,
0.827, and 0.280 N for the actuators made of Ecoflex™ 00-30, Ecoflex™ (00-50, and Smooth
Sil™ 940, respectively (Figure 6.14b). Compared with Ecoflex™ 00-30 and Ecoflex™ 00-50,
the Smooth Sil™ 940 actuator had a much lower blocking force when pressurized with air and
water. These mechanical properties were consistent with its stiffness, as the Ecoflex™ 00-30
and Ecoflex™ 00-50 actuators, with their lower moduli, could be actuated at lower pressures,
and, with its higher modulus, the Smooth Sil™ 940 actuator required a higher pressure for

actuation, which resulted in a lower blocking force generated at the maximum tested pressure.
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Figure 6.14 Blocking force measured at the tip of fibre-reinforced actuators made using
Ecoflex™ 00—30, Ecoflex™ 00—50, and Smooth Sil 940 under the influence of (a) air and (b)

water pressure in a vertical position (n = 3).

Overall, the forces produced in all three elastomers were proportional to the input pressures,

and the forces achieved with air and water actuation were almost equivalent. In addition, these
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results represent the fact that the bending and force performance of these soft actuators can be
controlled with the pressure supplied. The relationship between the blocking force and input
pressure can be further extended. Operating soft actuators at higher pressures affect their life
span due to fatigue. However, these actuators were controlled with a fixed volume in a syringe,
making them less likely to be overpowered, and they were tested for 500 cycles at a pressure
of 100 kPa without failure. These soft actuators demonstrated blocking forces up to the ~1 N
range, which is comparable to the range of existing elastomeric actuators [22], [179]. Two or
more soft actuators can serve as a body-powered gripper that can be used to grasp objects when

actuated.

6.4.2 Bending characteristics

As the motor pushed the plunger (Figure 6.15), the system filled with air or water, causing the
actuator to bend in the direction where the fibre angle was 10°. This bending was the result of
stress created on the inner walls of the actuator, where the higher angle in the braiding
combination allowed more space to expand over a certain pressure, causing shrinkage on the
side with the lower angle and resulting in curling when pressurized. When powered by air, both
the Ecoflex™ 00-30 and Ecoflex™ 00-50 actuators quickly bent to 40° and 32° with 50 kPa,
respectively, whereas the actuator made using Smooth Sil™ 940 managed to reach only 8°, as

shown in Figure 6.15a.

When the working fluid was changed from air to water, the Ecoflex™ 00-30 and Ecoflex™
00-50 actuators reached 50° and 40° with 50 kPa, whereas Smooth Sil™ 940 was slightly bent
to 10° (Figure 6.15b). It could be seen that the amount of bending at any given pressure was
affected by the elastomer Young’s modulus. These bending properties are consistent with those
observed by Yap et al. and Galloway et al., who evaluated the bending performance for

different materials from Smooth-On Inc., PA, USA [22], [49].
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Figure 6.15 Bending behaviour of fibre-reinforced actuators made using Ecoflex™ 00-30,
Ecoflex™ 00—50, and Smooth Sil™ 940 under the influence of (a) air and (b) water pressure

by comparing actuators from the curled to the resting positions (vertical position).
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6.4.3 Syringe plunger displacement versus pressure built up in the actuator

The plunger displacement of the syringe and the pressure built up in the actuator due to this
displacement are two crucial parameters for it to be powered by the body. The pressure built
up, P, is determined by force, F, applied to the plunger for the given syringe dimensions. As
the syringe is pre-filled with air or water, the fluid will experience a fixed working area, A
(area of the plunger, 7.1 x 10~* m?), and the pressure generated can be calculated using P = F/A
[180]-[182]. Although all actuators have the same geometry, actuators that are much stiffer
allow less expansion, causing pressure to build up in the actuator, which also implies that it
requires a high pressure to bend, which is very difficult to achieve when using shoulder

movements.

To investigate this, the pressure built up was calculated with the help of a force sensor attached
to the plunger. The built-up pressure increased almost linearly with increasing displacement in
the plunger for the cases of the Ecoflex™ 00-30 and Ecoflex™ 00-50 actuators, whereas for
the Smooth Sil™ 940 actuator, it quickly rose as the displacement increased for both the air-
and water-filled syringes (Figure 6.16). When the plunger was pushed to displace 20 mm in
the syringe with air, the pressure in all three actuators was approximately 20 kPa (Figure
6.16a). On the other hand, when using water, the pressure quickly jumped to approximately 50
kPa in the actuators made from Ecoflex™ 00-30 and Ecoflex™ 00-50 and to approximately

380 kPa in the actuators made from Smooth Sil™™ 940 (Figure 6.16b).
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Figure 6.16 The pressure built up in the actuator against the syringe’s plunger displacement
for the Ecoflex™ (00-30, Ecoflex™ 00-50, and Smooth Sil™ 940 actuators were tested when

filled with (a) air and (b) water.

Furthermore, it was observed that the displacement of the plunger needed to generate the same
amount of pressure in the actuator was approximately three times lower when using water

compared to air, as water is relatively incompressible [79] compared to air (Figure 6.17).
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Hence, the use of water as a working fluid in bending actuators is suitable for body-powered
actuator application, as a smaller body motion is required to generate the required pressure.
Considering the bending angle, force, plunger displacement, and built-up pressure together, the
actuators made from Ecoflex™ 00-30 and Ecoflex™ 00-50 had almost similar performance,
but Ecoflex™ 00-50 had a slightly higher stiffness than Ecoflex™ 00-30, which limited the
bending due to gravity when held horizontally. Therefore, Ecoflex™ 00-50 was chosen for

body-powered application in the next chapter.

Push Force
-145.8¢

Figure 6.17 Bending output of water-powered and air-powered actuators for identical

movement of the plunger.

6.5 Summary

This chapter discussed the effect of materials with different stiffness in bending. Also, it
explained the difference in the effect of using air and water as powering fluids. The use of
water as a working fluid in bending actuators is found to be suitable in the intended body-
powered actuator application, as a smaller body motion is required to generate the required

pressure. In this work, the shoulder’s shrugging is considered as the body motion that actuates
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the bending actuators. The actuators made from Ecoflex™ 00-30 and Ecoflex™ 00-50 showed
more bending and higher blocking force compared to those of Smooth Sil™ 940. In addition,
Ecoflex™ 00-50 had higher strength and could provide extra protection from bulging or
failures at higher operating pressures and provide sufficient bending at low pressure with
reasonable blocking force. Hence, Ecoflex™ 00-50 was chosen for these body-powered

actuators as prosthetics.

95



Chapter 7
Application of the fibre-reinforced actuator as body-powered prosthetics

Instead of conventional actuators, which require an external pneumatic supply, using a simple
assembly made from a syringe and drawbar mechanism, a body-powered prosthetic system can
be realized. This application utilizes body movements as a source to generate hydraulic

pressure to actuate these grippers. Hence, this will be standalone and truly portable.

Note: All experimental procedures in this study that involved human participants were
subjected to ethical approval, which was endorsed by the University of Auckland Human

Participants Ethics Committee (UJoAHPEC- 023153).

As a first step, this chapter evaluates the shoulder shrugging distance and force generation
capability of human shoulders by conducting a study on ten participants. Further, a design
technique was employed to convert these shrugging movements into usable power for the

actuators.

7.1 Experimental section

7.1.1 Evaluation of shrugging force

Ten (n = 10) healthy individual participants (two female and eight male) were recruited to
convert their shoulder-shrugging movements to power the actuator. The participants were
asked to shrug their shoulders, and the upward displacement was recorded, as shown in Figure

7.1.
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Figure 7.1 Shoulder elevation measurement.

The shoulder blade was pressed against a force sensor set-up, as shown in Figure 7.2, to
determine the amount of force it could generate. With the upward displacement and the force
generated by the shoulder, the maximum pressure generated to actuate the number of actuators

could be determined.

Figure 7.2 Shoulder force measurement.
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7.1.2 Preliminary experiment design for body power utilization

Rope

\ ™ Plunger

Actuator Syringe  Pulley

Figure 7.3 Shoulder-assisted actuation based on rope and pulley.

A pulley connected the syringe's plunger to the shoulder blade, as shown in Figure 7.3. As the
shoulder flexes upwards, the rope pushes the plunger, causing the actuator to bend. However,
it was found that the setup disturbed the user's sitting posture and that fixing the rope on the

shoulder blade was difficult, causing discomfort and reduced efficiency.

7.1.3 Draw-bar spring mechanism for body power generation
A draw-bar spring mechanism was considered to be of potential use in transferring shoulder

movement into fluidic power generation for actuators.
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Figure 7.4 (a) Draw-bar spring (b) illustration of the working mechanism.

The spring works on the following mechanism. Two hooks, indicated in blue and pink, are
pulled in the opposite direction (Figure 7.4). When this happens, a spring indicated in red

colour squeezes its length.

Rope to be attached  «—— pyl| direction
to the shoulder —3

Silicon tube = Water rushing through the

A b dthat is to b silicon tube upon squeezing
movahle-end that is to be the syringe’s plunger
attached to the shoulder

Syringe
Drawbar
mechanism
Plunger
(a) (b)

.f’.".f’;[f'f"r’ NN

A fixed-end that is to be attached
to the waist belt

Figure 7.5 A schematic of the drawbar syringe setup for body-powered actuation. (a) initial

syringe position before the pull and (b) squeezed syringe after the pull, to power the actuator.
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This draw-bar spring mechanism was used in the syringe and plunger setup shown in Figure
7.5. The top end of this setup was strapped to the shoulder, and the bottom end was attached to
a belt at the waist. The shrugged shoulder pulled the plunger upward, which squeezed the fluid
inside the syringe, which powered the actuators. A body-powered transmission set-up with
water as the working fluid was designed after determining the material and its actuation

conditions, as shown in Figure 7.6.

Shoulder Strap

/

a. b. c. d.
Figure 7.6 Body-power transmission set-up. (a) A syringe is enclosed in a draw bar setup. (b)
A holder that buckles the set-up to the waist belt (c) Before shoulder movement (d) After

shoulder movement.
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7.2 Results and discussion

The test was conducted among ten healthy (two female and eight male) participants to
determine the average upward displacement and force generated when shrugging the shoulder
by using a measuring scale and a force sensor, respectively. The average shoulder elevation
measured was 77 = 29 mm. The average blocking force generated by shrugging the shoulder
was 113 £ 55 N which is quite similar to the results obtained from dumbbell shrug experiments
[183], which was equivalent to a pressure of 160 &+ 78 kPa in the syringe with a plunger of 30
mm diameter and a total volume of 50 ml. As mentioned before in Figure 6.6b, bending the
actuator to 120° requires approximately a pressure of 80 kPa, and to generate such pressure,
the plunger had to move 25 mm (Figure 6.7b). Hence, based on the data collected from the ten
human participants, the shrugging of the shoulder could displace the plunger by 48 mm, which

was sufficient to actuate two actuators to bend 120° each using body power.

The body-power setup was made with the bottom end of the setup fixed to a belt at the waist
to cause the syringe to stay in position when the shoulder was elevated, as the top end was
strapped to the shoulder (Figure 7.7a). When the shoulder was elevated upwards, it pressurized
the system and resulted in the bending of the actuators (Figure 7.7b). A photograph of the
actual body-powered actuator being worn is shown in Figure 7.7¢. Two actuators acting as
fingers were connected to the syringe’s outlet using a silicone tube. Figure 7.7d, e shows the
fingers before and after actuation, respectively. Figure 7.7f shows the fingers grasping a water
bottle with a weight of 500 g that was placed on a table; this was ten times more than the mass
of the actuator itself, demonstrating a promising result for effective integration in soft robotic
applications. In addition, two-actuator grippers were tested to assess the amount of force
required to dislodge an item, which was found to be 5.8 N. The actuator is currently limited to

grasping cylindrical objects. Future development of this device will include testing of actuators
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of different lengths and a gripper that resembles a five-fingered human hand that can potentially

grasp different objects irrespective of their shape and orientation.

Prosthetic hand

/
(a)

Distance
of
. %
elevation

~d

Tubing

Syringe assembly /
(see Figure 3)

(d)

Figure 7.7 Body-powered actuator. (a) body-powered setup before actuation; (b) body-
powered setup after actuation; (c) actuation test on participant; (d) gripper before actuation; (e)

gripper after actuation; (f) grippers holding a 500 g water bottle.

7.3 Summary

The idea presented in this chapter represents a shift from the existing approach of using
externally powered soft robots toward using body-powered robots. Prosthetics and wearable
robots need to be portable, lightweight, and simple. Instead of using rigid linkages, as seen in
traditional actuators powered by servo motors or chamber-based soft actuation techniques

powered using external compressors, the proposed design is both soft and body powered; it
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bends based on the variable stiffness created using a composite of an elastomer and fibres
braided along the length of the actuator while utilizing shoulder elevation for power. Lastly,
body-powered actuators for grasping using a shoulder-shrugging motion to grasp a water bottle
with a mass of 500 g were successfully demonstrated. These actuators are highly suitable for

applications that demand high bending angles with low input pressures.
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Chapter 8

Conclusions and future work

8.1 Summary of contributions

This thesis presents a portable prostheses, especially those that are body-powered. A
lightweight, flexible fibre-reinforced fluidic actuator was developed to replace rigid linkages
and traditional actuators. A hypothesis was put forth to manufacture and operate variable
stiffness fibre-reinforced soft fluidic actuators using body movements. Bending concept
demonstration and the evolution of soft elastomeric actuator designs involving multiple
fabrication techniques and shoulder movement utilization has successfully provided a

conclusive validation of the hypothesis that ultimately resulted in this thesis.

8.2 Conclusions

8.2.1 Validation of bending based on variable stiffness of the actuator

It was hypothesized that an actuator possessing materials of two different stiffnesses on each
half of the structure would undergo bending upon internal pressurization. A mathematical
model was derived to explain this possibility of bending by assuming it as a closed thick wall
cylinder made from two variable stiffness materials. Also, it explained a process in which fibres
braided at different angles could be used to program the stiffness of the material. These stiffness
values were experimentally tested and applied to the mathematical model to calculate the
bending undergone by a cylinder. Additionally, these variable stiffness values obtained from
testing were used to validate the possibility of bending using an FEA model. However,
experiments have shown that the actuators bend, but not exactly in an arc and that they expand
radially when powered, which causes the experimental results to differ from simulations. These
validations set a path to manufacture a fibre-reinforced soft bending actuator for use in body-

powered prostheses applications.
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8.2.2 Design and manufacturing

An established split fibre-reinforcement braiding technique has been tested using low-stiffness
elastomer materials, and the results have been observed in chapter 5. At higher pressures, this
technique creates more stress along the length of the actuator, where the two differently braided
materials bind together. This stress makes the SFR actuators prone to radial bulging and
reduces their lifetime. In the process of eliminating the weak joint, the fibres were wound
continuously using the CFR technique and, at the same time, created two different braiding
angles on each half of the actuator. The results have demonstrated that CFR actuators achieve
high bending angles at low-pressure levels, with a linear bending rate of 1.77°/kPa. The CFR
actuator performs better than the SFR actuator due to its construction technique that reduces
the bulging problem, potentially increasing the lifetime and repeatability of the actuator. The
CFR fabrication technique is much simpler than the SFR technique, and the low operating

pressure makes them a suitable candidate for body-powered applications.

8.2.3 Effect of the material property on actuator performance

The effect of Young’s modulus on the materials towards actuator performance has been studied
by utilizing Ecoflex™ 00-30, 00-50, and Smooth Sil-940 in the continuous fibre-reinforcement
(CFR) technique in chapter 6. These three materials possess different Young’s moduli, and
their bending and force characteristics were studied and compared against each other. It was
observed that low-stiffness materials tend to exhibit more bending compared to high-stiffness
materials. Ecoflex™ (00-30 has low stiffness compared to Ecoflex™ 00-50; however, an
actuator made from Ecoflex™ 00-50 was chosen for this application since there is no
significant difference between their performances with the chosen actuator possessing

resistance against the additional bending due to gravity when held horizontally.
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8.2.4 Fluidic power

The difference in the effects of using air and water as powering fluids was studied. An
experimental set-up containing a syringe-plunger set up was used to study their performance.
It was observed that an identical movement of the syringe’s plunger containing water was able
to generate comparatively higher bending than air. Hence the use of water as a working fluid
in bending actuators is found to be suitable in the intended body-powered actuator application,

as a smaller body motion is required to generate the required pressure.

8.2.5 Application

In this work, the shoulder’s shrugging action of the body was considered to power the soft
actuators. The distance elevation and force generation capability of the human shoulders have
been analysed through a study conducted among ten human participants of mixed height and
weight. It was observed that a shoulder shrugging action with the combination of continuous
fibre-reinforcement technique, low-powered actuator, and water-powered fluidic actuation

could produce a highly efficient body-powered gripping device.

8.3 Future work

While this thesis has shown promising proof-of-concept results using a unique fibre braiding
technique to establish seamless bending in low-stiffness material actuators and their usage in a
portable body-powered prosthetic application, there is much more work that can be done to
establish this as a commercial product. Areas of potential future work are discussed in this

section.

8.3.1 Manufacturing of CFR actuators
In CFR actuators, elastomeric materials were used instead of neoprene rubber, reducing the
difficulties associated with melting rubber and the need for a high-temperature oven. However,

the winding process involved here in the CFR technique is tedious as well. This can be
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improved by designing an automatic fibre winding machine similar to the one utilized in
chapter 5 of this thesis to speed up the manufacturing process. The actuator in chapters 5 and
6 was made of 180 mm and 150 mm, respectively, with a diameter of 30 mm and 20 mm. The
length and diameter of these actuators can further be reduced to study their force and bending
generation capabilities, enabling them to be used in a wide variety of wearable and prosthetic
applications. A bi-directional bending actuator can be created by splitting the internal chamber

into two, adding additional capabilities to these soft bending actuators.

8.3.2 Modelling and characterization

Numerical and FEA models have been developed in chapters 3 and 4 of this thesis to
demonstrate the bending of the fibre-reinforced soft bending actuator. The FEA model used
the material properties measured from the fibre braided samples tested using the Universal
Testing Machine. These results serve as a preliminary source to verify the bending in fibre-
reinforced soft bending actuators. However, in the future, a more sophisticated FEA model can
be created by designing the more complex CFR fibre braiding as an individual part and
embedding it inside the elastomeric material. This will help to achieve more accurate results
and a realistic comparison of the FEA model actuator with that of the manufactured practical
actuator. This will also allow a way to test more different materials using the FEA model

without requiring the testing of fibre-reinforced samples in a Universal Testing Machine.

8.3.3 Testing and verification

The actuator was tested for 500 cycles at a pressure of 100 KPa without failure, and the actuator
was able to repeat the same bending characteristics over the testing period. The testing can
further be continued to study the repeatability performance and lifetime of the actuator before
failure. The performance of soft-elastomeric actuators is considered non-linear. Hence, they
cannot be used in environments that demand a precise outcome. In this scenario, closed-loop
control is vital to achieving the desired performance. Additionally, sensing technologies can
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be embedded into these actuators at the fabrication stage, which could facilitate a controlled
output. Once the actuator performance is evaluated, a suitable controller (PID or adaptive

control) will be identified to facilitate feedback control.

8.3.4 Application of actuators in a five-fingered prosthetic hand

The current prototype only demonstrates the feasibility of implementing a soft pneumatic
bending actuator onto a two-fingered prosthetic system with the ability to grasp an object of
500g weight, as demonstrated in chapter 7. This work can be further extended by implementing
a five-finger prosthetic hand or five-fingered assistive device that will be more like a human
hand (as shown in Figure 8.1) and improve the object handling process of the user [184] and

also can assist in rehab therapy.

Finger Pocket

N,

Actuator Pocket

Figure 8.1 A soft robotic glove prototype.

Moving on from the development of the actuator and body-powered prosthetic system

presented in this thesis, clinical trials will be the next critical milestone. The shoulder
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movements of ten healthy subjects were studied here and it can further be extended to patients
with disability and study their response to generate shoulder elevation and force to determine
the feasibility and comfort of implementing this application in them. Additionally, future work
is also planned to study the long-term efficacy and longitudinal outcomes of a body-powered

prosthesis in patients.
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Appendix 1 Stepper motor control for automatic fibre braiding machine
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Appendix 2 Input pressure and output force data acquisition using LabVIEW
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