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Abstract

There is a growing interest in the field of Dielectric Elastomer Actuators (DEAs).
A DEA consists of a thin DE film coated with a compliant electrode. It expands
in planar directions and contracts in thickness under a driving voltage. Because
of the similar actuation capability compared with human muscles, it is often
referred as artificial muscle. One possible application is to integrate the DEA in
wearable devices for tremor suppression. In this thesis, the development of the
DEA has been advanced towards this application in three aspects: performance

enhancement, modelling accuracy and self-sensing control.

The results presented demonstrate that the combination of pre-strain and motion
constraining enhances the force output of the DEA significantly but it also leads
to the pre-mature electric breakdown that shortens the operational life. This
drawback was suppressed by optimising the electrode configuration to avoid the
electrically weak regions with low thickness across the DE film, together with the
lead contact off the active electrode region. The durability of the enhanced DEA

was therefore improved significantly.

Polyacrylate, a commonly used DE, was characterised for dynamic mechani-
cal loading and electrical actuation. The conventional Kelvin-Voigt model was
proved to be deficient in simulating the viscoelastic behaviour of polyacrylate in
the frequency domain. The error in modelling was substantially reduced using
a higher material model that contains multiple spring-damper combinations. It
allows the system dynamics to be shaped over frequency ranges. A detailed pro-
cedure was given to guide the parameter identification in higher order material

model.



A novel self-sensing mechanism that does not require superposition of driving
voltage and excitation signal was also designed. It reconfigures the conventional
DEA to have separate electrode regions for sensing and actuating. As the DE
film deforms under driving voltage, the capacitive change in the electrode region
for sensing was measured via a capacitor bridge and used as the feedback for
actuation control. The self-sensing DEA can, therefore, be implemented with any
high voltage power supply. Moreover, the sensing performance is demonstrated
to have improved consistency without interference of the electrical field. It also

has a unique feature of DE film wrinkling detection.
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Chapter 1

Introduction

This chapter elaborates the underlying motivation of this Ph.D. thesis. A brief
introduction is given to involuntary movements in the human body, how it brings
inconvenience to a patient’s daily life. The effective treatment that has yet to
be developed includes existing wearable devices, which could be used to regulate
human motion. Soft actuation technologies, which address the limits of existing
wearable devices, could be a solution for involuntary human movements. The DE
actuation, which suits such application, is compared with other soft actuation

technologies.

1.1 Involuntary movements in human body

Essential tremor (ET) is a common cause of significant disability. The “classic
ET” is defined as a monosymptomatic disorder with bilateral, largely symmetric
postural or kinetic tremor involving the hands and forearms that is visible and
persistent. Isolated head tremor in the absence of dystonic posturing is another
example [1]. Evidence also suggests that the phenotype of ET also includes subtle
cerebellar abnormalities [2], cognitive dysfunction [3], hearing abnormalities [4],
and dystonia [5]. It affects approximately 1% of the general population and 5%
of the population over 65 years of age [6]. Though it is not life threatening, ET

impacts heavily on a patient’s daily life.



Despite this high prevalence, the understanding of ET is limited and ET research
is hindered mainly due to the lack of stringent diagnostic criteria and the lack of
biomarkers. ET shares similar phenotypes with Parkinson’s disease (PD), dys-
tonia and other disorders [7]. It brings diagnostic uncertainty regardless of how
ET is defined. As a result, the clinical definition of ET has been inconsistent; the
pathological findings have been debated; the underlying genes have been elusive;
the mechanisms of neural network oscillation are unknown and no satisfactory

pharmacological treatment exists.

There are several surgical treatments for ET, including thalamic deep brain stim-
ulation, and thalamotomy via surgical or magnetic resonance guided focused ul-
trasound lesioning [8]. While these treatments are found to be effective, the
cost is ineffective for curing the the less severe type of ET. In addition, interest
has also grown in the use of portable motion transducers to objectively measure
tremor amplitude. However, the sensitivity and precision of these sensors (e.g.,
accelerometers, gyroscopes and digitizing tablets) are limited by the large random
variability in tremor amplitude [9]. Moreover, the capability of making the mea-
surement continuously and autonomously throughout the day without requiring

the presence of clinicians has yet to be achieved.

1.2 Existing wearable devices

In order to regulate such involuntary movements in the human body, novel active
wearable technologies can provide accurate long-term tremor monitoring and ef-
fective motion regulation. They are still to be developed and validated. Existing

active wearable devices fall into two categories, exoskeleton and smart prosthetic.

While typical powered prosthetics (e.g., Genium, Dynamic Arm, C leg and He-
lix 3D [10]) have been designed to replace missing limbs with different function
modes, exoskeletons are commonly developed to assist humans to achieve en-
hanced motion and strength. Honda has developed “The Stride Management
Assist System” to ease long-distance walking with improved speed [11]. It is
worn with a belt around the thighs and the hips, the motors on both sides lift
legs at the thighs to move forward and backward. XOS [12] and HULC [13]

2



are more advanced exoskeletons that enhance wider range of human motions for
military use. The structures cover the entire human body in order to provide pro-
tection and boost lifting power. Portable powered ankle- foot orthoses (PPAFOs)
[14] were developed to provide rehabilitation treatment to patients with ankle in-
juries. The typical structure of PPAFOs contains two frames which are worn on
the lower limb and foot, and a motor with processor to control the relative motion
between the two frames. The device generates force to constrain the movement

of the ankle joint, thus helping to restore the gait cycle.

As being indicated in the name, the exoskeleton devices are “rigid” structures
for power, transmission and control. Moreover, for achieving complex motions,
because these devices are powered by linear actuators, they add additional com-
plexity into the structure, weight and increase the size. The rigidity and relatively
large size (compared with human body) of the structure makes them less friendly
for users in the long-term throughout daily life. It is clear that an active wear-
able device must be more compliant for use in clothing and gloves. The actuation
must be dexterous, soft, light and energy-efficient. The next section reasons the
choice of the soft actuator as a dielectric elastomer actuator (DEA) for as the

motivation for this research.

1.3 Artificial muscle actuators

Artificial muscles are biologically inspired linear actuators. Their design aims to
share many of the features of human muscles such as the working principle, noise-
free operation, lightness, high power to weight ratio, and the compliance. For a
typical postural tremor of the hands, the motion is bilateral and has an amplitude
up to 0.1 cm and frequency up to 10 Hz [15]. Hence in order to effectively suppress
the tremor, the qualified soft actuator should be capable of providing the actua-
tion forces up to 0.4 N and with a stroke no less than 1 mm. Furthermore, the
development of such active wearable devices requires simplicity of the structure of
the actuator to facilitate the combination of actuators for achieving complex and
versatile motions. This section evaluates the three types of muscle-like actuation

technologies that have been developed: McKibbon pneumatic actuators (PAM),



Shape Memory Alloy (SMA) actuators and Electro-Active Polymer Actuators
(EAP).

McKibbon actuators (PAMs) work by pumping the air into the bladder wrapped
under a mesh web. The bulging of the bladder produces contractive force in the
axial direction to provide the actuation. The biggest feature of these actuators
derives from the compliance as using compressible air for actuation, the light
weight (typically around 100 g due to the use of a membrane) as well as high
power to weight ratios up to 5 kW /kg [16]. The PAM is believed to be a suitable
compliant power system for both mobile robotics and prosthetics, and it has been
commercialized in robotics by Bridgestone Co. and Festo Ag. & Co. Although
this technology was firstly developed in the 1950s, it has never been used widely
to date. The main drawbacks of PAMs are the difficulty of achieving accurate po-
sition control due to their nonlinearity. They also have a relatively short service
life since the combination of a flexible membrane and rigid ends in the structure
leads to stress concentration. In addition, the noise associated with valve switch-
ing can be another issue as well as the inevitably frequent maintenance of sealing
and all other components to prevent leakage. Finally, the multi-step actuation of

PAM can lead to significant time delay in the actuation response.

SMAs change phase when subject to heat. The most commonly used material is
a Nickel Titanium alloy. The SMA actuator is able to generate constant force and
can undergo strains up to 10%. However, they suffer from fatigue significantly,
especially when at maximum force capacities. The low bandwidth frequency

response of approximately 1 Hz is another drawback.

Electro-Active Polymers (EAPs) generate expansion in a lateral direction and
contraction in an axial direction of the electric field when subject to large volt-
age, in a similar way to piezoelectric actuators. The actuators consist of 2 layers
of compliant electrodes with a thin sheet of EAP in the middle as a sandwich
structure. There are two common types of EAPs, ionic EAPs which utilize ionic
movement to generate the motion, and dielectric EAPs, namely Dielectric Elas-
tomer Actuators (DEAs), which use Maxwell pressure and act as deformable
capacitors. The latter have been developed and researched since the early 1990s.

The common strain in DE actuation is between 5% and 15% with low correlated



forces around 1 N. The DEs commonly have time-dependent, strain-dependent
and rate-dependent mechanical behaviour due to viscoelastic nature of the dielec-
tric polymers [17]. The feasible frequency bandwidth of DE actuation is typically

up to 10 Hz, which coincides with the specification for tremor suppression.

All these technologies have strengths and weakness. McKibbon Pneumatic Ac-
tuators are able of generating both high force and large range of motion, but
require external components. SMA actuators generate constant force, linear ac-
tuation (ease the control) with both good force capacity and range of motion.
However, the main drawbacks are the requirement of expensive materials, slow
responses and problems from mechanical failure, particularly fatigue. By recall-
ing the specifications for the tremor suppression, EAPs, DEAs in particular, are
the best solution in comparison. Moreover, they are cheap, flexible, have a simple
actuator mechanism and sufficient range of motion, despite the requirements of
high voltage to drive a relatively low actuation force. The following sections give
an overview of DE actuation. It begins with applications of DE-based devices,
the fundamental theories, failure and durability and characteristics of dielectric

elastomer. Research motivation is given at the end of chapter.

1.4 Applications of DE-based devices: actua-

tors and others

This sub-section reviews the highlights of existing DEA applications, the poten-
tial and challenges, and other types of DE applications as sensors and energy

harvesters.

Despite that there is currently no commercially available DE-based devices, re-
search work has explored its potential over a broad range of applications. Single-
layer DEAs are commonly configured in planar and tube form [18, 19, 20, 21].
Tube DE actuators are often combined with springs to generate contraction force
[22, 23, 24]. Contractile actuation was also achieved in folded DEAs [25, 26, 27].
A strip DE actuator was folded into an elastomeric stack and the voltage-induced

contraction in thickness was used for actuation. Alternative actuator designs have



been based on multi-layer [28, 29] and helical structures [30]. It is shown that
with a specific AR configuration, a spring-roll actuator can have multiple degrees
of freedom, and drives a starfish-like walking robot [31]. Small-sized DEA-based
robots were developed to mimic worm motion [32, 33]. DEAs were also used
directly with a passive spring as antagonistic partner. The pivot roll multi-
segmented robot is another concept that combines the DEA with stiff skeletal
segments to achieve large bending motion (up to 270°) [34]. Bistable DE actu-
ators were developed to switch between two phases [35, 36]. Other highlights
are: the planar actuator that can generate rotational motion up to 18° [37], the
airship with fish-like propulsion [38], the mini-gripper that grips objects under
applied voltage [39] and the touch-sensitive conveyor that detects and rails the
payload [40]. Apart from these, DEAs have also been applied in loudspeakers
[41, 42], tunable optics [43, 44, 45, 46, 47|, tactile displays [48, 29, 49, 50] and
valves [51, 52],

DE-based actuators have often been suggested for orthotic and prosthetic appli-
cations [53, 54, 55, 56]. The expectations arise from effective cost, muscle-like
behaviour and lightness. The actual advancement towards these application are,
however, hindered as the practical viability still remains questioned. DEs are vul-
nerable to electromechanical instability and electrical breakdown, which makes
the useful frequency range of operation small [57]. Time-dependent failure such
as fatigue has been rarely addressed for DEAs, and the existing results are rather
inconsistent [54, 57]. Furthermore, DEs are also susceptible to contaminants
[58], electrical and mechanical stress concentrations [20, 59] and even the elec-
trode contact points [57]. They require a precisely controlled, highly repeatable
manufacturing technique to produce consistent performance. Partially automatic
facilities have been established [54, 60, 61, 62]. Nevertheless, the viscoelasticity of
the DE material complicates control and reduces energy efficiency. DEs become
stiffer at higher frequency, which limits actuation capacity [63, 64, 57]. The time
dependences, the long-term creep, the slow disentanglement of polymer chains,
and the resulting stress relaxation all need to be accounted for achieving precise
motion [61, 65].

DE generators (DEGs) convert mechanical energy into electrical energy. In terms

of energy density, DEGs surpass single crystal ceramics and electro-magnetics by



an order of magnitude [66]. It has been demonstrated that DEGs can harvest
energy from natural sources such as ambient vibrations [67, 68], human move-
ments [69, 70|, ocean waves [71], wind [72], solar [73], and flowing water [74].
DE sensors (DESs) detect mechanical deformation, and numerous work has been

directed towards the development of thin sensor skin for prosthetic applications

75, 76].

1.5 Fundamental theories of Dielectric Elastomer
Actuators (DEASs)

The basic structure of a DE actuator consists of a DE film sandwiched by between
two layers of electrodes. It converts energies reversibly between electrical and
mechanical forms. When it changes electrical energy to mechanical energy, a
DE operates in actuator mode. When it changes mechanical energy to electrical
energy, a DE acts in generator or sensor mode. The basic physics of the DEs
are derived with the assumption that a DE maintains constant volume in the
deformation (Poisson’s ratio approaches 0.5), which is common for typical DE

materials (e.g. rubbers).

DEs, including the electrodes, can be regarded electrically similar to capacitors.
The electrical energy arises from two separate aspects. In the first, energy change
is due to attraction of opposite charges as the capacitor plates moving closer or
further apart from each other. In the second part, energy change is due to
the repellence of like charges as the capacitor plates expand or contract. As
the result, the Maxwell stress of a DE under an applied voltage is twice the
corresponding normal stress per unit area of a typical parallel plate capacitor.
The compliance of a DE gives a second degree-of-freedom for energy conversion.
Strictly speaking, the resultant Maxwell stress is not the true normal stress on
the polymer (being twice the normal stress). However, since the planar tensile
stresses are coupled directly to the thickness direction, the two aspects of energy
change can be regarded as one. With the assumption of constant volume of the
polymer, the Maxwell stress is simply referred to as the pressure that is exerted

over the electro-active region (AR) of the DE.
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When the Maxwell stress is applied on the DE, it compresses the film to be-
come thinner. With the constant applied voltage, the resultant Maxwell stress
grows simultaneously during the compression. When the voltage approaches a
threshold value, the film becomes less stable relative to changes in the physical
variables. When reaching the threshold value, the film becomes unstable and
collapses until electric breakdown or other types of failure occur. In such a state,
the field pressure increases faster than the elastic restoring forces can maintain
static equilibrium. This phenomenon is known as the electromechanical insta-
bility, alternatively as the pull-in instability, which predominately contributes to
failure of a DE under constant driven voltage. It can be avoided by making sure

the elastic restoring force increases faster than the equivalent Maxwell force.

Also due to the capacitive nature, only half of the given electric energy input is
converted to the work being done on deforming the structure, the other half is
stored as electrical energy in the capacitor and recovered at the end of actuation.
Therefore, with a constant driving voltage without energy recovery, the maximum
theoretical efficiency of DEAs is 50% [34].

1.6 Failure and durability of DEAs

While a DEA may show promising actuation capability, its performance is lim-
ited by the dielectric and mechanical strengths of the elastomer. When a DEA
is operated beyond these limits, it fails in various modes. The electromechanical
instability, which has long been recognised as a failure mode of polymer insula-
tors, is also a primary cause of the failure. This sub-section introduces failure
and durability of a DEA, starting with electric breakdown, the electromechan-
ical instability, then move to various mechanical failure modes and finally the

approaches that being used to improve durability.

A typical DE film made from 1 mm thick VHB™ 4910 is often driven by voltages
of 5 kV and higher, resulting an applied electrical field of 50 MV /m and higher.
With various types of voltage amplifiers, it is straightforward to build simple
electrical circuit to deliver such high voltages. Therefore the limit for such a high

voltage actuator is the electric breakdown field. It refers to the critical electrical
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field at which the dielectric material becomes conductive. The consequences of
reaching this limit is destructive as the actuator ‘burns’. In the ideal case, the
electrical field is applied uniformly across the AR, and electric breakdown occurs
throughout the whole region. In reality, it occurs locally at the spot with the
highest electric field. As the result, the burnt spot causes contact between elec-
trode layers and (if the contact did not happen) provides a small gap, causing
electric breakdown through the surrounding air. Either way once it happens, the
actuator is completely disfunctioned and cannot be repaired. However, a DEA of-
ten fails before reaching the electric breakdown field due to the electromechanical

instability.

Mechanical limits also play roles in the failure of DEAs. The loss of tension is
one failure mode that occurs when the applied voltage to the DEA is sufficiently
large, the AR buckles out of plane and makes the DE cease to be tensile. In this
condition the DEA no longer generates the actuation force, which is problematic
especially in the spring-roll actuators [22]. The loss of tension indicates a voltage
limit which is lower than that of electromechanical instability and dependent on
the properties of both the DE and the spring. Derivations from equations of state
show that this failure mode always proceeds the electromechanical instability in
spring-roll DE actuators [22], whereas other types of DEA tend to fail directly
due to electromechanical instability [28, 77, 78]. Compressive limit of the spring
is also vital to the functionality of spring-roll actuators. If the compressive force
due to the pre-strain of the DEA and external sources is excessive, it deforms
the spring plastically and the actuator can no longer generate actuation forces.
Hence the compressive limit is also considered as a failure mode. Similarly, tensile

rupture is the failure mode that occurs when the DE is stretched excessively.

Generally speaking, the failures due to the mechanical limit of a DEA are as-
sociated with the structure of the actuator itself. They are less relevant to the
activation of the DEA and can often be eliminated in the design stage by choosing
the appropriate components and loading conditions. Electrical breakdown and
the electromechanical instability are the primary concerns as they limit actua-
tion strains of DEAs. The electric breakdown field for the polymers is commonly
found to increase as the film thickness decreases [79, 80]. Therefore, stretching

the film is a common approach for achieving higher a electrical breakdown field,



therefore higher actuation capacity. It is reported that for isoprene rubber, a
maximal increase of 40% in the dielectric strength can be achieved by stretching
the film. For VHB™ 4910, with the bi-axial pre-strain of 500% in each direction,
the dielectric strength is increased by 1100% [81, 82], which is significantly higher

compared with a increase in dielectric strength of 40% for isoprene rubber.

The bigger advantage of pre-straining is that it can be used to eliminate the
electromechanical instability to achieve much larger deformation [83]. The rea-
son is that pre-strain reshapes the elasticity of the polymer, which pushes the
occurrence of the equilibrium between the Maxwell pressure and the compressive
stress to a higher strain level. Therefore with the same induced electrical field, the
pre-strained DEA actuates with significantly larger strains compared with the un-
strained DEA. Noting that an elastomer consists of a network of polymer chains,
entangled all together, when the elastomer is stretched, the stress-strain relation-
ship is dominated by the stiffness of the entanglement until reaching the snap
point, where all entanglements are fully stretched. This part of the correlation
is almost linear. When as the elastomer is stretched further, the detanglement
starts to occur until the polymer chains are fully detangled. This contributes to
the second part of the stress-strain relationship of the elastomer, where the stress
slowly decreases and increases again as the strain increases. As the elastomer is
stretched further, the detangled polymer chains are loaded until rupture occurs.
The final part of the stress-strain relationship is also approximately linear and
much stiffer compared with the first two parts. The unstrained DEA actuates
with small strain with the induced electric field and fails to electrical breakdown
directly due to the relatively high stiffness of the entanglement. As the elastomer
is stretched to approach the snap point (moderate pre-strain), the elastomer ac-
tuates with moderate strain under the same induced electric field and fails due
to electromechanical instability because the Maxwell pressure increases. This
occurs while the material becomes softer as it passes the snap point, the com-
pression accelerates until the film collapses. For a highly pre-strained elastomer,
the new stress-strain relationship has no snap point and consequential ‘softening’.
In this case, the elastomer does not experience the electromechanical instability;

it continues to deform until electric breakdown occurs. Such an effect is well-
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observed in VHB™ 4910 and significant actuation strain has been demonstrated
at pre-strains of 200% and higher [83].

1.7 Characteristics of DEs

Dielectric elastomers are used in many applications, ranging from extreme soft
gel-like materials to hard and brittle rubbers with very distinctive material be-
haviours. The choice of DE is therefore vital for the performance DE actuation.

This section introduces the basic characteristics of DEs.

An elastomer is defined as a cross-linked polymer material above its glass tran-
sition temperature. Empirically, it is also known as a macromolecular material
that deforms substantially when exposed to small mechanical loads, and recovers
its original shape shortly after being released. There are three common types
of of elastomers, namely, chemically cross-linked (vulcanized) rubbers; physically
cross-linked thermoplastic elastomers; and polymers of sufficiently high chain

length, where entanglements serve as physical cross-links.

There are several key material properties of DEs that are of interest, includ-
ing the viscoelasticity that describes how it behaves mechanically; the dielectric
constants that describe how well it converts energy in different forms; and the
electric breakdown strength that indicates the highest electrical field that can
be applied without causing electric breakdown. For polymers, it is generally
true that polar groups increase the dielectric constant and the ionic conductance.
At the same time, it lowers the chain mobility (e.g. it makes elastomer require
larger force to deform) and raises the glass transition temperature. Polydimethyl-
siloxane (PDMS) is a example of polymer with low dielectric constant (typically
between 2.5 and 3), high dielectric breakdown strength and high chain mobil-
ity. Polyurethanes (PUs), which contain more polar groups compared to PDMS,
have relatively higher dielectric constant (typically 3-10), lower electric break-
down strength, much higher ionic conductivity and glass transition temperature.
The polyacrylate elastomer (VHB™ from 3M) deviates from general trends by
having extremely high electric breakdown strength when stretched and relatively

high dielectric constant, which is generally independent of stretching [82]. Such
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features makes it the most commonly used DE in the research field and is the

material candidate for this Ph.D. research.

The stretched polymer relaxes as the polymer chains reorientate under stress
or in an electric field. The so-called dangling ends, the free ends of the cross-
linked polymer chains, and the substructures that are attached to them, are not
fixed through cross-links. They relax through a breathing-like motion and act as
the sources of relaxation. This motion requires strong deformation of the chain
and happens slowly (typically from milliseconds to seconds) [84]. The relaxation
of dangling ends contributes primarily to the viscoelastic response of the most

elastomers that occurs from seconds to days in duration.

The permanent, chemical, physical, or topological cross-links contribute to the
elastic behaviour. In the model of the phantom limit of the elastomer, it assumes
in a such phantom network that the chains are devoid of material properties, the
chains move freely through one another, the elasticity only arises from the network
connectivity [85]. In the model of affine networks of an elastomer, the end-to-end
chain vectors are assumed to transform affinely with the macroscopic deformation.
The phantom and affine limits are the two extreme cases to describe the properties
of the most elastomers. The network is predicted to be more affine-like at small
deformations and more phantom-like at larger deformations. Nevertheless, the
topological constraints of the polymer chains, namely entanglements [86, 87] serve

as the third factor that contributes to the elasticity of the elastomer.

The time-dependence, or the viscoelasticity of the elastomer, is usually measured
in terms of the storage modulus and the loss modulus [88]. For completely cross-
linked rubbers, the material store all the energy like a ideal spring. In reality, the
elastomers always have some extent of viscous dissipation since ideal cross-linking
is very hard to obtain. However, it may be favourable for the material to be
viscous at a given frequency and to be elastic at another frequency, in applications
where conformability and stability are required. This can be obtained either by
choosing network reactants with certain chemical structures and lengths, or to
swell the elastomer in a compatible solvent. The latter is an easy method to
obtain a fast-responding soft material. A new trend has also emerged, the so-

called interpenetrating networks (IPNs). They hold physically the mixture of
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two or more cross-linked networks altogether via entanglements, which provides

a convenient route to modify properties to meet the specific needs [89, 90].

With the same reactants, one can obtain elastomers ranging from extremely soft
and fragile to hard and durable, as the cross-linking reaction, also known as vul-
canization of polymers into elastomers, can be performed in several ways. The
traditional way of producing hard rubbers is radical vulcanization where the
cross-links are introduced randomly along the chain. End-linked addition cur-
ing systems control the distance between cross-links without byproducts, which
allows the controlled alteration of the material properties and formation of soft
elastomer. The resulting elastomer can be further optimised by adding volatile
or non-volatile solvent, chain extenders, resins, or other polymers physically or
mechanically to the network [91]. Because the elastic modulus of the elastomer
depends on the degree of cross-linking, it can also be altered as a function of
reaction time of vulcanization. The longer vulcanization proceeds, the more
cross-links are developed and the stiffer and less viscous the elastomer becomes.
Vulcanization can be slowed down by adding a non-volatile solvent. For ex-
ample, adding high viscosity silicone oil to a silicone network will increase the
distance between reactive groups and the overall viscosity of the reaction mix-
ture, and hence decrease the reaction speed [92]. Alternatively, vulcanization can
be stopped by cooling down the reaction mixture to inhibit the catalyst, which

stops the network formation at a given time to give certain properties.

Swelling, as another common approach, softens an elastomer by reducing the
contribution of the entanglement to the elastic modulus. It can be applied both
before or after vulcanization. Mixing the reactants with swelling agent before
vulcanization (pre-swelling) is the most applicable method, but it may lead to
soft and fragile networks due to the dilution of trapped entanglements [93]. The
post-swelling method has the issue of causing uneven elastomers due to small im-
perfections within the initial 'dry’ elastomer. Swelling also affects the dynamics of
the swollen resulting elastomers. It brings the so-called dangling material, which
refers to the large fraction of material chemically attached to the network but
not elastically active except on short timescales, to contribute to the relaxation
of the elastomer. The relaxation time of the elastically active network fraction is

also decreased due to dynamic dilution effects [94] as well as the so-called stran-
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gulation or tight-mesh effect [95]. Another method to soften the elastomer is to
pre-swell the elastomer reactants by a volatile solvent and then remove solvent
after vulcanization. It therefore reduces the entanglement contribution to elastic

modulus without changing the dynamic properties of the elastomer significantly.

1.8 Research motivation and focus

The research interest of this thesis has arisen from the potential use of DEASs to
make active wearable devices for regulating involuntary movements in the human
body. As the existing treatments are far from satisfactory, active wearable devices
with soft actuation technologies may be a feasible solution for long-term tremor
monitoring and motion regulation. The overview presented identifies promising
opportunities for DE actuation and also explains the complexity of failure modes
and material behaviour. The research motivation is the potential use of DE
actuation for applications such as tremor suppression. This research therefore
focuses on the three specific areas of DE actuation: performance enhancement;

modelling accuracy; and self-sensing control.

1.9 Outline of thesis

This thesis describes experimental and theory/simulation work for the advance-

ment of DE actuation. The motivation is for the field of soft robotics.

Chapter 1 introduces the current progress in tremor suppression, wearable robotics,
soft actuation and fundementals of the DEA. This provides the research motiva-

tion.

Chapter 2 provides a thorough literature review of the relevant research associated

with DEAs, identifying the research gaps and defining the research objectives.

Chapter 3 presents work to enhance the actuation performance of a DE actuator.
A novel rod-prestrained dielectric elastomer actuator (RP-DEA) was developed,

showing the improved force output, but degraded durability. The latter was then
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suppressed via electrode optimisation. This covers theory, experimental design

and setup, the experiment and simulation results and discussions.

Chapter 4 presents the research in improving the modelling accuracy of a vis-
coelastic DE-based actuator. The effectiveness of higher order material model
was verified against experimental results from polyacrylate and compared with
the conventional model and spring-like silicone. The experiments and simulations

are different from previous research.

Chapter 5 presents the work in the self-sensing control of DE actuation. A novel
self-sensing mechanism of the DE actuation was developed and demonstrated in
a dielectric elastomer self-sensed actuator (DESA) and compared with a conven-

tional self-sensing mechanism.

Chapter 6 summarizes the conclusions drawn from Chapters 3, 4 and 5, and

identifies potential future work. A list of publications and references follow.
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Chapter 2
Literature review

This chapter outlines the state-of-the-art as well as justification for the research
of the thesis. It begins with performance enhancement, describing two common
techniques, pre-straining and motion constraining, and identifies the possibility of
combining them for further enhancement. The following section, modelling and
simulation, therefore reviews the existing models of DEAs for different purposes,
including accurate modelling of the dynamic characteristics in the frequency do-
main. The third section depicts advantages and disadvantages of existing self-
sensing mechanisms of DEAs. Finally, identification of research gaps, the research

question and objectives follow.

2.1 Performance enhancement

Performance enhancements are referred to as the techniques applied on DEAs
in the pre-actuation state to increase the actuation capability. Two common

enhancement techniques are pre-straining and motion constraining.
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2.1.1 Pre-straining

Pre-straining improves DE actuation in several ways. It reshapes the stress-
strain relationship of the DE and makes the structure thinner [96]. To induce the
same electrical field, a lower driving voltage is required for pre-strained DEAs
compared with that for unstrained DEAs. Moreover, as mentioned before, pre-
straining increases the dielectric strength with decreased thickness, experimental
results show a 1100% increase in electric breakdown field of polyacrylate, VHB™
4910 with 500% bi-axial pre-strain in planar directions [82]. The same study also
showed an approximately 5% drop in the dielectric constant with the same bi-
axial pre-strain condition, indicating the presence of a small electrostrictive effect

in DE actuation.

Pre-straining eliminates electromechanical instability. It has been shown that
pre-straining along the axis of a tubular DE balloon can suppress the snap-
through instability during inflation and regulate the reaction force along the axial
direction [97]. More optimised electromechanical performance of DE actuators

can be achieved by controlling the form and distribution of pre-stress [98, 99].

The level of pre-strain is not the sole factor that may eliminate the electromechan-
ical instability and enhance DE actuation; studies show that the voltage-induced
deformation is also strongly affected by how the mechanical loads are preset
[100, 96, 101, 102]. In fact, DEAs have different electromechanical responses un-
der uniaxial, biaxial, and shear forces [103, 96, 104, 105]. Larger actuation strain
has been demonstrated for a membrane under a equal-biaxial loading compared
with that under a uniaxial force. Pure shear loading was shown to cause de-
creased tensile force as the voltage increases [105, 106, 107]. These results show
that the actuation performance of DEAs can be tuned by altering mechanical

loading conditions before the application of driving voltage [108].

Theoretical analyses provide insight and guidance in designing such DE struc-
tures and devices. Huang et al. [109] demonstrated that voltage-induced expan-
sion could reach 488% of strain in area when a DE membrane is subjected to
biaxial dead loads. Keplinger et al. [110] and Li et al. [111] achieved a large
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voltage-triggered expansion of area by 1692% in a DE membrane by harnessing

the electromechanical instability with air pressure control.

2.1.2 Motion constraining

When a DEA is loaded differently in two planar directions, the elastomer is stiff-
ened in the direction with higher load. When the voltage is applied, the deforma-
tion occurs favourably in the direction where the elastomer is softer, hence results
in rather small actuation strain under the uniaxial force. Such phenomenon was
explained theoretically and exploited as the enhancement technique of motion
constraining. Especially in the uniaxial actuation condition, larger actuation
strain can be achieved by constraining the elastomer in the lateral direction to

the actuation.

One approach is to sandwich nylon fibers between two layers of elastomer. The
results show that the enhanced silicone-based DEAs generate up to 35% linear
strain [61]. Lu et al. [96] report that unidirectional constraints by carbon and ny-
lon fibres in the cross-direction polyacrylate-based DEAs generate 28% and 25%
linear actuation strain, respectively. The study also shows that the enhancement
is lower than predicted because such a method does not fully constrain the DEA
and fibres buckle due to the compressive stress. Moreover, the fibre-constrained
tube DEAs generate up to 36% strain [109]. In general, enhanced actuation
strains were in the range from 25% to 30% compared with 10% to 15% from an
unenhanced DEA. The force output of a DEA was also reported to improve when
the fibre is aligned laterally to the direction of actuation. The other approach
is to embed fibres directly in the DE film. Subramani et al. [112] show that by
adding high-dielectric-constant fibres as fillers to the elastomer matrix, the per-
formance of DEAs is enhanced further by having both motion-constraning and

an improved dielectric constant.

Typically, fibres only constrain the film partially. It indicates with better fibre
coverage, even larger actuation strain can be achieved. It has been demonstrated
that with the electrode made of highly aligned carbon nano-tubes (CNTs), the

actuation strains can be pushed further to over 40% in a relatively low electri-
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cal field of 100 Vum™ [113]. The electrode-induced anisotropy in this study is
obtained by having CNTs aligned in the horizontal direction to enhance the ac-
tuation in the vertical direction. The CN'Ts were applied to the elastomer using a
stencil mask adhered to the sticky surface. However, despite the initial actuation
strain being high, it does reduce over strain cycles as the CNT's tend to lose the

orientation and become bundled.

2.1.3 Combining pre-straining and motion constraining

Because pre-straining and motion constraining are different enhancement ap-
proaches, they can be combined so that the DEA has improved dielectric strength,
mechanical properties (due to pre-strain) and favourable actuation direction at
the same time. Such combination can theoretically further boost the actuation

capacity, but this has rarely been studied.

Bolzmacher et al. [61] used nylon fishing line as the fibre material to pre-strain
a silicone elastomer by 100% on the upper surface of the elastomer so that the
whole structure remains compliant for application on a human arm. Their results
showed promising improvements in actuation strain, electromechanical properties
and breakdown strength. However, this would also make the DEA relax naturally
into a curved form. If subjected to higher pre-strain, such as over 200%, curvature
would become excessively large and because the structure is no longer aligned in-
plane, it may degrade the uniaxial force output in the actuation direction. In
order to maximise the force output of a DEA, the pre-strained structure may be
kept flat to ensure that the expansion of the elastomer occurs in the actuation

direction.

2.2 Modelling and Simulation

This sub-section reviews existing modelling approaches in simulating hyperelas-
ticity, viscoelasticity and failure of DEAs. These approaches are based mainly
on a spring-damper rheological model, which is often used to represent the di-

electric elastomer. The representation contains a spring and a spring-damper
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combination that are connected in parallel. The spring indicates the stiffness
of the elastomer in static loading condition, and the spring-damper combination

gives rise to dynamic characteristics.

2.2.1 Modelling in hyperelasticity

Because the elastomer has strain-dependent elastic modulus, the nonlinear stress-
strain behaviour has been simulated using the Ogden model [114], the Gent model
[115], the Mooney-Rivlin model [116] and the neo-Hookean model [117]. Among
them, the neo-Hookean model is more suitable for simulating small strain varia-
tions, the Mooney-Rivlin model is better over a broader range of strain, the Ogden
model is more sophisticated over higher strain, and the Gent model accounts for

the extensibility, the stretch limit of the material.

Numerous DE models have been developed based on these hyperelastic material
models. Kofod [118] applied both Ogden and Mooney-Rivlin models to fit force-
strain experimental data up to 500 % strain values for a commercially available
acrylic elastomer, VHB™ 4910. It was reported that the Ogden model showed
superior fit compared to the Mooney-Rivlin due to more free parameters as well
as the presence of exponent terms. Lochmatter et al. [103] proposed a hyper-
elastic model corresponding to the Ogden form to predict the uniaxial tensile
deformation behaviour of VHB™ 4910 acrylic elastomer up to a tensile stretch
ratio of 8. The same model was then applied to characterise electromechanical
coupling of a planar DE actuator made with this acrylic material. Furthermore,
Goulbourne [119] proposed a modified Ogden strain energy function to describe
the mechanical behaviour of new synthesised interpenetrating polymer networks
(IPNs) of acrylic elastomer up to the stretch ratio of 8. Li et al. [111] applied
the Gent model to characterise the large voltage induced deformation of VHB™
4910 elastomer.

In the field of DE-based energy harvesting, Xiaofeng et al. [120] studied a DE
energy harvester with the Gent and neo-Hookean models for an understanding of

how viscoelasticity affects the energy conversion and dissipation. Li et al. [121]
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modelled DE energy harvesting in an inhomogeneous field using the neo-Hookean

model.

In the field of DE-based oscillators, Fox and Goulbourne [122] examined the
dynamic behaviour of an axisymmetric DE membrane resonator based on the
Ogden model, while Zhou et al. [123] studied viscoelastic and hyperelastic models
of the DE. The latter work showed that neglecting the viscoelastic behaviour of
the DE may lead to significant errors in the dynamic response of the oscillator.
The resonant behaviour of a DE membrane mounted on a rigid ring was studied
by Zhu et al. [124] with the neo-Hookean model. Apart from these, a novel
approach was also taken to model hyperelastic material based on a bond graph

formalization [125].

2.2.2 Modelling in viscoelasticity

In contrast, much less attention has been paid to the modelling of the viscous
aspects of material behaviour. Yang et al. [126] adopted linear theories to inves-
tigate the material viscoelasticity of DEs under small deformations. Hong [127]
developed a general field theory for the coupled electro-viscoelastic behaviour of
dielectric elastomers, by integrating a formulated theory of deformable dielectrics
into a framework of non-equilibrium thermodynamics for continuum. The the-
ory has great adaptiveness for various viscoelastic materials. The similar model
framework was also employed by Foo et al. [128] for investigating dissipative
performance of DEs at different stretch rates and stretch ratios up to 7. Hos-
sain et al. [129] proposed a modified Bergstrom-Boyce viscoelastic model with
a finite strain linear evolution law to simulate the response of VHB™ 4910 in
various step-based standard testing. They combined a micromechanical eight-
chain model [130] and diffusion based transient network model [131] to predict

the elastic and the viscoelastic responses, respectively.

Wissler et al. [132] presented a quasi-linear viscoelastic model in which the basic
behaviour of a DE were characterised as a hyperelastic strain energy potential
(e.g., Ogden and Mooney-Rivlin forms), and a time function such as the Prony

series was introduced into the strain energy function to depict the materials
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time-dependent properties. Wang et al. [133] developed a finite element anal-
ysis approach to investigate the role of viscoelasticity in the instability of the
soft dielectrics such as pull-in, wrinkling, electrocreasing and electrocavitation.
Lochmatter et al. [103] used a hyper-viscoelastic model to demonstrate the unsta-
ble actuation behaviour in long-term actuation of planner DEA. Wang et al. [105]
developed a constitutive relation which was derived from Kelvin-Voigt rheological
model to characterise energy dissipation of the DE under uniaxial stretching and

loading-unloading hysteresis loops at different stretch rates up to the maximum
of 5.

2.2.3 Modelling in failure

Modelling work has also focused on understanding and simulation of failure of
DEAs. Premature failure analysis of the DEA was undertaken using linear stress-
strain relationships to investigate the failure mode of the electromechanical in-
stability [28, 134, 135].

These studies initially considered the DEA entirely covered by AR without any
surrounding inactive region. The DE was assumed to be purely elastic with the
constant elasticity and free boundary condition are assumed. As derived directly
from the electromechanical correlation, the analysis revealed the mechanism of
the electromechanical instability. A numerical model was then developed to take
the actual boundary condition into account. However, the predicted threshold
values of stretch for the electromechanical instability by these linear-model-based

studies were only half of the actual values obtained from experimental results
[136, 21].

Nonlinear model have been developed to include large deformations, nonlinear
elastic properties and the viscoelastic behaviour of DEAs. With the simplifi-
cations of neglecting localised effects such as defects, voids, inclusions, electri-
cal and mechanical stress concentrations and time-dependent failure (e.g. creep
and fatigue), the model showed good agreement in failure prediction with the
experimental results. The model also showed for a hyperelastic material that

viscoelasticity has positive impact on the reliability, as it stiffens the DE against
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electromechanical instability. The rate of stretch during the pre-strain process
affects significantly failure modes. A high stretch rate leads to dielectric strength

failure and low stretch rates lead to electromechanical instability.

For applications, nonlinear analysis has been adopted for failure predictions and
stability studies in folded DEAs [137], pre-strained DEAs [98], dielectric gels
[138], tube DEAs [139] and dielectric elastomer generators [140, 141].

2.3 Self-sensing DE actuation

Achieving precise motion in the DEAs is vital towards the actual commercial-
isations, especially regarding the nonlinearity in the material property of the
elastomer and susceptibility to the failure. One option is to apply closed loop
control that monitors and adjusts the status of the DE throughout the operation.
This sub-section reviews the state-of-the-art on closed loop control of DEAs with
external sensors and existing self-sensing mechanisms via capacitive and resistive

sensing.

2.3.1 Closed loop control in DE actuation

Much work has been devoted to the closed loop operation of DE actuation
(142, 143, 144, 145]. These show that with the feedback provided by external
sensors, precise motion control can be achieved with linear proportional-integral-

derivative (PID) controllers.

The highlights of early work in this area are evidenced by Xie et al. [146] who
demonstrated a PID closed loop quasi-digital voltage control system for control-
ling the actuation voltage to compensate for nonlinear material behaviour of DEs.
Randazzo et al. [144] showed closed loop control of a rotational joint driven by
two antagonistic dielectric elastomer actuators. Demonstrations were also made
in active vibration control using DE actuators [147, 145] and PWM-based motion
control of DEA arrays with multiple degrees of freedom using single power supply

[148]. Controlling a DEA-based tunable grating is another typical example [46].
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A compliant grating is placed on the DEA so that it deforms with the DE as the
voltage is applied. It uses the first-order diffraction angle of the grating that is
measured by a photo-diode to drive the DEA to the desired deformation.

More recent work is due to Hodgins et al. [149] who applied closed loop operation
in a DEA, simulating biasing systems with force and displacement as feedback.
Jones et al. [150] proposed a model-based design procedure for PID controllers
for tube DE actuator. Compared with their previous work in open-loop model-
based control [151], the study suggested that closed loop control is advantageous
compared with open-loop inverse model-based control, especially because it fully
compensates the strong time-dependency of the DE, which is difficult to model

accurately.

2.3.2 Capacitive self-sensing

Having external sensors complicates the system complexity and raises the cost
of the system, especially when considering the intention of utilising a low-cost
polymeric actuation approach. The alternative is to use a DEA itself as a motion
sensor, to form a self-sensing DEA. Among the two common self-sensing ap-

proaches, capacitive self-sensing show high popularity over resistive self-sensing.

As the capacitive change of a DEA can not be measured directly, it is commonly
evaluated based on voltage-current relationship from the input and outputs of
the capacitor. One approach is to use a high frequency AC signal that is su-
perimposed on the high voltage that actuates the DEA [76, 152]. It is achieved
by connecting the DEA to an external resistor in series to form a RC circuit.
The variation in the voltage across the DEA due to actuation has been used to
estimate to the capacitive change for self-sensing feedback. Other approaches use
pulse width modulation to measure the capacitive discharge rate [148], and step

voltage application to measure charge [153].

In order to approximate state of DE actuation from the estimated capacitive
change, algorithms have been developed. Rizzello et al. [154] implemented an
algorithm based on robust control theory and linear matrix inequalities with a

self-sensed DEA to show improved robustness and actuation performance with
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respect to model nonlinearities. The same group also demonstrated a self-sensing
approach based on on-line estimation algorithm [155]. Hoffstadt et al. [156]
proposed an self-sensing algorithm based on the recursive extended least squares
method to reduce measurement noises and improve sensing resolution. Ye et al.
[157] implemented artificial neural network in nonlinear data fitting to estimate

capacitive change in a self-sensed strip DE actuator.

Capacitive self-sensing for DE actuation has proved compromising in many ap-
plications. In the case of controlling the grating, the voltage-induced expansions
in the ARs are measured in terms of capacitance. Due to the linear relationship
between the capacitive change and the first-order diffraction angle, the control
of the grating was achieved by self-sensing the capacitive change [158]. Gisby et
al. [159] employed capacitive self-sensing to control multiple independent DEAs
using a single high voltage power supply. Their more recent study demonstrated
that capacitive self-sensing in a DEA-based manipulator can both detect the
contact when reaching the object and gather information on the object’s stiff-
ness [160]. Shintake et al. [161] adopted capacitive self-sensing for controlling a
multifunctional soft griper. Branz et al. [162] adopted capacitive self-sensing for

controlling a redundant robotic arm based on DEAs.

While the concept of capacitive self-sensing has proved promising, it is also shown
that large deformations of DEAs (e.g. >10% strain) and the coupled high electric
fields (of the order of MV/m) during the actuation may cause complex changes
in the electrode resistance and dielectric resistance, which leads to unexpected
capacitive response in DE actuation [163, 164, 165, 128|.

2.3.3 Resistive self-sensing

Very few researches have focused on resistive self-sensing. O’Brien et al. [166]
considered this approach for DE actuation in micro-electromechanical systems. In
their work, electrically isolated circuits were used to measure electrode resistance
and driving voltage of the DEA. These feedback signals were used with a model
to predict the state of actuation. The proposed self-sensing mechanism showed

initial inaccuracy of 20% of the full sensor range, which then reduced down to
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5% within the first 5 seconds of operation. A good qualitative match was found
between the sensor-estimated state and the actual state of actuation. Apart from
the modelling errors against simulating long-term creep of DEs, the study also
showed the conductivity of the electrode highly depends on many factors, includ-
ing the electrode material, the electrode configuration and the deformation of the
DE. Capacitive self-sensing is therefore considered to be more reliable because
the capacitance of the DEA solely depends on the geometry of the capacitor and
the electrode coverage [160, 159].

2.4 Literature review summary and research gaps

Dielectric elastomers are in a special class of electro-active polymers with excellent
electromechanical properties for various potential applications. With electrode
coated on the surface of a DE, it forms a compliant capacitor that can be used to
convert energy between the electrical and mechanical forms, which leads to the

development of actuators, energy generators and sensors.

The elastomeric characteristics allow DE devices to undergo large deformations,
which outclasses most of other soft actuation technologies. In addition, DE de-
vices feature light weight, noise-free, effective costing and high energy density. In
actuator form, they offer actuation capability that is similar to that of human
muscles. The promising performance of DEAs has been demonstrated over a
broad range of applications, from micro-electromechanical systems to larger scale

bio-inspired airships.

However, there are research gaps in DE actuation to be filled to address the
challenges for eventual commercial applications. Firstly, the operation of a DEA
requires high voltage input and generates relatively small force. Reducing driv-
ing voltage and improving actuation capability requires advanced materials with
better electromechanical properties and optimised structures to exploit the full
potential of DE actuation. Secondly, elastomeric material properties give a DE
not only softness that allows large deformation, but also nonlinearity in elas-

tic modulus and viscoelasticity. Strong strain-dependent, rate-dependent and
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time-dependent behaviour of DEs requires sophisticated modelling and control

to achieve consistent and precise motions.

Moreover, DEAs are susceptible to various modes of failure even in their simplest
form, and such vulnerability scales up as the structure becomes more complicated.
In particular, when a DEA is combined with rigid frames, the design must be
rigorous to avoid any stress-concentration, that weakens its durability, leading
to catastrophic failure and causing the complete malfunction of the actuator.
Finally, DEAs are easy and cheap to fabricate, such advantages should not be
compromised while achieving precise motion control of actuation. For further
advancement of DE actuation and control, attention is drawn to three specific
areas of DE actuation: performance enhancement; accurate modelling; and self-

sensing control.

The literature review of performance enhancement shows the great potential in
amplifying actuation capability of DE actuators via enhancement techniques of
pre-straining and motion constraining. Pre-straining reshapes the stress-strain
curve of a DE material and reduces the thickness of DEAs. This makes the
enhanced DEAs generate larger actuation strains and forces. Moreover, pre-
straining improves the dielectric strength and suppresses electromechanical in-
stability. It allows the enhanced DEAs to operate at higher driving voltage for
further improvement in actuation. Motion constraining introduces anisotropy to
the structure and makes the deformation of DEs occur favourably in the actu-
ation direction. Each enhancement technique has been investigated extensively,
however, the combination and the corresponding effects on actuation output and

durability of DE actuators has been studied only rarely.

The literature review in modelling and simulation shows a broad coverage in
the understanding of hyperelasticity, viscoelasticity and failure mehanisms of DE
materials. Models for hyperelasticity have been developed to simulate the stress-
strain relationships of DEs under mechanical loading and predicting the maxi-
mum stretch before fracture. Models for viscoelasticity have been developed to
determine the time-dependent behaviour of DE elastomer. Models for failure
have been developed to identify and predict different failure modes in various

DEA configurations, therefore guiding actuator design. Despite of the high de-
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mand for accurate models to implement precise motion control, a model that
describes the characteristics of DE materials and DE-based actuators in the fre-

quency domain has yet to be developed.

The literature review in self-sensing control shows that different approaches have
been taken for closed loop operation of DE actuation. Capacitive sensing esti-
mates capacitive change of DEAs during the actuation, which indicates the state
of actuation and may be used in feedback for control. This approach has been
shown to be more reliable than resistive sensing and its effectiveness has been
demonstrated through numerous applications. There are two main issues associ-
ated with a capacitive self-sensing mechanism, namely, drift in the capacitance-
deformation relationship and difficulty in implementation. The former is due to
presence of a high electrical field (of the order of MV /m), which interferes with
measurements; the latter that, capacitive self-sensing requires superposition of
high voltage for actuation and excitation signals for sensing, which can only be
achieved using particular power supplies. A novel capacitive self-sensing mecha-

nism that addresses these issues is therefore desired.

In this thesis, the author strives to tackle some of these challenges, from com-
bining enhancement techniques, characterising and modelling the nonlinear be-
haviour, and designing a robust and reliable self-sensing mechanism. The effort
has been devoted to seeking novel opportunities and constructing cornerstones

for more advanced and applicable DEA applications.

2.5 Research questions and objectives

There are three fundamental research questions to be answered:

e Can a DE actuator have sufficient actuation capability (e.g. actuation force
in N)?

e How accurate can a DE actuator be controlled in the frequency domain?
e How reliable can a self-sensing DE actuator be fabricated?

Three objectives of the current study are defined respectively as:
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1. To investigate the actuation capability of DE actuation.
2. To characterise and model the dynamics of DE actuation.

3. To achieve robust and reliable self-sensing DE actuation.
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Chapter 3

A durable and high-performance
DEA

This chapter addresses the research gap in performance enhancement as identified
from Section 2.1. It presents the design of Rod Pre-strained Dielectric Elastomer
Actuators (RP-DEAs) in their capability to generate comparatively large static
actuation forces with increased lifetime via optimised electrode arrangements.
RP-DEAs utilize thin stiff rods to constrain the expansion of the elastomer and
maintain the in-plane pre-strain in the rod longitudinal direction. The aim is to
study both the force output and the durability of the RP-DEA. Initial design of
the RP-DEA had poor durability, however, it generated significantly larger force
compared with the conventional DEA due to the effects of pre-strain and rod
constraints. The durability study identifies the in-electro-active-region (in-AR)
lead contact and the non-uniform deformation of the structure as causes of pre-
mature failure of the RP-DEA. An optimised AR configuration is proposed to
avoid actuating undesired areas in the structure. The results show that with the
optimised AR, the RP-DEA can be effectively stabilized and survive operation at
least four times longer than with a conventional electrode arrangement. Finally,
a Finite Element simulation was also performed to demonstrate that such AR
design and optimization can be guided by analyzing the DEA structure in the

state of pre-activation.
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3.1 Motivation

The demand for soft active wearable devices, either in exoskeletons or rehabilita-
tion robotics requires novel actuation solutions that can be closely, harmlessly and
comfortably embedded to assist, enhance and regulate typical human motions.
Dielectric Elastomers (DEs) are in a specific class of Electro-Active Polymers
(EAPs) that are of particular research interest due to their simplicity of struc-
ture, low mass/inertia, robustness, noise-free operation, and actuation force den-
sity that is similar to that of human muscles [34, 167, 168, 169, 97, 170, 17, 171,
121, 172]. A Dielectric Elastomer Actuator (DEA) may be fabricated from a sin-
gle layer of DE that is coated with a compliant conductive material on both sides.
Functionality arises from a shortening in thickness and expansion in-plane when
a voltage is applied across the conductive layers. Its electro-mechanical proper-
ties have been studied extensively in numerous applications such as soft robotics
(173, 174, 175, 176, 177, 178], sensors [75, 76], artificial muscles [179, 180, 181]
and energy harvesting [141, 182].

3.1.1 DEA failure and durability

While a DEA may show promising actuation capability, its actual application is
limited by the poor durability of the structure. Previous studies suggest that a
typical DEA fails due to:

A1. Dielectric strength limitation (the most common failure mode)
A2. Mechanical strength limitation
A3. Pull-in instability

The dielectric strength limits the maximum electrical field that can be applied
to a DE film, while the mechanical strength limits its maximum deformation.
Pull-in instability occurs when the film thickness falls below a critical value and
the developed Maxwell Pressure becomes bigger than the compressive stress of
the DE film. This positive feedback effect makes the compression unstable and
ultimately leads to electric breakdown [111, 28]. The pull-in instability also limits
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the performance of an actuator under low applied voltage, hence methods have
been proposed to suppress such instability and improve the actuation performance
[111, 83]. Other factors such as defects, visco-elastic behavior of the elastomer,
fabrication process and electrode deposition have the impact on the durability
of a DEA [183, 77]. Neoprene™ glue has been used to cover the defects and
single-walled carbon nanotubes have been developed to improve DEA durability
[183, 184]. While intensive studies have focused on understanding and improving
the durability of typical DEAs, the failure and durability from the perspective of

structural analysis have received limited attention.

3.1.2 Pre-strain and motion constraining

The force and displacement outputs of a polyacrylate-based DEA can be improved
mainly through two approaches: (i) pre-strain; and (ii) motion constraining.
Each has been reported to improve the actuation capacity of DEAs significantly

[97, 96, 109, 185]. Pre-strain improves the performance by:
B1. Reducing the thickness of the film
B2. Making the structure extend preferably in the actuation direction
B3. Shifting the stress-strain curve of the elastomer

to eliminate the peak in the stressstrain curve, hence improving electromechanical
responses by suppressing the pull-in instability. In addition, pre-strain improves
the dielectric breakdown. Non-uniform pre-strain also enables the film to expand

in the less-strained direction when activated.

Motion constraining is a technique to improve the DEAs movement in the desired
direction by constraining its movement in other directions. To do so, one ap-
proach is to combine the DEA with rigid frames. One example is the diaphragm
actuator in an electrostrictive polymer film loudspeaker [186]. A common ap-
proach is to use fibre-reinforcement. Tube-form DEAs with nylon fibres applied
in the radial direction have been investigated [96, 109]. A more complex fibre
matrix has also been applied to the electrode as a carbon nanotube electrode

sheet [113]. The selection of the fibre was investigated to improve the electrome-
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chanical properties of the DE [112]. In general, enhanced actuation strains were
in the range from 25% to 40% compared with 10% to 15% from an unenhanced
DEA. The force output of the DEA was also reported to improve when the fibre

is aligned laterally to the direction of actuation.

Fibre pre-strained DEAs were proposed to hold pre-strain in the transverse di-
rection to the uni-actuation. Bolzmacher et al. [61] used nylon fishing line as the
fibre material to pre-strain a silicone elastomer by 100% on the upper surface of
the elastomer so that the whole structure remains compliant for application on
a human arm. Their results showed promising improvements in actuation strain,
electromechanical properties and breakdown strength. However, this would also
make the DEA relax naturally into a curved form. If subjected to higher pre-
strain, such as over 200%, curvature would become excessively large and because
the structure is no longer aligned in-plane, it may degrade the uniaxial force out-
put in the actuation direction. In order to maximize the force output of a DEA,
the pre-strained structure may be kept flat to ensure that the expansion of the

elastomer occurs in the actuation direction.

3.1.3 DMotivation and approach

The aim is to study the force output and the durability of a RP-DEA structure,
which incorporates rigid metallic rods to maintain the pre-strain and constrain the
expansion in the lateral direction. The force output of a conventional DEA under
bi-axial pre-strain is compared with the RP-DEA. It is shown how the RP-DEA
outperforms the conventional DEA in force output by gaining the advantages
from both pre-strain and motion constraint. The durability of the RP-DEA is
evaluated. Through Finite Element simulation it is shown that the non-uniform
deformation of the DE is a primary source of premature failure of the RP-DEA.
Finally, by optimising the active region (AR) configuration, the durability of the
RP-DEA can be significantly improved without requiring any other modifications

to the structure.
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3.2 Theory

The RP-DEA utilizes both pre-strain and motion constraint to improve the force
output. This section derives the correlation between the bi-axial pre-strains and

the force output of a DEA, to be compared with experimental data.

The force outputs of a DEA are parameters of importance. In an in-plane direc-
tion denoted by the subscript 7, let f; be the difference between the force in the

pre-strain state, F},;, and the force in the activated state, F,;, as denoted by:

fi = Fpi()\l,prea )\2,p7"6) - Fai(Ey )\l,prey /\Q,pre> (3.1)

where Ajpre and Mgy are the in-plane pre-strains, and F is the electric field
across the thickness. When external mechanical stresses o1, o5 and the electric
field E are applied to the DE, the equations of state are [122]:

ow ()\171)7”'@ ) )\Z,pre)
8>\1,pre

8W ()\14)7«@ 3 )\2,pre)
a>\2,pre

)\1 + 5E2 — Al,pre
(3.2)

)\2 + SEQ = )\2,pre

where W (A pre, Aapre) is the elastic free energy density function of the elastomer
and ¢ is the dielectric permittivity of the elastomer. When the DE is under pre-
strain only, the resultant mechanical stresses, o1 and o9, can be solved by setting

E =0, which gives:

8V[/()\l,preu )\Q,pre)

A1 = )\l,pre
8)\1,])7”6 <3 3)
Ao = )\ aV[/(>\1,pre; )\Q,pre) '
2 2,pre 6A2,pre
The stress differences between the actuated and pre-strained states are:
Aoy = Aoy = —eE? (3.4)
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By assuming that the pre-strains will not significantly affect the dielectric prop-
erty of the material, the net stresses are functions of the applied electric field and
permittivity of the DE. With the assumption of the incompressibility: Aj\sA3 =

1, the resultant net forces are related to o and oy by:

fl _ 0_>1\L2H

1,pre <3 5)
f . 0'2L1H '
2 >\2,pre

where Ly, L, and H are the in-plane dimensions and thickness, respectively, of
the DE film in the undeformed state. The applied electric field is related to the
applied voltage V' by:

E— Al,pre)\2,prev

= (3.6)
It now follows that:
V2L, )
fi= — T2 o) o
fo= = )

3.3 Experimental methodology

3.3.1 DEA configurations

Two experimental assessment phases consisted of: (a) Force Measurement; and
(b) Life Assessment. Different DEA configurations were used for each experimen-
tal set as shown in figure 3-1. In force measurement, the samples were configured
to have the total AR area of 30 mm x 30 mm to fit in the bi-axial stretch sys-

tem shown in figure 3-1c. The corners near the AR were rounded to avoid stress
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Figure 3-1: Sample configurations for: experiment sets (a, b); and the actual
samples (c, d, e). (AR refers to the active electrode region for DE actuation)
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Figure 3-2: Configured Rod Pre-strained Dielectric Elastomer Actuators (RP-
DEAs) in life assessment: (a) single AR; (b) two separate ARs connected via
bridge; and (c) two separate ARs with bridge and extended electrode region for
connection.

concentration, hence no mechanical failure for the pre-strain up to 200% in both
directions 1 and 2. Subsequently, a RP-DEA with the same configuration was
fabricated to compare the force outputs (figure 3-1d). In this case, 7 rods were

placed with a spacing of 5 mm on the DE film.

For life assessment, the sample size was scaled down with the total AR area of 20
mm X 20 mm as shown in (figures 3-1b and d). The RP-DEA had only three rods
in order to simplify the fabrication process and yield more consistent samples.
In addition, 3 AR configurations were used for the durability study. Figure 3-2a
shows the conventional single AR configuration. Figure 3-2b shows multiple ARs
with a gap of 1 mm from the rods. Figure 3-2b has the lead contact point inside
the AR. Figure 3-2c is similar to figure 3-2a, but with an additional inactive

electrode.

3.3.2 DEA fabrication

The dielectric elastomer used in this work was the adhesive acrylic film, VHB™

4910, from 3M (Maplewood, MN., USA). The electrode material was graphite
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Figure 3-3: RP-DEA fabrication sequence.
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powder. The powder-type electrode was used to ease the screen-printing electrode
deposition. The graphite powder was mixed with ethanol prior to the deposition
and brush-painted on the DE. The use of ethanol, which vaporized shortly after
application, was to improve the coverage of the electrode on the DE. The tested
samples were laser cut into the configured shapes. The fabrication sequence of
the RP-DEA is presented in figure 3-3. The rods used had a diameter of 0.75 mm.
They were bonded to the DE film on one side, and sealed by two slices on the
other side after the electrode deposition. Such sealing prevented slip between the
film and the rods; it also improved the isolation of the electrodes and prevented
arcing around the edge. Moreover, because the rods were conductive, it was

better to keep their ends sealed in the DE material.

3.3.3 Experimental setup and measurements

For the force measurements, the conventional DEA samples were configured as
in figure 3-1. This layout was used to investigate the effect of bi-axial pre-
loading conditions on the actuation force output. The samples were stretched
with Aj pre = 1.2 fixed, and Mg, varied from 1.5 to 3 in steps of 0.05. A voltage
of 7 kV was applied across each sample and 5 force measurements were taken
at each point in both directions via the force sensors in the stretch system. The
force output of the RP-DEAs was measured with the same setup, pre-strain and

applied voltage, but only in direction 1.

For life assessment, the RP-DEAs under different AR configurations as in figure
3-2 were assessed. The assessed lifetime was defined as the time period from
the voltage application to the detection of a breakdown failure. The AR con-
figuration was optimised by firstly identifying the failure areas in a conventional
RP-DEA and then dividing the AR into multiple regions to avoid weak areas
in the structure, as shown in figure 3-2a, the experiments were undertaken over

three different AR configurations:
Case 1 The RP-DEA with a single AR as in figure 3-2a, over 20 samples

Case 2 The RP-DEA with multiple ARs, which exclude the regions associated with

rods and have in-AR lead contact as in figure 3-2b, over 20 samples
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Case 3 The RP-DEA with multiple ARs and an off-AR lead contact as shown in

figure 3-2c, over 10 samples

The DE samples were stretched as Ay e = 1.2 and Ay e = 3. The input voltage
for all testing was set to be 7.5 kV, the critical voltage that the RP-DEA started

to fail. For each sample, its lifetime was recorded.

A high voltage (HV) generator was used to amplify the input voltage (0-10 V)
from a programmed system. The actual voltage output (0-15 kV) from the gener-
ator was monitored and fed back to detect any rapid voltage drop, which would
be the result of short—circuiting hence failure of the DEA (figure 3-4b). The
experimental layout is shown in figure 3-4a. The lead contacts to the electrodes

were as shown in figure 3-5.

3.4 Results and discussion

3.4.1 Force measurement results

The force measurement results for the conventional DEA without any rods are
shown in figure 3-6. The large force outputs and the quicker rising trend were
found in direction 1 compared with direction 2. The maximum force outputs were
fa=0.17 N (£ 0.01 N) in direction 2 and f; = 0.35 N (£ 0.01 N) in direction 1 at
the maximum pre-strain condition. The results indicate that large pre-strains in
direction 2 increased the force outputs in both directions. Pre-strains in direction
2 were observed to be more effective in amplifying the force output in direction
1. An approximate linear relationship is seen between the force outputs and pre-
strains in direction 2. The force output from the RP-DEA, which has pre-strain

A2 pre = 3 only, is also shown in figure 3-6 for comparison.

It is recalled that equation (3.7) was derived from the equation of state for the
DE material to describe the effect of bi-axial pre-strain on the actuation force
outputs. Figure 3-6 indicates a good correlation between equation (3.7) and the
measured actuation forces in both directions. Offsets between the theory and

experimental data may be due to the migration of the electrodes on the DEA.
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Figure 3-4: Experimental system: (a) test rig set-up; and (b) failure detection
through voltage monitoring and force measurement.

41



DE film Cables

A

Rounded tips

Figure 3-5: The lead contact method.

Although the electrode material was carefully repainted to both surfaces at each
step before the activation, the quality of the re-application could be ensured only
on the upper surface of the DEA. It was difficult to access and check the electrode
conditions on the lower surface since the mounting condition was maintained for
consistency of measurement. Furthermore, in equation (3.7), the permittivity
of the material is assumed to be constant. Large deformation of the elastomer
changes the geometries and arrangements of the polymeric molecule chains, which
may potentially vary the electromechanical coupling behaviour of the material. In
general, the derived correlation shows the potential for it to predict the actuation
force output of the DEA structure in a biaxial loading condition. It can also be

used to guide the prestrain configurations in a DEA design.

With the same pre-strains, Ajp. = 1.2 and Ay, = 3, the force output of the
RP-DEA with the rod configuration was measured to be f; = 0.45 N (£ 0.01 N)
in direction 1. It is a higher force output compared with that of the conventional
DEA with the same pre-strain, 0.32 N (£ 0.01 N). The extra force output is due
to the motion constraint, as the rods play the role of both maintaining pre-strain

and constraining electrode movement in the RP-DEA.
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Figure 3-6: Force measurement results (diamonds) against correlation according
to equation (3.7) (lines) in direction 1 (blue) and direction 2 (red).
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In the durability study of the RP-DEA, the static force responses of the structure
as in figure 3-1b were also measured to compare between Case 1 and Case 3. Five
samples were measured for each case and the results are shown in figure 3-7. The
force output of the RP-DEA with multi-ARs was found to be 6% less than the
force output of the RP-DEA with a single AR. The reason is due to the decrease
in the total area of the AR. However, the reduction in force output is considered
to be small compared with the 20% reduction in the area of the AR. The narrow
gaps between ARs may also slow down the spreading of charge over the AR during
the charging phase, hence lead to the change in the dynamics of the RP-DEA. It
would require further study to fully identify this effect.

3.4.2 Lifetime assessment results

The lifetime results for all samples are summarized in figure 3-8. For Case 1,
the operating lifetimes varied significantly from 5 s to 120 s. Overall, 80% of
the samples failed within 60 s and the average lifetime was 39 s. The standard
deviation was evaluated as 33 s. For Case 2, the average operating lifetime of the
structures was increased significantly to 202 s. However, the measured lifetime
had broad range of variation, between 103 s and 240 s. The standard deviation
was calculated as 51 s. For RP-DEAs in Case 3, all samples survived to the full
test duration of 240 s. The applied voltage was then increased gradually until
the structures failed. The failing input voltages were found to be consistently

around 9.5 kV.

The failures in all three cases were recorded as shown in figure 3-9. In Case
1, 95% of failures (19 out of 20) occurred close to the rods (figure 3-9a), while
5% of the failures (1 out of 20) occurred around the lead contact point. This
indicates the regions close to rods primarily cause the premature failure of the
RP-DEA. The electrode deposition should avoid these weak regions for the sake
of improving the durability. For the RP-DEAs in Case 2), the failures were found
to be associated with the center of the AR (figure 3-9b), where the tip of the
cable contacts the DE in order to connect to the power supply. In this case,
because the weak regions were no longer activated, the average lifetime increased

significantly compared with those in Case 1. The in-AR lead contact was found
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Figure 3-8: (a) Recorded lifetimes up to 240 s for RP-DEA with single AR (20
samples), with separate ARs (20 samples) and with separate ARs and off-AR
contact (10 samples); and (b) accumulated surviving samples as a percentage.

46



—
[\

==A
P
|
J— |

4 R X ml !‘%‘_
¥ I‘ _X«? 'I - _Xf_l
Sooor s ’?‘I
L L%
—— Rods AR | __1 Lead Contact  x Failure
(a) (b) (c)

Figure 3-9: Recorded failure occurrence in RP-DEAs: (a) with single AR over 20
samples (Case 1); (b) with separate ARs over 16 samples (Case 2); and (c) with
separate ARs and optimised connection over 10 samples (Case 3).

to be the secondary cause that also causes the premature failure. For the RP-
DEAs in Case 3, as both sources of failure were removed from the structure, all

samples survived through the full duration of the life-assessment (4 min).

3.4.3 Finite Element (FE) simulation configuration

In order to better understand the primary source of failure, the weak regions in
the structure, the deformation of the RP-DEA was evaluated by 2D FE simu-
lation. This was implemented using the four-noded rectangular element, Q4, in
MATLAB. The elastomer is hyperelastic and if subjected to large deformations
(A =3, A2 = 1.2), the FE analysis is nonlinear due to:

C1. The solid is anisotropic due to bi-axial loading

C2. The elastic moduli, E;(A1,\y) and Es(Af, A2), of the DE in the in-plane

directions become functions of strains instead of remaining at constant Y

The nonlinear analysis was achieved by setting Ay = 1 as the initial boundary
condition, and splitting the large deformation, A\; = 3, into 10 small deformation
steps, A\ = 0.2, from A\; = 1 to A\; = 3. The 11*" step is applied to strain the
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DE with Ay = 1.2. Hence, the FE analysis for the j* (j = 1,2,...,11) step can

be considered to be linear with respect to the elastic moduli, F,_; and F,_j, as:
{d;.0j,€;} = frea(Eij(Ai—j, Ao—j), Bo—j(Mi—j, Aa—j), Dj)  (38)

/\1_]' =1+ A/\l(] — 1) (3.9)

Ao_j =1 (3.10)

where d; is the vector of nodal displacements after current step, j, o;,€; are the
corresponding vectors of the nodal stress and strain components, and p; is the
vector of nodal coordinates that describes the shape of object before the current

step. It is defined as:

pi=po+>._ds (3.11)

where py is the vector of nodal coordinates for the object in the undeformed
state, and Z;;ll d,, is the summation of all nodal displacements from previously
simulated steps. The final stress and strain distributions of the object, o finqu and

€ final, are evaluated in the same way as for total deformation in equation (3.11):

10

O final = § On
n=1
10

€ final = E €n

n=1

(3.12)

For the large deformation up to A = 3, the predictive stressstrain models of
elastomer that is proposed by Carpi and Gei [187] was used to describe such

nonlinear material behaviour:
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3
W = % Y(>\13/2 + /\23/2 + /\33/2 — 3) (3.13)
The model is based on the one-term Ogden energy density function, depending
uniquely on the Youngs modulus, Y, which is appropriate for analysis up to the
inflection (flex) point of the elastomer in nominal stressstrain correlation. For the
VHB™ 4910 DE acrylic film, A flex = 9.9. The nominal stresses can be obtained
by differentiating equation (3.13) to yield the expressions:

4 — —
o1 = §Y(>\1/2 . )\1 5/2)\2 3/2)
4 (3.14)
09 = §Y(>\;/2 . )\2—5/2)\1_3/2)
The elastic moduli can be solved by evaluating do; /O\; to give:
2. 10, o
El()\l,)\2> = §Y}\1 1/2 + ?Y/\1 7/2/\23/2
2 1 10 o 8/ (3.15)

This then gives the complete stress-strain relation. The incompressibility gives
the shear modulus as G = Y/3, the modified Hookes law for this 2D finite element

simulation can be expressed in matrix form as:

_ ] Y i}
0
€11 E1(>\1, >\2) E2()‘117 >\2) 011
—v

— 0 3.16
2| T B uoe) BOu ) o2 B19
2€19 0 0 i 012

i Y |

where v is the Poisson ratio. Figure 3-10 presents the pre-inflection stress-strain
relationship of the elastomer when subjected to large deformation, as appropriate

to equation (3.15). The elastomer becomes softer as it is stretched further in both
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Figure 3-10: Comparison between the Youngs Modulus of the elastomer (Y = 0.1
GPa) and the evaluated elastic modulii £y, E, from equation (3.15) (taking
Ao = 1) for both in-plane directions. The actual elastic moduli in both directions
decrease as the elastomer undergoes large deformation. The elastomer becomes
anisotropic under bi-axial loading.
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Figure 3-11: Boundary condition configurations for finite element simulations
over 11 steps.

directions. The relaxations in both elastic moduli are taken over the discrete steps

in the simulation.

Because the simulation is in 2D, it does not generate the compressive strain
distribution in the direction of thickness directly. It is reasonable to represent

the thickness strain €33 as:

1
14+ €e11)(1 4 €22)

€33 = ( (3.17)

The applied boundary conditions were configured as shown in figure 3-11. The
simulated DE was set in a square, which corresponds to the AR as in figure 3-2.
The sub-strain A\; was applied on the three nodal sets in the left hand side edge
of the square from the 1% to 10*" steps of the simulation. The three corresponding
nodal sets in the right hand side edge were fully constrained. This simulates the

applied pre-strain that is held by the rod in direction 2, which was 200% in the
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experiment. The sub-strain A\, was applied to the upper edge of the square,
and the lower edge was fully constrained for the 11th step of the simulation. This

simulates the 20% pre-strain from the experiment in direction 1.

The quasi-static linear FE simulation used here is to only demonstrate the poten-
tial non-uniform thickness distribution of the DE in the RP-DEA. The employed
material model does not include the full viscoelasticity of hyperelastic elastomers,
and the result only indicates the relative thick and thin regions across the struc-

ture. It is insufficient to provide the exact estimation on the deformation.

3.4.4 FE simulation results

The simulated results for RP-DEA are presented in figure 3-12. It shows the DE
to be deformed non-uniformly in the RP-DEA. In general, the thickness of the
film decreases as it moves from the edge to the centre in direction 2. The three
thinnest regions with €33 = —17% are found around the rods, which correlate to
the weak region that causes the premature failure shown in figure 3-8. When the
RP-DEA has the single AR as in Figure 3-12a, the AR covers all these thinnest
regions. When the RP-DEA is configured with multi-ARs, the ARs only cover the
relatively thin regions with e33 > —15%. It hence avoids the resultant premature
failure. In figure 3-13, the AR of the RP-DEA, as in figure 3-9, were evenly
divided into the left, centre and right regions in direction 2. This evaluation
suggests that in Case 1, 35% of the failures occurred in the left region; 50% of
the failures occurred in the centre; 15% of the failures occurred in the right region.
It is in agreement with the simulation, where the weak regions around the rods
cover a larger area in the centre region compared with the side regions. More

failures would therefore be expected to occur in the centre region of the AR.

Considering the three potential sources of failure of the DEA: (I) dielectric
strength; (II) mechanical strength; and (III) pull-in instability, the most likely
failure mode in the RP-DEA is the dielectric strength as explained below:

I Dielectric strength failure: The failure occurs because the resultant local
electrical field exceeds the dielectric strength of the film. A 7.5 kV actuation
voltage was found to be close to the breakdown voltage of VHB™ 4910 in

52



Rods

o
@

Multi ARs

(a)
mr— :
4_J N ~10%
ﬁ\___
-20%

(b)

Figure 3-12: Thickness strain distribution of a deformed RP-DEA from 2D finite
element simulation. The thickness is evaluated from in-plane residual strains €;1,
€99 according to equation (3.17) (h=0.1 mm).
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Figure 3-13: Boundary condition configurations for finite element simulations
over 11 steps.
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agreement with Plantes work at the same pre-strain condition (A pre = 1.2,
A2 pre = 3) [57]. Because the DE in the RP-DEA is deformed non-uniformly,
the thinnest regions in the film or weak regions are close to the dielectric
limit. All other relatively thicker regions have the smaller values of local

pre-strain and higher breakdown voltages.

II Mechanical strength failure: For VHB™ 4910, it has been shown that the
film can be stretched up to the pre-strain of 600% [57], which is well beyond
the pre-strain configuration in this work. Therefore the mechanical strength

is unlikely to be a source of failure.

[IT Pull-in instability failure: This failure mode of the RP-DEA is less likely
because: (1) no wrinkling was observed prior to the failure; and (2) the
RP-DEAs were pre-strained with high stretch rate (0.01 s7). In this case,
the viscosity stiffens the elastomer and makes it resistant against the pull-in
instability [57].

3.5 Conclusions

This chapter concludes that significant performance enhancement can be achieved
using a RP-DEA. An investigation has been undertaken to study the effect of bi-
axial pre-loading on the force output of a conventional DEA, compared with that
from the new RP-DEA. The derived correlation between the pre-strain and the
force output of the DEA was found to fit the experimental data well, covering
pre-strain variations up to 200%. The RP-DEA generated larger force by gaining

advantages from both pre-strain and motion constraint.

The first RP-DEA design was found to have a short operating lifetime with
failure due to its limited dielectric strength. Two sources of failure are identified
in this work. The primary failure source is the non-uniform deformation of the
DE in the RP-DEA. It creates weak regions having low thickness close to the
rods, which locally are vulnerable to breakdown voltages. The secondary cause
is the in-AR lead contact. The tips that contact the DE have better conductivity

than the electrode material, which may concentrate charge and lead to excessive
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local electrical fields. The in-AR contact is found to have lower impact on the
durability of the RP-DEA compared with the primary weak region. Both sources
of failure were suppressed by optimising the AR configuration. The results show
that this approach stabilizes the RP-DEA to avoid failure due to limited dielectric
strength and dramatically improves the durability of the RP-DEA. The results

also show that the AR optimization led only to a minor reduction in force output.

Further work is suggested in the life assessment of the RP-DEA with non-conductive
rods to assess fully the influence of rod conductivity. The simulation model could
be further improved by performing a single continuous simulation, rather than
the discrete steps in this chapter. A locally defined DE elastic modulus that varies
with non-uniform deformation would also be more representative in the model.
Moreover, since the current model only simulates the mechanical deformation,
electro-mechanical coupling effects should be included to show the non-uniform

distribution of electric fields across the ARs.
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Chapter 4

Dielectric elastomer actuator
modelling using higher order

material characteristics

This chapter addresses the research gap in dynamic modelling of DEs and DE
actuators as identified from Section 2.2. It demonstrates that the accuracy of
modelling the viscoelastic characteristics of the commonly used dielectric elas-
tomer (DE), polyacrylate VHB™ 4910, can be improved significantly by adding
additional spring-damper combinations into a conventional Kelvin-Voigt model.
The effect of the key parameters on the higher order system dynamics is elab-
orated, which is used to guide the parameter identification of the model. The
increased effectiveness of such higher order models is demonstrated using three
experiments; (a) mechanical loading of a stacked sample over 0.01-5 Hz with
strain variations up to 50%; (b) mechanical loading of a single-layer sample over
1-100 Hz with strain variations up to 10%; and (c) electrical actuation of a single-
layer sample over 1-100 Hz using driving voltages up to 7 kV. An elastic silicone
sample was also tested and compared with the polyacrylate sample to show that
viscoelastic properties have higher elastic modulus and give rise to a significantly
slower dynamic deformation response in the frequency domain. The proposed

higher order model will have potential in the model-based control of DE actua-
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tion as it provides better accuracy in modelling the characteristics of a viscoelastic

DE.

4.1 Existing elastomer models

The actual deformation and dynamic force output of a DEA depend on the vis-
coelastic properties of the elastomer, which are often based on spring-damper
rheological models. The material model has been developed into the Gent model
[115], the Ogden model [114] and the neo-Hookean model [117] to include nonlin-
earity in both elastic and viscous parameterisation of the elastomer. Hong [127]
developed a general eld theory for the coupled electro-viscoelastic behaviour of
dielectric elastomers, by integrating a formulated theory of deformable dielectrics
into a framework of non-equilibrium thermodynamics for continua. The theory
has significant flexibility for various materials. Plante et al. [77] include a rate-
dependent effect in the material model for use in failure analysis. Hackel et al.
[188] present a fully integrated DEA model that includes the electrostatic prop-
erties of electrical circuits. In the energy harvesting field, Xiaofeng et al. [120]
analyse the DE-based energy harvester with the Gent and neo-Hookean mod-
els for an understanding of how viscoelasticity affects the energy conversion and
dissipation. Li et al. [121] modelled the energy harvesting of a DEA in an inho-
mogeneous field using the neo-Hookean model. In the field of tuneable oscillators,
Fox and Goulbourne [122] examined the dynamic behaviour of an axisymmetric
DE membrane resonator based on the Ogden model, while Zhou et al. [123]
studied viscoelastic and hyperelastic models of the DE. The latter work showed
that neglecting the viscoelastic behaviour of the DE may lead to significant er-
rors in the dynamic response of the oscillator. The resonant behaviour of a DE
membrane mounted on a rigid ring was studied by Zhu et al. [124] with the
neo-Hookean model. Yang et al. [126] adopted linear theories to investigate the

material viscoelasticity of DEs under small deformations.

Further, Berselli et al. [125] simulated a constant-force dielectric elastomer ac-
tuator with a hyperelastic model that is based on a bond graph formalisation.

Hossain et al. [129] proposed a modified Bergstrom-Boyce viscoelastic model
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with a finite strain linear evolution law to simulate the response of VHB™ 4910
polymer in various step-based standard testing. Wissler et al. [132] developed
a finite element analysis approach for describing VHB™ 4910-based circular ac-
tuator that undergoes large strain strains. Wang et al. [133] developed a finite
element analysis approach to investigate the role of viscoelasticity in the instabil-
ity of the soft dielectrics through effects such as pull-in, wrinkling, electrocreasing
and electrocavitation. Lochmatter et al. [103] used a hyper-viscoelastic model to
demonstrate the unstable actuation behaviour in long-term actuation of a pla-
nar DEA. Zhang et al. [189] used a proposed constitutive model of the DEA
to modify the input voltage in order to eliminate the creeping behaviour in a
circular DEA. Choi et al. [32] developed a biomimetic DEA, modelled as a series

of lumped masses and with control based on the model.

While most DEA models have been developed to describe the nonlinear viscoelas-
tic behaviour of the elastomer, typically based on first-order parameterisation
that contains one spring and one spring-damper, few simulate DEA actuation
with complete accuracy over useful frequency ranges. Physically, the elastomer
contains numerous molecular segments oriented in different directions, which have
dissipation properties. The relaxation of each segment may not occur simultane-
ously, hence the first-order material model is an obvious approximation. While
the viscoelasticity of a DE has a significant influence on the performance of ac-
tuators, sensors and energy harvesters, the dynamics of these DEA models have

received only limited attention in the literature.

This chapter studies higher order material models which contain multiple spring-
damper combinations for more accurate representation of the dynamics of a highly
viscous polymer such as polyacrylate. The system dynamics of the model and its
correlation to the system parameters are studied and the advantages of having
higher order in the material model are elucidated. Three experiments are consid-
ered to measure the dynamics of polyacrylate in mechanical loading and electric
actuation. The validation of the proposed models is presented and compared
with a conventional Kelvin-Voigt model. An elastic silicone was also tested to
show how the viscoelastic polyacrylate characteristics differ in terms of dynamic

response.
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Figure 4-1: nth—order viscoelastic solid model of DE that contains n sets of
spring—damper combinations and a main spring of stiffness k.

4.2 Theory

4.2.1 Higher order spring-damper rheological model un-

der mechanical loading

Consider a Maxwell-Wiechert model for viscoelastic DE as shown in 4-1. It gen-
eralizes the spring-damper rheological model by having multiple sets of spring-
damper combinations, which defines the model order. Hence the commonly used
Kelvin—Voigt model that contains only one spring-damper combination is re-
ferred as a first-order model (n = 1). When an external force F is applied to the
DE, the system deforms and the equations of motion for the nth-order model are

and associated parameters are explained in table 4.1.

( ko(wg —x0) + >y ki(wg —2;) = F
cy () — xf)) + k(2 — 370) =0
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Table 4.1: Parameters for the system as in figure 4-1 and equation (4.1).

Parameters Descriptions
n Number of spring-damper subsystems (n > 0)
T, T, Displacements of both ends of the system
x, Displacement in the spring-damper combination
ko Stiffness of the main spring
k,, c, Stiffness of the main spring
F Applied force

The generic model is simplified (&, = z{, = 0) to match an experimental setup
of mechanical loading, where the DE is loaded on the top end and clamped onto
a load cell for force measurement on the bottom end. Equation (4.1) therefore

becomes
.

koo + > iy k(g — ;) = F

T, +ki(x; —x5) =0
174 1 ( '1 0) (4.2)

\

Assuming an input displacement xy and force F' as the output, equation (4.2)

can be expressed in state-space form as

T = Az + Bz, (43)
x=[r, x ... z,]7
k k k
A = diag[——%, -2, ..., -]
C Gy Cn
k, k, k. n
B = [_7 ) ) _] ) C= [_kl - k2 - kn]’ D = Zi:l kz
Cl CQ n
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4.2.2 Higher order spring-damper rheological model un-

der electrical actuation

Actuation of a DE requires electrodes to cover an Active Region (AR) on the

DE surface. This enables a voltage to be applied across the DE material causing

it to expand under Maxwell pressure. In the system model, the actuation force

generated is denoted by F,. The set of equations (4.2) are modified to

cy (T — xf)) + ky (2 — xo) =0

. Z?:lci Ty — ;) + ko(rg — 2) + F+ Fy =0

(4.4)

Taking the constraint in the experimental setup as & = z; = 0, equation (4)

simplifies to
1Ty + k1($1 - xo) =0

[ Do Gty kg A+ Fy = F

Equation (4.5) can be therefore presented in the state space form as

= Ax+ BF,
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Under uniaxial loading, when an external stress §; and electric field £ are applied

to the DE, the equation of the state gives the stress in direction 1 as ([122])

6w()\17 )‘27 )‘3)
OX,

0, +¢e,60FE* =\ (4.7)

where W (A, Ay, Ay) is the free-energy density function, A;, A, and A5 are the pre-
strains in the three orthogonal directions. Taking F = —, the actuation force
z

F, is derived as

w
F,=0w,pz = %grso‘ﬂ (4.8)

where V' is the applied voltage, ¢, is the dielectric permittivity in a vacuum, e, is

the relative dielectric permittivity of the DE, w,p is the width of the AR region
and z is the thickness of the DE.

4.2.3 Dynamics of the first-order model

To understand fully the benefits of having a higher order model, it is important
to know the influence of the springs and dampers on the system dynamics in the

first order case. Given a sinusoidal displacement input as

xy(t) = Xy sinwt (4.9)

the steady state dynamic force will have the form
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F(t) = F,sin (wt + ¢) (4.10)

where w is the operating frequency and ¢ is the phase. The dynamic response of
a typical first-order model (n = 1) is shown in figure 4-2. At very low operating
frequencies (w — 0), the damper ¢, isolates the spring k; and the system is
approximated by the spring k,. At relatively high operating frequencies (w — 45
rad/s), the damper acts as a strut. The system is therefore approximated by two
springs in parallel, k, + k,, defining the high frequency asymptotic characteristic.
Over the frequency range between these two points, the dynamic stiffness of the
system changes from k, to k, + k; and the frequency rate of transition depends
on the damper ¢;. Figure 4-2 also shows the phase of the first-order model. The
curve rises rapidly and reaches the peak at the frequency where the dynamic

stiffness curve has the highest rate of change. It then decreases gradually to zero.

4.2.4 Effect of having higher order

Now consider a second-order model that contains one main spring and two sets
of spring-damper parallel combinations (n = 2). Given the same sinusoidal dis-
placement input as in equation (4.9), the dynamic stiffness and phase are shown
in figure 3. The dynamic stiffness starts at k, and high frequency asymptote is
kq+k, +k,. The transition depends on ¢, and c,. The phase curve has monotonic
rise and a two-stage decrement. In comparison with the first-order model of fig-
ure 4-3, the second-order model allows more versatile definition of the dynamic
stiffness and phase over the frequency range. Given equations (4.9) and (4.10),

in the Laplace transform domain, the dynamic stiffness is given by

E 1 1
k(s)= -2 =k k, — —— ky — ——
(s) O+( ! cls+k1)+ 2 CyS + ks

X, ) (4.11)

Setting s = jw gives the frequency dependence of the stiffness in complex form.
It is therefore evident that
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Figure 4-3: Schematic system dynamics of an example second-order model with
(kg = 0.5 N/mm, k, = ky =1 N/mm, ¢;, = 1 N-s/mm and ¢, = 0.1 N-s/mm).
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|k(]w)| A |A1‘ + |A2| + |A3|

. (4.12)
arg(k(jw)) #arg(A;)+arg(A,)+arg(A;)

1 1
A=k, Ay=ky— ——— Ay =ky— ——— 4.13
e R TR G Ry T vy

The inequalities of equation (4.12) show that the dynamics of a second-order
model are not simply a superposition of the individual parallel elements in equa-
tion (4.13), therefore having important implications when identifying parameters

for the model.

4.2.5 Parameter identification

The process of parameter identification for a first-order model could be relatively
straightforward. Given a measured dynamic stiffness characteristic, the lower
and higher frequency values could be set to k, and k, + k,, respectively. The
damper rate, ¢, then be adjusted to give the best fit for the transition between

the lower and higher frequency values.

In higher order models (n > 2), the parameter identification is more difficult
because the spring-damper combinations are not simple superpositions (see equa-
tion (4.12)), hence the fitting cannot be a sequential process for each parameter.
Hence the scheme of figure 4 was formulated to include an iterative procedure
to establish the higher order system parameters. The errors of the fitted model
compared with an experimental characteristic are defined in terms of magnitude

and phase by

Conag =" I

mag sim ‘

- |ke£cpH (4 14)
Ephase :megn |¢sim T ¢ewp|
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Set the initial system order n = 1

Determine the nt"*-order model absolute errors in
magnitude and phase, €44 and €,pqse

€mag < tolmag
ephase < tozphase

Yes No
Output n, kg, kq, ..., ky Raise the system order:
andcq, ..., Cp n=n+1

Split the frequency range into i user-defined frequency sub-ranges

Starting from i = 1, fit the i*" part with k; and ¢; and update all the
previously identified parameters

i=i+1untili=n

Figure 4-4: The iterative scheme higher order system parameter identification.
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The parameter identification is to be performed for DE samples under direct

mechanical loading.

4.3 Experimental procedures

4.3.1 DE fabrication and configuration

To demonstrate the validity of the model, two types of DE having distinct vis-
coelastic properties were selected to be subjected to force measurements, polyacrylate-

and silicone-based.

The polyacrylate was VHB™ 4910 in a basic 1 mm thick film format from 3M™.,

For mechanical loading experiments, the following samples were fabricated:

C1. A single-layer sample of area 50 mm x50 mm for experiments having lower
mechanical strains that would not induce buckling of the sample under
cyclic loading (see figures 4-5(a) and 4-5(b)).

C2. A stacked sample of area 10 mmx10 mm consisting of 10 layers giving a
total thickness of 10 mm for experiments having higher mechanical strains
without buckling under cyclic loading (which would otherwise cause buck-

ling in the format of case C1) (see figure 4-5(c)).

For electrical actuation experiments, the single-layer sample included an AR of
area 40 mm40 mm. Cables were wired onto the clamps and the AR was extended
to the clamp for the lead contact. The electrode material used was graphite
powder, which was chosen to facilitate the electrode deposition using the screen

printing technique. Figure 4-5 shows the sample configurations.

The silicone was PlatSil 7315, a clear Room Temperature Vulcanization (RTV)
silicone rubber. It has a Pour Time of 20 minutes at room temperature, which
gave sufficient time to mix the agents, degas and pour into the mould for curing.
The degassing was performed under 90 Pa for 10 minutes in a vacuum oven. This
silicone elastomer was also selected because of its low mixing viscosity at 2,500 cP

that eases degassing. The mould for curing the mixture into the film was made
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Dimensions in mm

Clamps —» 40 2

DE —» 40|50

Electrode for
lead contact

Aluminium foil
uminium foi ~— Cables /,\
(b)

(a)
DARTECH™
sooke ]
VHB 4910
10-layer sample configured as: &\\\\\\\Q
Load ce
(c) (d)

Figure 4-5: DE configurations (a) single-layer sample for DE force actuation and
mechanical loading having low mechanical strains, polyacrylate and silicone (b)
schematic view, (c) stacked sample for mechanical loading having high mechanical
strains, polyacrylate only, and (d) schematic view. (AR refers to the active
electrode region for DE actuation.)
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from flat glass plate. Insulating tape of thickness 150 pm was used to form the
inner walls of the glass. Four layers of tape were used, hence producing a 600 pym
thick silicone film for the walls of the mould. Using the glass-based mould ensured
that the film had a low surface roughness compared with a metallic mould that
would have required precision machining. The drawback is that the tape is very
flexible and may distort and have variable thickness when building up the walls.
It may lead to slight errors in the thickness of the cured film. After the degassed

mixture was poured into the mould, it took approximately 5 hours to cure.

4.3.2 Measurement system setup

For mechanical loading at low frequencies, the stacked multi-layer sample of poly-
acrylate was clamped to a hydraulic loading machine, HCIO from DARTECH™
and to a load cell, LCBP-5 from OMEGA™ | The load cell was capable of mea-
suring forces up to 50 N. The stacked sample was clamped to give exposed length
of 10 mm, then it was pre-strained by 100% to have the effective length of 20
mm. Cyclic loading was then applied under closed loop control to give peak-peak
sinusoidal displacements as 2 mm (0 to 10% strain), 4 mm (0 to 20%), 6 mm (0
to 30%), 8 mm (0 to 40%), 10 mm (0 to 50%). At each level of cyclic strain,
force measurements were recorded over 10 cycles at frequencies in the range of

0.01 Hz to 5 Hz. The setup is shown in figure 4-5(d).

For mechanical loading at higher frequencies, the single layer samples (polyacry-
late and silicone) were pre-strained, A ,.. = 1.2 for silicone, and Ay .. = 1.4 for
polyacrylate, to achieve better force resolution. The samples were clamped to an
electromagnetic shaker (Model 455 from LDS™). The displacements of cyclic
testing were measured by a laser vibrometer (PSV-400 from Polytec™). A load
cell connected to the sample at the bottom of the rig was used to take force mea-
surements. The cell was purpose-made of aluminium and designed to measure
forces up to 2 N. A command chirp signal that had a frequency range from 1 Hz
to 100 Hz was used to induce the cyclic loading of the DE samples. The setup is
shown in figure 4-6(a). For electrical actuation, the single-layer DE samples were
pre-strained in similar manner as for higher frequency mechanical loading and
clamped to the test rig and the load cell as shown in figure 4-6(b). The height of
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Figure 4-6: Test rig setups for the experiments: (a) mechanical loading at higher
frequencies (b) electrical actuation.
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Figure 4-7: (a) Connecting a resistor in parallel to single-layer DE actuator sam-
ple to reduce the effect of current discharge. (b) Command signal (red) and
actual voltage profile (blue) of a SPHS signal as the driving voltage for electrical

actuation.
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the top plate was adjustable for setting the samples with configured pre-strain.
A high voltage (HV) generator, based on a HV DC-DC converter (module 15A24
from PPM™) | was used to amplify the input voltage (0-10 V) to the voltage
output (0-15 kV). A resistor of 33 M) was connected in parallel with the sample
to reduce the lag from the HV generator due to the associated current discharge
(figure 4-7(a)). The frequency responses of the samples were obtained using a
Schroeder Phased Harmonic Sequence (SPHS) signal [190] as the input voltage
that covered a frequency range from 1 Hz to 100 Hz as shown in figure 4-7(b).

4.3.3 Data correction to remove resonance effects

Depending on the mass of the clamp used to connect the DE samples to the load
cell, and the stiffness of the load cell itself, resonance effects can occur. In our
particular setting, resonance occurred between 40-60 Hz. Because the mass of the
DE samples is negligible compared with that of the clamp, the resonance effects
are not attributable to the characteristics of the DE samples. In order to obtain
the true characteristics of the DE samples, a correction procedure was applied to

remove the influence of the clamp-load cell resonance.

The dynamic stiffness characteristics of a DE sample under mechanical loading

should be evaluated from

k= foe (4.15)

ZDE

where Fpp is the force exerted on the DE and Z, is the deformation of the
DE sample. Due to resonance, the deflection of the load cell becomes significant
when compared with the displacement input and DE deformation, hence the
simplification of @(, = z(, = 0 is no longer applicable. Given the force measured

by the load cell, F', and the stiffness of the load cell, &k, xj, is given by

, F
Ty = ]{j_ (416)
L



If the displacement input due to mechanical loading is ), the deformation of the

DE, Zpg, is given by

F
L

The force exerted on the DE is obtained by removing the inertia force:

where M is the mass of the clamp. Combining equations (4.16-4.18), the dy-
namics of the DE under mechanical loading are represented by the corrected

expression

ZDE 330_5

kL

(4.19)

The correction formula of equation (4.19) may be implemented in the frequency

domain. Given

/ ! o3
xo(t) = X sin(wt +
() = Xysintet + o
Ty (t) = —w* X} sin (wt + @)
where ¢ is the same phase as in F' (equation (4.10)), it follows in the complex
form that

F Fy + Mw?X!)e'
pp _ (Fot+ Mw Z,(;)e (4.21)
Zpg X, — Fye

kL

Similarly, in the case of electrical actuation, Iy = Fy,sinwt, the dynamics are

represented by the complex form

I0)



F,  Fu— Mw?2X}ei®

(4.22)

The values of k; and M should be adjusted to suit the experimental setup. Under
mechanical loading up to 5 Hz, a relatively stiff load cell was used to measure
the force output of the stacked DE samples compared to that used for the single-
layer samples up to 100 Hz. The clamps used were different in each case, but
had similar masses. Resonance was experienced around 50 Hz for the single-layer
tests, which is within the test range, hence the correction formulas were applied.
However, for the stacked sample tests, the resonant frequency greatly exceeded 5

Hz, hence the corrections were not applied.

4.4 Results

4.4.1 Mechanical loading over 0.01-5 Hz for the stacked

polyacrylate sample

Figure 4-8 shows the mechanical loading results for the stacked polyacrylate sam-
ple under 100% pre-strain and peak-peak strain variations of 0 to (10%, 20%,
30%, 40%, 50%) over the frequencies up to 5 Hz. It is evident that the phase
variations depend only weakly on the dynamic loading. However, the magnitudes
vary between 2.3 N/mm and 3 N/mm at 5 Hz, higher strain variations giving

reduced magnitudes.

Figure 4-9 shows the magnitude and phase variations averaged over the strain
variations. These averaged curves were then used to fit first-, second- and third-
order models following the flow chart in figure 4-4. Table 4.2 shows the identified
parameters for models and the evaluated errors in magnitude and phase. It shows
that by having a second-order model, the errors are reduced by approximately
40%; by having a third- order model, the errors are reduced by approximately
80%. Moreover, given the cross-sectional area of the sample as A = 100 mm?,

the pre-strain A ,. = 2 and the effective length of the sample as [ = 20 mm, the
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Figure 4-8: The measured characteristics of the stacked polyacrylate samples
under 100% pre-strain and peak-peak strain variations 0 to (10%, 20%, 30%,

40%, 50%).
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Figure 4-9: Comparing the averaged dynamics with first-, second- and third-order
models. The identified parameters are listed in table 4.2.
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Table 4.2: The stiffness and damping coefficients of springs and dampers in DE
models for the stacked polyacrylate sample under mechanical loading up to 5 Hz.

Order k; [N/mm] ¢; IN-++s/mm] €mag  Cphase

0 1 2 3 1 2 3 [N/mm] [°]
1 040 220 - - 1.00 - - 0.64  18.58
2 040 040 1.80 - 1.00 0.28 - 0.26  10.05

3 0.40 040 1.00 50 1.00 0.1 0.05 0.06 3.96

identified ky indicates the estimated elastic modulus of the polyacrylate as 0.16

MPa, which is close to the expected value.

4.4.2 Mechanical loading over 1-100 Hz for single-layer

silicone and polyacrylate samples

Figures 4-10 and 4-11 present the original and corrected results for the single-layer
silicone and polyacrylate samples under mechanical loading up to 100 Hz. The
pre-strains were A, = 1.2 for silicone, and Ay ;.. = 1.4 for polyacrylate, and the
loading strains were less than 10% in peak-peak variation. The original results
show the resonances are approximately at 50 Hz, with higher damping evidence
in polyacrylate. In the corrected results, the silicone has a near constant stiffness
and zero phase, while the polyacrylate has increasing stiffness and positive phase

throughout the frequency range.

Figure 4-12 shows the corrected measured characteristics with the fitted first-
order model for the silicone sample with the identified parameters listed in table
4.3. It shows that the first-order model fit is sufficient to predict the dynamics of
the spring-like silicone. The model is accurate up to 70 Hz, however, measurement
noise above 70 Hz is significant, which gives rise to the larger than expected
(apparent) errors listed in table 4.4. Figure 4-13 compares the corrected measured
characteristics with models for first-, second- and third-order for the single-layer
polyacrylate and the identified parameters are listed in table 4.3. It shows the
third-order model is clearly superior to the first-order model. As indicated in
table 4.4, the errors of the third-order model are only 8% of those of the first-

order model.
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Figure 4-10: The original and corrected (taking the resonance of the load cell
into account) characteristics of the single-layer silicone sample under mechanical
loading up to 100 Hz.

Table 4.3: The stiffness and damping coefficients of springs and dampers in DE
models for the single-layer silicone and polyacrylate samples under mechanical
loading up to 100 Hz.

Order k; [N/mm] ¢; [N-s/mm]
0 1 2 3 1 2 3
Silicone 1 029 0.3 - - 14x107" - -
1 1.00 4.00 - - 0.1 - -
Polyacrylate 2 1.00 4.00 4.00 - 0.1 0.02 -
3 1.00 1.50 2.00 30.00 0.05 0.02 0.02
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Figure 4-11: The original and corrected measured characteristics of the single-
layer polyacrylate sample under mechanical loading up to 100 Hz.

Table 4.4: Errors for the single-layer silicone and polyacrylate models under
mechanical loading up to 100 Hz.

6mag €phase
Order [N/mm] [°]
Silicone 1 1.11 8.66
1 1.73 37.52
Polyacrylate 2 1.29 28.58
3 1.05 2.64
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Figure 4-12: The corrected measured characteristics of the single-layer silicone

sample compared with the first-order model under mechanical loading, the iden-
tified parameters are listed in table 4.3.
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Figure 4-13: The corrected measured characteristics of the single-layer polyacry-
late sample compared with the first-, second- and third-order models under me-
chanical loading, the identified parameters are listed in table 4.3.
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Figure 4-14: The original and corrected measured characteristics of the single-
layer silicone sample under electrical actuation up to 100 Hz.

4.4.3 Electrical actuation over 1-100 Hz for single-layer

silicone and polyacrylate samples

Figures 4-14 and 4-15 present the original and corrected measured characteristics
for the single-layer silicone and the polyacrylate samples under electrical actua-
tion up to 100 Hz. The pre-strains were \; ,,. = 1.2 for silicone, and Ay e = 1.4
for polyacrylate, and the driving voltage was up to 7 kV. According to equation
(4.8), the driving force F4 is proportional to V2, hence the results are presented in
terms of Fpp/ V2. The original measured characteristics show resonance between
50-55 Hz. In the corrected measured characteristics, the silicone has a near con-

stant dynamics and zero phase while the polyacrylate has decreasing magnitude
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Figure 4-15: The original and corrected measured characteristics of the single-
layer polyacrylate sample under electrical actuation up to 100 Hz.
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Figure 4-16: The corrected measured characteristics of the single-layer silicone
sample compared with first-order model under electrical actuation, the identified
parameters are listed in table 4.3.
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Figure 4-17: The corrected measured characteristics of the single-layer polyacry-
late sample compared with the first-, second- and third-order models under elec-
trical actuation, the identified parameters are listed in table 4.3.
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and negative phase throughout the frequency range. A higher driving voltage is

required for the polyacrylate to generate the same actuation force.

Figures 4-16 and 4-17 compare the corrected measured characteristics with the
fitted models, parameters identified from mechanical loading tests (table 4.3). It
shows that the first-order model fits well with the dynamics of the spring-like
silicone. It also shows that the third-order model fits well for the dynamics of
the polyacrylate, compared with the first-order model. The simulated dynamics
deviate from the measured characteristics above 70 Hz because the actuation
force is reduced and affected by measurement noise (e.g. low signal to noise

ratio).

4.5 Conclusions

This chapter concludes that accurate modelling of the dynamic characteristics of
DEs and DE actuators is achievable in the frequency domain. The use of higher
order Maxwell-Wiechert material models that contain multiple spring-damper
combinations has been considered for more accurate representation of the vis-
coelastic characteristics of the dielectric polymers. Compared with a conventional
first-order model, the higher order representation allows the system dynamics to
be shaped over frequency ranges. They offer more degrees of freedom in the
parameter identification process, which leads to more accurate determination of
the frequency response. An iterative procedure has been devised to guide the
parameter identification such that magnitude and phase error bounds are within

specified tolerances.

To demonstrate the model identification, two dielectric polymers, silicone and
polyacrylate, were used. They were configured in a single-layer sheet format for
higher frequency testing during which the mechanical strain variations were less
than 10%, thus avoiding buckling of the sheet during the cyclic loading. Lower
frequency testing with strain variations above 10% were performed using stacked
layers of the polyacrylate, to eliminate the occurrence of buckling during the cyclic
loading. The polymer samples were subjected cyclic loading and forces were mea-

sured using load cells. The combination of low level forces and the low stiffness
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of the load cell used during the higher frequency testing led to resonance being
experienced within the frequency range. A correction procedure was therefore
implemented in which the inertia forces and load cell deflections were accounted
for and eliminated from the dynamic frequency response measurements to reveal

the characteristics of the polymer samples alone.

The experimental results and parameter identification for the silicone sample un-
der mechanical loading indicated that a first-order model is appropriate, which
is due to the spring-like behaviour of the polymer material. However, the poly-
acrylate samples required third-order models to achieve suitable accuracy to rep-
resent the viscoelastic characteristics. For the polyacrylate, third-order models
improved the accuracy in modelling by 80% compared with the conventional

first-order model.

The proposed higher order modelling and parameter identification of this chapter
should prove useful in the model-based control for polymer-based soft robotic

systems.
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Chapter 5

A novel dielectric elastomer
self-sensed actuator (DESA)

This chapter addresses the research gap in self-sensing DEAs as identified from
Section 2.3. It presents a novel self-sensing mechanism that uses capacitive sens-
ing to detect the actuation of force in a dielectric elastomer sensing actuator
(DESA) is proposed. In contrast to a conventional self-sensing DEA | it consists
of an electro-active region (AR) for the actuation together with an independent
electro-sensing region (SR). By doing so, the self-sensing mechanism does not ex-
hibit long-term drift in the correlation between the structural deformation and the
capacitive change, which is commonly found in conventional self-sensing DEAs.
The results show that the proportional-integral (PI) controlled DESA performs
effectively under uniaxial actuation. The DESA can suppress the relaxation of
the viscoelastic DE and thus enable a constant force output. It also shows that
the sensing capacity of the DESA can be enhanced further with appropriate elec-
trode arrangement and motion constraining. Furthermore, the results show that
the DESA senses the off-plane expansion distinctly compared with the in-plane

deformation, which helps to detect any wrinkling of the structure.
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5.1 Conventional self-sensed DEA

As a next generation soft actuation technology, dielectric elastomer actuation is
of particular interest because of its similar capability to human muscle [34, 167,
168, 97, 170, 111, 121]. Tt consists of a dielectric elastomer (DE) film that is
sandwiched between compliant electrodes. When a high voltage is applied across
the electrodes, the structure responds in planar expansion with contraction in
thickness. The outstanding material properties in the electro-mechanical coupling
make the DE ideal for displacement/strain sensing [75, 76], energy harvesting
[141, 120, 121], as well as actuation [179, 180, 181, 191]. A dielectric elastomer
actuator (DEA) has demonstrable muscle-like capability in bio-inspired robots
(192, 193, 194, 40], tuneable optics [43, 44, 46, 47], flexible robotic legs [136], and
lighter-than-air vehicles [195]. However, the advancement in other applications
is hindered by the viscoelasticity of the DE. For a typical elastomer such as
VHB™ 4910 from 3M, the time-dependent stress-strain relationship causes long-
term relaxation upon loading and sluggish responses, which limit high-frequency
actuation. The force and displacement control of the DEA require feedback to

achieve the required performance.

Closed loop operation has been applied to adjust actuation force and strain [142,
143, 144, 145]. These works show that with external sensors, motion control can
be achieved with proportional-integral-derivative (PID) controllers. The DEA-
based tuneable grating is a typical example [46]. A compliant grating is placed
on the DEA so that it deforms with the DE as the voltage is applied. It uses the
first-order diffraction angle of the grating that is measured by a photo-diode to
drive the DEA to the desired deformation. However, the main drawbacks are the
complexity and high cost of the system. Furthermore, it contradicts the intention

in utilizing a low-cost polymeric actuation approach.

Another alternative is to use a DEA as a motion sensor, to form a self-sensing
DEA. Past work has focused on use a single electro-active region (AR) to perform
both the actuation and the sensing. Resistive sensing is commonly avoided as
the conductivity of the electrode depends on many factors, including the elec-
trode material, the electrode configuration and the deformation of the DE [166].

Capacitive sensing is better because the capacitance depends only on the geom-
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etry of the capacitor and the electrode coverage [160, 159]. The capacitance is
measured typically by using a high frequency AC signal that is superimposed on
the actuation voltage [76, 152, 155, 196, 197]. Other approaches use pulse width
modulation to measure the capacitive discharge rate [148], and step voltage appli-
cation to measure charge [153]. However, these publications show also that large
deformations of the DE and coupled high electric fields during the operation cause
complex changes in the electrode resistance and dielectric resistance, which leads

to the unexpected capacitive response in the actuation [163, 164, 165, 128].

This chapter presents the concept of a dielectric elastomer sensing actuator
(DESA), a self-sensing DE actuator that utilizes separate electrode regions for
sensing and actuating. By doing so, it demonstrates that the capacitive sensing
mechanism in the DESA performs effectively and does not suffer from the pre-
viously mentioned deficiencies. Moreover, the performance of the structure with
alternative electrode arrangements and motion constraining are also assessed. Fi-
nally, the challenges in implementing the DESA structure, the effects of electrode

coverage and off-plane actuation on sensing resolution of the DESA are studied.

5.2 Theory

5.2.1 Capacitive sensing in the DESA

In the structure of a DESA, the high voltage application across the AR deforms
the entire elastomer. The electro-sensing region (SR) detects such deformation,
and its capacitance changes correspondingly. For an understanding of the self-
sensing mechanism, the correlation of Aygp = f(C) is derived, where C' is the
capacitance in the SR and Mg is the voltage induced mechanical deformation
in the AR. Figure 1 shows the geometric correlation of the DESA with and
without the voltage application. The DESA is pre-strained and constrained in
direction 1, serving as a linear actuator. It is assumed that the SR only detects
the deformation of the AR in direction 1 (e.g. the sensing is independent of
the lateral expansion of the AR and the resulting inhomogeneous thickness due

to the actuation). This assumption was validated from the experimental results

92



ltot ltot

(2) (b)

Figure 5-1: Geometric correlation of the DESA: (a) the undeformed state and
(b) the actuated state.

(section 5.4.1, figure 5-5b) when a 15 mm gap was set between the electrode
regions. Moreover, the overall length of the film in direction 1 is assumed to be
constant as in the experiment the DESA was fixed on the top and clamped to a
load cell on the bottom that was much stiffer than the DESA. When the voltage
is applied, assuming the AR expands uniformly in the strain of A4z (Figure 1b),

the corresponding strain in the SR, Agp is given by

liot — lARA
)\SR _ tot ARNAR (5'1)
ltot - ZAR

where [;; is the total length of the film, [4r is the length of the AR and A4p is
the voltage-induced strain in [4z. Taking the incompressibility of the elastomer,

the volume associated with the SR implies that

AgpARAL = 1 (5.2)
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where A\, and \;, are the resulting strains of the SR in direction 2 and the direction
of thickness, respectively. Assuming that the elastomer is isochoric, the uniaxial

loading condition gives

1
Aw = A\ = (5.3)
ASR
The capacitance of the SR in the undeformed state is therefore given by
gogrwl
Cy= OTTSR (5.4)

where gg is the permittivity of free space, ¢, is the relative permittivity of the
elastomer and w, h are the width and the thickness of the SR, respectively. Sub-
stituting equation (5.3) into (5.4) gives the resultant capacitance in the actuated

state C, as

Co = CoAsr (5.5)

Substituting equation (5.1) into (5.5) gives the strain in capacitance A., that

can be defined as

Ca ltot - lARAAR
Moy = —2 = 5.6
PTGl —lan (56)

Equation (5.6) shows that by applying voltage across the AR, the increase in
the mechanical strain A4 causes a decrease in the capacitive strain A, (i.e. de-
crease in measured capacitance). This equation also shows the linear relationship
between the capacitive strain in the SR and mechanical strain in the AR, which

is ideal for implementing linear controllers.

In order to understand fully the proposed sensing mechanism, one extreme case
to consider would be that with the SR placed adjacent to the AR, in which the
deformation of the SR is also affected by the lateral expansion of the AR. It is
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assumed that in direction 1 the sensing strain remains as in equation (5.1), while
in direction 2 the SR is stretched by the AR as

ASR—L = MAR-L (5.7)

where A sr_ is the actuation strain of the AR in direction 2. As a result, recalling

the incompressibility of the elastomer, the resulting strain in thickness becomes

Ap = L ! (5.8)
"T N Asrhsror '
Substituting equation (5.8) into (5.4), (5.5) and (5.6) yields
Clo
)\cap = F = (ASR)\AR—L)2 (5.9)
0

Substituting equation (5.1) into (5.9) gives the new correlation between the ca-

pacitive strain A, and the actuation strains Ayp and Ayp_1, as

Lot Mr—1? — 2ol ARMNARMAR-1L° + IAR* A AR A AR_1L°
ltotz - 2ltotlAR + ZAR2

)\cap - (5.10)

When the uniaxial pre-strain is relatively low (< 1.5), it is expected that Aag ~

Aar—r, which yields

N Lot ar” — 2ol aARMAR® + LAR A AR" (5.11)
“r ltot2 — 2ol ar + ZAR2 .

Figure 5-2 shows that when the SR is adjacent to the AR, the deformation-
capacitance correlation becomes a 4-th order polynomial as in equation (5.11)
and has a smaller overall capacitive variation. As the SR is located further
away from the AR and is less affected by its lateral expansion, the curve shifts

downwards and becomes linear as in equation (5.6). The inhomogeneous thickness
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Figure 5-2: Comparison between the sensing mechanisms from equations (5.6)
and (5.11).

is another factor that affects the sensing. Under actuation, the deformation of
the AR increases locally the thickness of the surrounding region, which would
further lower the capacitive change as in equation (5.11). Because the lateral
expansion and the inhomogeneous thickness degrades the sensing performance of
the SR, it is beneficial to locate the SR away from the AR.

For comparison, in a conventional self-sensing DEA the capacitive sensing and

actuation share the same AR and the correlation between them is given as

C, = COATA = Coh 4> (5.12)

A4

where A 4 is the ratio of the area of the actuated AR to that of the pre-strained AR.
In the case of a linear actuator with full constraint in the lateral direction, because

the AR deforms only in one direction, the correlation between the actuation
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stretch A4r and the capacitive change is derived to be quadratic as ([158])
Cy o< AR’

In another case of a circular actuator, the correlation between the actuation strain

in radial direction A, and the capacitive change holds as ([76])

C, o \A

Such high-order correlations amplify noise in the associated capacitive measure-
ment signals and limit the use of standard linear PID control action. More
sophisticated control algorithms are therefore required to achieve optimal perfor-
mance. Furthermore, because the SR in the DESA senses only the deformation
in the single direction, the planar expansion of the AR is decoupled and can
be measured separately for each direction. Such a sensing mechanism is more
informative and beneficial in controlling more complex DEA-based systems. In
the case when wrinkling of the elastomer occurs, the deformation of the AR is
out-of-plane and it does not cause the consequential deformation of the rest of the
structure. Then equation (5.6) is no longer applicable, and the SR does not sense
the out-of-plane actuation, which also differs from the conventional self-sensing

mechanism.

5.2.2 Force actuation in correlation to capacitive sensing

For the DESA as a force actuator, the equation of state in direction 1 is given by

AMOW (A1, A2)
O\

o, +eb? = (5.13)
where o, is the stress due to the mechanical loading, e E? is the stress due to the
electrical loading and WAy, A2) is the elastic free energy density function of the
elastomer in terms of the in-plane strains A; and Ay. When the DE is pre-loaded

only, o1 can be solved as the resultant mechanical stress by setting £/ = 0, The
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stress differences between the actuated and pre-loaded states contributes to the
force output of the DESA as

Aoy = —eE? (5.14)

With the assumption of small voltage-induced deformation across the elastomer
with strains up to 20%, the elastic modulus, Y7, in direction 1 is assumed to
remain constant throughout the operation. The net stress Aoy can be correlated

to AaR as

Aoy =Y1(Aar — 1) (5.15)

Substituting equation (5.6) into (5.15) and taking the cross-sectional area of the

elastomer into account, the force output of the DESA, A, can be expressed as

AF = whY( ll“’f —1)(1 = Aeap) (5.16)
AR

Equation (5.16) shows that the force output is proportional to the capacitive
strain. The linear correlation is also beneficial for the implementation of linear

controllers.

5.3 Experimental Setup

The structure of the DESA is configured as shown in figure 5-3. The DE used
in this work is the polyacrylate VHB™ 4910 from 3M. The 1 mm thick tape
was laser cut into the square of 50 mm x 50 mm (figure 5-3). After that the
DE was pre-strained by A; . = 50%, and the electrode was applied according
to figures 5-3a and 5-3c. For the electrode regions, the SR was 15 mm x 30 mm
and the AR was 20 mm x30 mm. The applied electrode material was carbon
black grease from MG, which was brushed onto the DE. The AR and the SR

were aligned in direction 1 and the gap in between them was set to be 15 mm
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Figure 5-3: The configurations of the DESA: (a) the original DE film, (b) the
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enhanced with the motion-constrained layer.
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to reduce any signal noise transmission due to the high electric field during the
capacitive measurement. A layer of the PE film was also applied onto this gap

to improve further the sensing and actuation conditions of the DESA.

The test rig setup is shown in figure 5-4a. The pre-strained DE was held by two
clamps (figure 5-3c) that were made from acrylic material. Aluminium tape was
wrapped around each clamp to provide the electrode contact. The top clamp
connects the SR to the instrument for the capacitive sensing; the bottom clamp
connects the AR to the HV generator for the actuation. On the bottom, the
DE was mounted to a load cell for the force measurement up to 2 N. A HV
generator was able to apply voltages up to 15 kV. With appropriate scaling, the
actual voltage output was monitored in the range 0-10 V. An instrument was
designed to measure the capacitance in pF with the resolution of 0.001 pF. The
capacitive measurement was achieved by using the capacitor bridge arrangement
shown in figure 5-4b. The instrument contained three capacitors, one of which
was tuneable. Along with the SR in the DESA, they form a capacitor bridge.
A sensing signal at 10 kHz was generated and inputted to the capacitor bridge.
In operation, the SR deforms, and its capacitance changes. As a result, the
voltage difference between two pairs of capacitors was measured via a differential

amplifier and calibrated to represent the capacitive measure.

For the basic characterization of the DESA, the system was actuated with a se-
quence of step up/down voltages and the force and the capacitance measurements
were monitored. To compare the open and closed loop operations of the DESA,
the reference was set to be a step change in the capacitance between the two ar-
bitrarily chosen values, 28.60 pF and 28.55 pF. Each test lasted for 23 s with the
voltage applied from t = 3 s. In open-loop operation, the voltage was applied as
a step input and its value was pre-determined from prior testing. The closed loop
operation of the DESA is explained in figure 5-4c. It is intended to use the error,
E(s), between the demand capacitance, Cy(s) and the actual capacitance state,
C'(s), as the feedback to control the Laplace transformed force output, F'(s). The

PI controller is defined as

G(s) = Vis) =K, + K% (5.17)



where

E(s) = Cy(s) — C(s) (5.18)

The gains, K, (V/pF) and K; (V/pF/s), were tuned iteratively so that when
subjecting a step demand of Cy(s), the response in C'(s) has a rise time less than
0.5 s and the overshoot is less than 10%. A standard PI controller (K, = 10
V/pF and K; = 2 V/pF/s) was used to vary the applied voltage according to
the feedback of the capacitance signal. Noting that the control is applied to the
capacitance output, for a viscoelastic DE such as polyacrylate, demanding a fast

capacitive response also causes significant overshoot in the force output.

5.4 Results and discussion

5.4.1 Closed loop control in force operation

Figure 5-5a shows the step responses of the DESA. The test lasted for 200 s
with the applied voltage switching between 0 kV and 8 kV, where the voltage
is supplied for 10 s in each cycle of 20 s. It shows that the voltage application
corresponds to a relaxation of the DE and decrease in the capacitance in both
the long-term and the short-term responses. Over 200 s, the tension force of the
pre-strained DE dropped by 0.015 N and the capacitance of the SR dropped by
0.2 pF. In each loading cycle of 10 s, the steady state outputs of the force and the
capacitance were calculated between ¢t = 9.5 s, just before the voltage application
and at the end, t = 20 s. Figure 5-5a shows the step change force output of the
DESA was 0.044 N, and the capacitive change (AC = C, — C) was 0.25 pF. For
the dynamics of the response, an instant drop of 90% followed by a slow decrease
was observed in the force; the corresponding drop was observed as 50% in the
capacitance, indicating that the force status responds significantly faster than the
capacitance status due to the strong viscoelasticity of the polyacrylate. Figure
5-5b summarizes the net force output of the DESA, F', and the corresponding
capacitive strain, A.q,p, under the applied voltage of 3 kV to 11 kV. At 11 kV,
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Figure 5-5: The system responses of the DESA: (a) The step responses of force
and capacitance at 8 kV, the spikes in the capacitance are due to interference
of the strong electrical field when switching on the HV DC-DC converter at the
beginning of each cycle. (b) The net force output against the strain in capacitance
with the applied voltage from 3 kV to 11 kV in increment of 1 kV. The linear
correlation is in agreement with equation (5.16).
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Figure 5-6: System responses in open-loop and closed loop operations (a) the
voltage input, (b) the measured capacitance and (c) the measured force.

the actuation generates the force of 0.115 N and the capacitive strain of 2.4%.
The relationship between these two outputs were found to be linear, which is in
agreement with equation (5.16). Therefore it indicates that in such electrode ar-

rangement, the capacitive change of the SR only correlates the actuation-induced
deformation in a single direction.

Figure 5-6 compares the results of both operations. In closed loop operation, the
applied voltage rises to 8.5 kV and then decreases slowly to 5.5 kV as in figure
5-6a. In open-loop operation, the applied voltage rises from 3 kV to 7 kV and

remains constant. The measured capacitance in the case of closed loop opera-
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tion decreases immediately from 28.6 pF to 28.55 pF within 0.5 s; in open-loop
operation, it creeps from 28.6 pF towards 28.55 pF over 3 s and continues to
decrease towards 28.5 pF as in figure 5-6b. The measured force in the case of
the closed loop operation has an overshoot of 0.013 N at ¢ = 3 s, it reaches the
steady state of 0.19 N and holds in this value from ¢t = 5 s. For the open-loop
operation, the measured force has an initial rise of 0.01 N and reaches 0.19 N at
t = 10 s, after which point it continues to increase throughout. The result shows
that closed loop operation allows the DESA to react more quickly and suppresses
the creeping effects in the capacitive and the force outputs. However, because
the polyacrylate is strongly viscoelastic, in order to achieve rapid deformation
(e.g. actuation strain), a higher initial voltage is required to deliver a large driv-
ing force. As a result, an overshoot of approximately 100% in the force output
is observed in figure 5-6¢. The force-capacitance correlation in equation (5.16)
represents only the steady state of the actuation because equation (5.15) does
not include rate-dependency. Therefore the overshoot and the dynamics of the
actuation are not predicted by the derived correlation. In contrast, for elastomers
such as silicone that behave elastically, because the rate-dependent effect is negli-
gible, the overshoot in the actuation force in such closed loop operation becomes
significantly smaller and equation (5.16) holds true for both the dynamic and

steady states of the actuation.

5.4.2 Drifting effect in capacitance-strain correlation

Rosset et al. [158] reported that in the position control of the conventional
self-sensing DEA, an unexpected drift in the capacitance-strain relationship was
reported in the DEA that is made of polyacrylate. In this work, the self-sensing
mechanism was applied in controlling a tuneable grating. A rectangular DE was
pre-strained and clamped on a rigid frame with the two electrode regions and
equipped with a soft grating in the centre. Both of the electrode regions were
used for sensing and actuation; the capacitive sensing was used as a feedback
for precise control in the deformation of the structure. Given that, the grating
was controlled without requiring external sensors. The results showed promising

performance in the grating control with standard linear PI controller, despite of
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Figure 5-7: Closed loop operation on the DESA over 500 s for the inspection of
the potential drifting in capacitance-strain relationship.

the nonlinear relationship between the diffraction angle in the grating and the
capacitance of the electrode regions. Rosset et al. [158] also reported that in
the polyacrylate-based DEA structure, while the capacitance was held by the
closed loop operation, the diffraction angle continues to drop over 400 s. It
indicates that the DE relaxes in the long-term and such relaxation is independent
of the capacitance of the electrode regions. Further investigation in this work
showed that such drift occurred only in the viscous elastomer as the polyacrylate
compared with silicone. It was concluded that the drift in the capacitance-strain
relationship was due to the rate-dependent behaviour of the permittivity of the

polyacrylate when it is subjected to a high electric field.

The same investigation was carried out in the DESA. Figure 7 shows the results
of the force and the capacitance over 500 seconds. From ¢ = 50 s, the voltage was
applied to the AR with the closed loop control. It shows that the capacitance
reached the demand value instantly thanks to the PI controller.The force rose cor-
respondingly with an overshoot and settled down within 20 s before reaching the
steady state at ¢ = 70 s. It shows no drift in the capacitance-strain relationship

has occurred after this point. The duration of settlement is significantly shorter

106



than that of 400 s in [158], which arises since no high electric field is applied
directly across the SR during operation. Therefore the rate-dependent behaviour
in the permittivity did not occur. The result shows good agreement with the con-
clusion from [158] and highlights another benefit of the DESA compared with the
conventional self-sensing DEA. Because separate electrode regions were used for
the actuating and the sensing, the potential high-electric-field-induced dynamics
in the material property would not interfere the measurement in capacitance; the

DESA is more robust and consistent in the high-voltage DE actuation.

5.4.3 Effect of the electrode

In the AR, the electrode coverage affects the voltage-induced deformation. Since
the hand-brushed grease electrode has good compliance with the deformation it
tends to provide better actuation performance compared with the hand-painted
powder type electrode. Similarly, the particle size of powder type electrode also
has impact on the DEA actuation. A non-uniformly distributed electrode may
cause concentration of charge and lead to the electric breakdown. The resultant
deformation occurs in different levels correspondingly and the profile of the re-
sponse remains the same throughout. Even when the electrode is poorly coated
over the AR, the high operating voltage helps the charge to cross potential gaps
and the DEA is still functional.

In contrast, the capacitive sensing was found to depend heavily on the quality
of the electrode arrangement. Since controlling the thickness of the electrode is
difficult, as indicated in [198], a study was undertaken to investigate the effect of
electrode coverage in the capacitive measurement in the undeformed condition.
All configurations of the DESA remained the same in this study, the electrodes
were painted onto the SR accumulatively over many coating applications from
barely covering the whole region to an excessively thick layer (above 1 mm). For
each application, approximately the same amount of the additional electrode was
added onto both sides of the SR. The applications of electrode addition were
continued until the measured capacitance stopped varying significantly. Figure

5-8 shows the capacitance measurement over 25 applications. The measured
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Figure 5-8: The statistics of the capacitive measurements under the electrode
coverage that is accumulated over 25 applications.

capacitance was 24.4 pF at the first application. It then continued to rise as

more electrode material was accumulated on the SR, and finally

Moreover, the work also found that the electrode migration changes the profile of
the capacitive response. As the DE undergoes deformation over a period of time,
the electrode was found to reveal that unexpected spots that contain less elec-
trode material existed across the SR. These spots do not exist when the electrode
is coated on the DE. It indicates the presence of defect propagation in electrode
coating due to the particle migration in the SR. The study was done by perform-
ing sinusoidal loading on the DE and monitoring its capacitance throughout. The
structure was simplified to have only the SR in the DE. The cyclic strain was
set to strain the film from 50% pre-strained to 60%. The electrode coverage was
done to assure the sinusoidal response at the beginning of the test. Figure 9
shows the degradation in the capacitive profile as the response no longer remains
sinusoidal over cycles. The multiple troughs started to appear after 100 cycles of
strain and continued to propagate thereafter. Such testing was done over multiple
samples, the unexpected profiles in the capacitive responses were similar but not

identical. Also, the occurrence of the degradations varied and depended on the
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Figure 5-9: The capacitive responses of the DESA under cyclical strain, the profile
deviates from the sinusoidal curve over cycles due to the defect propagation in
the electrode coating.

configurations of the electrode (e.g. layer thickness and uniformity). It indicates
that electrode migration occurs in the small deformation regions. Despite the
full understanding of the electrode defect propagation requires further work, an
effective solution was to make the electrode layer thicker. It was found experi-
mentally that using a screen to provide the more consistent electrode coating and
having the electrode layer of at least 0.3 mm thick ensures the consistent capaci-

tive response over 800 cycles. It also gives the consistent capacitive measurement
in the DESA.

5.4.4 Effect of AR-SR aspect ratio
The correlation between the sizes of the SR and the AR also affects the perfor-

mance of the DESA. By keeping the shape and the width of electrode regions the
same, the aspect ratio R of the SR and the AR is defined as
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[
R— SR

= (5.19)
lar
Hence the overall length of the film [;,; can be expressed as
liot = (1 + R+ Ra)lar (5.20)

where Rylar refers to the part of the film without electrode region in direction

1. Substituting equation (5.20) into (5-6) gives

1 AAR
Aeap(A =1 — 5.21
The sensing sensitivity of the DESA is defined as
OAca 1
S P = (5.22)

~Dar Rt Ry

Equation (5.22) shows that the sensing sensitivity can be improved by decreasing
both R and Ry (i.e. enlarge the AR in relative to the passive region and SR). It
also benefits the actuation capability of the DESA since having the SR does not

require to compromise the size of the AR.

Theoretically, the sensing sensitivity can be optimised by having a significantly
high aspect ratio. However, the actual lower limit of R depends on the instrument
for the capacitive measure as indicated in equation (5.4). As the area of the SR
becomes smaller, the capacitance of the SR decreases and becomes more difficult
to measure as it approaches the level of the noise. The capacitor bridge was
developed for the capacitive measure in pF precisely. The trade-off is that it is
also very sensitive to the noises from the environment. The actual lower limit of
Ry depends on the spacing gap between the AR and the SR. When the DESA is
in operation, electric breakdown is the primary concern in determining the gap
distance. If breakdown occurs, the high voltage from the AR causes arcs onto the

SR, which interferes with the capacitive measure and damages the instrument.
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Therefore the breakdown strength of the environment (i.e. air in this case) must
be considered. Moreover, the strong electrical field from the AR fluxes through
both the elastomer and the environment. As the SR lays closer to the AR, such
unexpected electrical field is received by the SR and interferes the capacitive
measurement as shown in figure 5-5a. The noise level increases when the voltage
is applied. In this work for DEA operating in the air, the gap distance of 15 mm
was found to be safe for the applied voltage up to 15 kV.

5.4.5 Effect of motion constraining

While the passive region between the electroded regions arises from necessity, the
constraints can be applied to further enhance the sensing sensitivity of the DESA.
By constraining the deformation of the passive region, the voltage-induced ex-
pansion in the AR corresponds to the larger compression in the SR, therefore
higher sensing sensitivity. Since this part of the DE no longer deforms during the
operation, the effect of such motion-constraint can be expressed as a decrease in
Ry in equation (5.22). The remaining passive region would be those between elec-
trode regions and clamps, which could be constrained similarly. In the ideal case,
all the passive regions in the DE are fixed in dimension as R; = 0, substituting

it into equation (5.22) gives

Aa 1
= —— (5.23)

S:)\AR_ R

Equation (5.23) indicates that the sensitivity S depends solely on R and becomes
more sensitive to the change in R, correspondingly. Furthermore, applying such
constraint to the DE also enhances actuation performance in the AR by con-

straining its expansion in direction 2 [199].

Figure 5-10 shows the actual DESA in the unconstrained and constrained condi-
tions. Figures 5-11a and 5-11b show the force and capacitance responses of the
DESA under the step voltage input from 6 kV to 10 kV. The improvement in
the outputs due to the motion-constraint was by a factor of 3. In this work, a

layer of the PE film was used to serve the purpose without compromising the
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Figure 5-10: The actual DESAs (a) with constraint and (b) without constraint.

flexibility of the DESA. However, such a flexible constraint requires careful ap-
plication so that the constrained passive region remains in-plane. The curvature
and the misalignment vary the capacitance-strain relationship and cause errors
in sensing. Finally, the employed constraint is required to be as light as possible
so that the additional mass does not result in undesired resonance and interferes

the system dynamics significantly.

5.4.6 Wrinkling detection of the DESA

The DESA shows the promising performance when the AR undergoes deforma-
tion strains up to 10%. Recalling the stress-strain relationship of a typical DE,
the snap point in the stress-strain curve is delayed as the DE is pre-strained [97].
Such change in the material property allows the DE to deform significantly larger
under the same applied voltage without the electric breakdown [111]. Because
the resultant local strain in the AR becomes excessive, it causes out-of-plane de-
formation in the AR, namely wrinkling. The relationship between the capacitive
strain in the SR and the mechanical strain in the AR as in equation (104) differs

as the result.
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Figure 5-12: The step responses of the actuation in the largely pre-strained DESA
that is associated with the occurrence of the out-of-plane deformation.

Regarding this, a study was done to investigate the sensing limitation of the
DESA against the voltage-induced wrinkling. To do so, a DE was pre-strained
bi-axially with Aj e = 2, Ao pre = 2 and mounted on a rectangular rigid frame.
The AR is 15 mm x50 mm and the SR is 10 mm x 10 mm. The SR was designed
to be relatively small and aligned with the AR in direction 1 so that the SR senses
the largest local deformation of the central AR. Copper foils were wrapped on
the frame for the electrode contract. The voltages were applied to the DESA as
step inputs for 2 s from ¢t = 1 s, the capacitance was monitored for 5 s in each
test. In order to cause wrinkling within the achievable input voltage, the DESA
was pre-strained equally in both directions to lower further the thickness of the
film. Changing the pre-loading condition varies only actuation strains in planar
directions [96]. Equations (5.1), (5.3), (5.6) and (5.16) therefore still hold in the

equal-biaxial loading condition.

Figure 5-12 shows the capacitive responses that are associated with wrinkled
actuation at different voltages. At 1 kV, the capacitance reached the steady state
within 0.1 satt = 1s. Att = 3 s, the capacitive response rises back over 0.5 s. At
4 kV, it took 0.5 s for the capacitance to reach the steady-state when activating
the AR, and over 1 s to recover from the actuation from ¢ = 3 s. It shows that

as the voltage increases further, the capacitance takes longer to reach the steady
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(b)

Figure 5-13: Illustration of the change in the wrinkling as the applied voltage
increases: (a) Wrinkling occurs only in one direction and is aligned in direction
1 at 5 kV and (b) At higher applied voltage (> 5 kV), the wrinkling occurs in
both planar directions and forms prismatic sub-regions.

115



state and its static output approaches a saturation value. In the experiment,
it was observed that the wrinkling occurred initially in direction 2 at 5 kV,
indicating excessive strain only in direction 1. As the voltage increased further,
the wrinkling became prismatic as it propagated in both planar directions as in
figure 5-13. Either way, it causes additional lag in recovering from the wrinkled
actuation. During the recovery, the geometry of the SR remains unaffected,
in which case the large deformation in the AR can no longer be detected by the
capacitive change in the SR. For example, the more significant wrinkling occurred
at 7 kV and took over 2 s to recover; the measured capacitive change of 1 pF
remains the same as that at 6 kV. Therefore, the two following features make
the DESA provide informative feedback about wrinkling, which can be used for

holding the actuation within the in-plane state to avoid the potential failure.

A1. Capacitive change stops increasing when increasing the applied voltage (e.g.

the saturation in capacitance)

A2. Capacitive change decreases with a significant time delay when decreasing

the applied voltage (e.g. significant time delay).

5.5 Conclusions

This chapter concludes that a robust and reliable capacitive self-sensing mech-
anism for DE actuation is feasible. In this work, the structure of a new DESA
design is proposed that features a self-sensing mechanism. Compared with a
conventional self-sensing DEA, the DESA consists of multiple electrode regions
for sensing and actuation. In operation, the voltage is applied on the AR for
actuation, and the capacitance of the SR is measured and used as feedback in
the force control. Because of this, the sensing by the SR detects only the defor-
mation of the structure in a single direction. An instrument based on a capacitor
bridge was designed for the capacitive measurement. For a step input of volt-
age in kV, the resultant capacitive change was measured on the scale of 0.1 pF.
In the polyacrylate-based DESA, the closed loop operation shows the promising

performance in achieving the fast response and suppressing the relaxation. The
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drawback in achieving rapid response in the capacitance is that it also causes an

overshoot in force output due to the strong viscoelasticity of the polyacrylate.

For the electrode coating of the DESA, the capacitive measurement is very sen-
sitive to the electrode coverage in the SR for the grease type electrode. Without
the high electric field, good conductivity is necessary for the charges to spread
across the entire SR. Poor electrode coverage and defects in electrode coating lead
to the unexpected capacitive response. Increasing the thickness of the electrode
layer is one option to improve the electrode coverage effectively. Also, it shows
that the performance of the DESA can be further enhanced by:

B1. Varying the aspect ratio of the electrode regions
B2. Utilizing motion-constraint.

These factors benefit both the sensing and the actuation of the DESA. Further-
more, the study shows that the DESA structure does not suffer from the rate-
dependent permittivity due to high electric field compared that was observed in
the conventional self-sensing DEA. It makes the DESA operate more consistently
over a broad range of operating voltage. Finally, the DESA shows distinct ca-
pacitance responses between linear and the nonlinear actuation, which can be

exploited for detecting the excessive local strain in the AR.
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Chapter 6
Conclusions and future work

Dielectric elastomers (DEs) are in a special class of electro-active polymers with
excellent electromechanical properties. Dielectric elastomer actuators (DEAs)
consist of thin DE films coated with electrodes and generate deformation under
high voltages. They offer actuation capability that is similar to that of human
muscle. However, the development of DEAs for commercial applications has
been hindered due to the high voltage requirement, small force output, nonlin-
ear material characteristics and lack of a reliable sensing mechanism for precise
motion control. This thesis has focused on three specific areas of DE actuation:

performance enhancement; accurate modelling; and self-sensing control.

A major conclusion in performance enhancement is that a combination of two
enhancement techniques, pre-straining and motion constraining, improves signif-
icantly the actuation capability of a DEA. A rod-prestrained dielectric elastomer
actuator (RP-DEA) was developed, utilising metallic rods to hold the pre-strained
DE film in-plane and to constrain deformation in the lateral direction to actua-
tion. The investigation was undertaken to study the effect of bi-axial pre-loading
on force output of a conventional DEA, compared with that from a RP-DEA. The
derived correlation between the pre-straining and the force output of the DEA
was found to fit the experimental data well, covering pre-strain variations up to
200%. The study demonstrated that the actuation force output of the RP-DEA

can be over ten times larger than that of a conventional DEA.
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The first RP-DEA design was found to have a short operational time due to
occurrence of premature failure. Two sources of failure were identified in this
work. The primary failure source is the non-uniform deformation of the DE
film in the RP-DEA. It creates weak regions having low thickness close to the
rods, which are vulnerable locally to breakdown voltages. The secondary cause
is the in-AR lead contact. The tips that contact the DE have better conductivity
than the electrode material, which may concentrate charge and lead to excessive
local electrical fields. The in-AR contact was found to have lower impact on
the durability of the RP-DEA compared with the primary weak region. Finite
element simulation in discrete steps was performed to simulate the large material
deformation of the RP-DEA during the fabrication process, confirming the non-

uniformity in thickness across the film and presence of the primary “weak” region.

Both sources of failure were suppressed by locating the AR outside the “weak”
regions. The results show that this approach for AR optimisation stabilises the
RP-DEA and improves its durability significantly. The results also show that the
AR optimisation led to only a minor reduction in force output. Further work
is suggested in the life assessment of the RP-DEA with non-conductive rods to
assess fully the influence of rod conductivity. The simulation model could be
improved further by performing a single continuous simulation, rather than the
discrete steps reported in Chapter 3. A locally defined DE elastic modulus that
varies with non-uniform deformation would also be more representative in the

finite element model.

The study of dynamic characteristics shows that the essential influence of vis-
coelasticity in the functionality of the DE and DE-based actuator. The study
demonstrates that compared with spring-like silicone, viscoelastic polyacrylate
has increased stiffness and delay in deformation at high frequencies. In elec-
trical actuation, polyacrylate requires more effort to deform at high frequencies
and therefore generates smaller actuation force under the same driving voltage.
The conventional Kelvin-Voigt model considers DE as one spring and one spring-
damper combination in parallel. The study showed its deficiency in simulating
polyacrylate. The use of higher order Maxwell-Wiechert material models that
contain multiple spring-damper combinations leads to more accurate represen-

tation of the viscoelastic characteristics of dielectric polymers. Compared with
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a conventional first-order model, the higher order representation allows the sys-
tem dynamics to be shaped over frequency ranges. They offer more degrees of
freedom in the parameter identification process, which leads to more accurate
determination of the frequency response. An iterative procedure was devised to
guide the parameter identification such that magnitude and phase error bounds

are within specified tolerances.

To demonstrate the model identification, two dielectric polymers, silicone and
polyacrylate, were used. They were configured in a single-layer sheet format for
higher frequency testing during which the mechanical strain variations were less
than 10%, thus avoiding buckling of the sheet during the cyclic loading. Lower
frequency testing with strain variations above 10% were also performed using
stacked layers of the polyacrylate, to eliminate the occurrence of buckling during
the cyclic loading. The polymer cyclic forces were measured using load cells.
The combination of low level forces and the low stiffness of the load cell used
during the higher frequency testing led to resonance being experienced within
the frequency range. A correction procedure was therefore implemented in which
the inertia forces and load cell deflections were accounted for and eliminated from
the dynamic frequency response measurements to reveal the characteristics of the

polymer samples alone.

The experimental results and parameter identification for the silicone sample un-
der mechanical loading indicated that a first-order model is appropriate, which
is due to the spring-like behaviour of the polymer material. However, the poly-
acrylate samples required third-order models to achieve suitable accuracy to rep-
resent the viscoelastic characteristics. For the polyacrylate, third-order models
improved the accuracy in dynamic modelling by 80% compared with the con-
ventional first-order model. The proposed higher order modelling and parameter
identification should prove useful in the model-based control for polymer-based

soft robotic systems.

A novel self-sensing mechanism was proposed in a dielectric elastomer self-sensed
actuator (DESA). Compared with a conventional self-sensing DEA, the DESA
consists of multiple electrode regions for sensing and actuation. In operation, the

voltage was applied on the AR for actuation, and the capacitance of the SR was
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measured and used as feedback in force control. Because the AR and the SR are
aligned in the direction of actuation and separated in the DESA, the sensing by
the SR detects only the deformation of the structure in a single direction. An
instrument circuit based on a capacitor bridge was designed for the capacitive
measurement. For a step input of voltage of around 7 kV, the resultant capacitive
change was measured on the scale of 0.1 pF. In the polyacrylate-based DESA, the
closed loop operation shows promising performance in achieving the fast response
and suppressing the relaxation. The drawback in achieving rapid response in the
capacitance is that it also causes an overshoot in force output due to the strong

viscoelasticity of the polyacrylate.

For the electrode coating of the DESA, the capacitive measurement was very
sensitive to the electrode coverage in the SR for the grease type electrode. With-
out the high electric field, good conductivity is necessary for charge to spread
across the entire SR. Poor electrode coverage and defects in electrode coating
led to unexpected capacitive response. Increasing the thickness of the electrode
layer is one option to improve the electrode coverage. Also, it shows that the
performance of the DESA can be enhanced by varying the aspect ratio of the
electrode regions and utilising motion-constraint. With the insight from Chapter
3, it shows that the enhancement techniques boost both sensing and actuation

performance of DE devices.

The greatest advantage of the self-sensing mechanism, compared with the con-
ventional one, is that it does not require the excitation signal to be superposed
with the driving voltage for the estimation of capacitance. Therefore, it can be
implemented at low cost with with any high voltage power supply. The study also
showed that the DESA structure does not suffer from the rate-dependent permit-
tivity due to high electric field compared that was observed in the conventional
self-sensing DEA. Tt allows the DESA to operate more consistently over a broad
range of operating voltage. Finally, the DESA features uniquely informative
sensing, showing distinct capacitance responses between linear and the nonlinear
actuation (e,g, wrinkling) which can be exploited for detecting excessive local
strain in the AR.

121



This thesis demonstrates the promising performance and high potential of DE
actuators. In order to advance even further, future research could be explored in

the follow areas:

e Multi-axial DE actuators. With the established understanding in uni-axial
DE actuation, it could be expanded to multiple axes to counter complex

tremor motion.

e Model-based control of DE actuation. Following up the generated higher
material model, model-based control could be implemented to demonstrate

the effectiveness in compensating for vibration.

e Multi-layer DE actuators. Single-layer actuators are comparable with mus-
cle fibres inside a muscle bundle. Adding more fibres would scale up the
actuation capability, but also encounter new challenges such as voltage iso-
lation and motion synchronisation between elements. Multi-layer DE actu-
ators may, therefore, require different structures, electrode configurations

and circuit designs.

e In-vitro and in-situ tremor suppression via DE actuation. As the DEA has
been proven to be suitable for such application, the next step is to develop

a wearable device.

e Self-powered DE actuators. As a DE actuator can be self-sensed, it may

also be self-powered by harvesting energy from tremor or vibratory motion.

e DE actuation with reduced driving voltage. High voltage power supplies
tend to exhibit current discharge, as demonstrated in Chapter 4. It limits
the dynamics of driving voltage for operation at high frequencies, which
may potentially limit DE actuation in tremor suppression. By making the
DE film thinner, DE actuator could be driven by voltages up to 100 V.

e DE actuation with an optimal DE elastomer. One DE elastomer may
exhibit a significant dielectric constant at the expense of high dielectric
strength, or vice versa. The same contrast may occur with elastic modu-
lus and viscoelasticity. A better balance between properties would benefit

applications at high frequencies such as for tremor suppression.
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