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Abstract Dielectric elastomers (DEs) are one of the leading electroactive polymer
(EAPs) technologies used for actuation application. These elastomers possess the
benefits of large strain and stresses, easy processability, fast speed, recovery, effi-
ciency long life, and reliability. Due to their inherently low dielectric constant,
nanofillers are introduced into these elastomers to raise their dielectric constant
for increased energy storage and large strain. Enhancement in dielectric constant
is largely influenced by the surface functionalization of the nanofiller and struc-
tural design of the nanocomposites. In this chapter, we will review the recent devel-
opments regarding, the fabrication, characterization, and applications of dielectric
elastomer-based nanocomposites.
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8.1 Introduction

Dielectric elastomers (DEs) are multi-functional, incompressible, stretchable, highly
extensible, and soft poly-active polymer structures [ 1, 2]. DEs act basically on a trans-
duction mechanism. Being electromechanical transducers, DEs can convert electrical
energy to mechanical energy; however, they act as reversible transducers, converting
mechanical energy into electrical one as well. Dielectric elastomer actuators (DEAs),
undergoing this reversible operation, are said to be working in electromagnetic
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transduction-based generator mode [3, 4]. No doubt, DEs are seen to compete for
actuators being used in many latest systems such as loudspeakers, cars, washing
machines, and computers. DEAs are also named ‘artificial muscles’ [1, 5] and can be
employed in the formation of soft robots [1, 6]. Large actuation strain, high specific
energy density, low density, and low modulation make DEs superior over conven-
tional actuation technologies such as electrostrictive, shape memory, piezoelectric,
and magnetostrictive materials [4]. Over a decade ago, it was discovered that dielec-
tric elastomers show about 100% strain by the influence of an electric field [1, 7]. As
sensors, they are employed to monitor pressure and strain [1, 8—10]. Along with this
special characteristic, DE also exhibits low cost, low operation noise, lightweight,
fast response, etc.; leading to its application in different fields as a transducer [10,
11]. Thus, DEs find vast applications in the fields of soft robotics [12—14], energy
harvesting [15, 16], artificial muscles [17, 18], haptic interfaces [19-21], and tunable
lenses [22, 23].

8.2 Working Mechanism of Dielectric Elastomer

The charged particles present in matter move with an applied voltage. As compared
to a conductor, charged particles show movements over small distances in dielectric
materials; where two coupled processes, i.e., polarization and deformation can be
observed. All dielectric materials are electroactive, i.e., in an electric field, they
change shape or size [10].

The basic structure of DEA comprises a soft elastomer membrane sandwiched
between two compliant electrodes. When a voltage is applied to the electrodes, an
electric field is generated. The presence of electrostatic force and induced Maxwell
stress causes a decrease in thickness and expansion in the area of the membrane, as
reported by Rontgen in 1880 [2]. The pre-strain behavior of DEs plays an important
role; (i) thinning of the film occurs in the width direction (ii) creation of large electric
field strength by applying a low voltage (iii) orientation of pre-strained elastomer in
such directions which improve its resistance toward electric voltage [24]. Actuation
mechanisms in DEAs are reported by the SRI International group when they used
polyimide and silicone rubber layers to synthesize a bending actuator in 1998 [25]
and showed 100% actuation strain in a DEA prepared using a pre-stretched acrylic
elastomer [26]. This discovery gathered the attention of researchers to use DEAs in
artificial muscle technology [27, 28].

When observed more closely, it was found that when a power source via a
conducting wire is connected to the electrodes, a partial leakage of electric current
from the conducting wire can be noted, adding charges to the electrodes partially.
The presence of opposite charges on both electrodes creates polarizability in the
dielectric material. The forces of attraction between these opposite charges expand
the membrane but cause a decrease in its thickness; in this way, DE acts as an actu-
ator. However, when the DE membrane is pre-stretched and pre-charged and then
undergoes relaxation in the circuit, the voltage between the electrodes is boosted,
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Fig. 8.1 Working mechanism of DEs [28]. Adapted with permission from ref. [28]. Copyright
(2019) (American Chemical Society)

and the DE acts as a generator [29, 30]. For the best understanding of DEs, refer to
Fig. 8.1 [28].

8.2.1 DE Materials

To achieve better efficiency of DEAs, dielectric elastomers with high electrical
breakdown strength, low viscosity, low modulus, and high dielectric constant must
be used. Employment of several materials with such properties has been reported
by researchers; including fluoroelastomers [31], styrene-ethylene-butylene-styrene
[32], natural rubber [33], polyurethanes (PUs) [34], silicones [35], and acrylates [8].
Out of these, the last three materials are the most promising ones [36].

a. Polyurethane

Owing to the presence of polar urethane groups, the higher dielectric constant value
(up to 7) of polyurethane (Pus) enables them to work in DEAs at a low electric field.
On the contrary, polarity in the groups also leads to a lower breakdown strength
[36, 37].
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b. Silicones

For the synthesis of DEAs, the most widely used silicone is polydimethylsiloxane
(PDMS); which has a low viscosity loss, high conversion efficiency, long life span,
fast response rate, weak intermolecular forces, longer bond lengths of the basic unit,
i.e., Si—O, and higher flexibility [36, 37].

c. Acrylates

Low price, better adhesive properties, and good performance of commercially avail-
able adhesive tapes (VHB 4905/4910) make them excellent candidates to be used in
DEAs. Pre-stretched acrylate materials show exceptionally high breakdown strength.
However, acrylate-based DEAs have poor adaptability as compared to silicone
rubber-based DEAs [8, 36].

8.2.2 Electrodes Used in DE-Based Devices

The functionality of DE-based machines is also affected by the electrodes being used
in the formulation of DEAs. The use of stable, highly conductive, strongly adhesive,
and good compliancy electrodes results in better working of DEAs. Carbon nanotubes
(CNTs), carbon grease, graphite, and carbon powder are the most commonly available
choices used for electrodes for this purpose [38—40]. Being cheap, easily accessible,
and highly compatible, carbon grease is widely used, but it dries out after a long time.
Graphite and carbon black are thin and easily applicable to the membrane’s surface,
so more suitable to be used in multi-layers stacked DEAs. There is also a drawback in
using these electrodes; when a high strain is applied, the contact between the powders
is lost, reducing the conductivity values. The high transparency and conductivity of
silver nanowires, self-healing, and optical transparency of ionic conductors make
them applicable as electrodes in DEAs which are then employed in optical devices
[41, 42].

8.2.3 Deformation of Dielectric Elastomer

A thin membrane is unstable and undergoes different morphological patterns such as
buckling, crumpling, and wrinkling. If it is compressed by applying strain on bound-
aries, it undergoes buckling. If uniaxial tensile strength is applied to the membrane,
it undergoes wrinkling. Wrinkling and buckling can be seen when the membrane
undergoes non-uniform shrinkage. If we stretch the membrane over a liquid drop,
symmetrical breakage can be observed leading to crumpling or wrinkling. In the case
of DE, where a thin membrane of elastomer is sandwiched between two compliant
electrodes; when the applied voltage reaches a particular value, the membrane exhibit
instabilities [43].
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As DE interconverts electrical and mechanical energies, polymer and electrodes
must contract and stretch together [3]. For a considerable deformation of DE, elec-
trodes made up of softer objects with a relatively lower mechanical stiffness, such as
carbon grease should be used. By applying a voltage, charged particles begin to flow
from one electrode of a transducer to the other. The presence of opposite charges on
both electrodes causes the structure to expand in the plane and compress in thickness,
leading to deformation in the DE [1, 10].

8.2.4 Configurations of Dielectric Elastomers

Based on the working mechanism of DEs, they are employed to create different
configurations of DEAs such as zipping [44], multilayer stacked [45], rolled [46],
balloon [47], cone-shaped [48], folded [49], hinge [50], rotary [51], bending [52],
and planar [53].

The simplest DEA structure is single-layered. However, deformation in uni-
layered structures is too small to be utilized, so multi-layered stacking of DEs can
be done to increase the deformation effect in them [54]. As reported by Kovacs and
co-workers, increasing the number of DE layers causes difficulty in the synthesis
of DEA. This problem was solved by the introduction of an automated process
to fabricate DEA with reproducible properties [55]. Fiber-stiffened multi-layered
stacked DE sheets can be used to produce a rolled DEA. DE membrane inflated into
a balloon can achieve a high area strain and thus can be used in trigger actuators and
volume fluid pumps. Rossiter and co-workers [56] presented a cone-shaped DEA;
the applied voltage reduces the tension and causes expansion of the DE membrane
and it is deformed in the direction of bias force. A double-conical DEA configuration
was also formulated by Wang et al. [36]. In the form of an active hinge, DEA was
prepared, where a pre-stretched DE membrane is attached on both sides of a hinge
support structure [50]. On applying voltage on one side, the hinge structure rotates to
the opposite side due to the reduction in the stress of the membrane. Although DEs
are nowadays in limelight to be used in the development of soft robots, however,
a rigid framework is not much favorable. So, self-organized dielectric elastomer
minimum-energy structures (DEMES) are introduced by Kofod et al. [57], where
DE is attached to a thin framework of a flexible polymer, releasing a low amount of
energy while regaining their original position.

8.2.5 State of Equilibrium in DE

Four different variables affect the state of equilibrium in a DE-based transducer:
voltage, force, charge, and displacement. Two of these states are dependent on the
properties of the DE, while the other two can be varied according to the require-
ments. For example, in an electromechanical system of DE, transducer, force, and
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voltage are variable, and it takes time to gain a state of equilibrium according to its
capability of charge polarization and kinematic deformation. The whole process is
called ‘relaxation’. The time required to achieve this new state of deformation is said
to be viscoelastic relaxation time. The process of relaxation can also be explained
in terms of the entangled polymer chains responding to the force applied to DE. In
elastomers, a polymer network is formed, where flexible polymer chains are inter-
connected; they may coil or twist or entangle with each other. Applying a force to
DE can cause sliding or localized slipping of these entangled chains, resulting in the
relaxation of the elastomer. In response to voltage, polarity is created in the elas-
tomers; the molecular dipoles re-orient themselves, causing dielectric relaxation in
DE material. This process involves rotation and localized translation of molecules
[29, 31, 58].

When a power source is connected to the dielectric material, current leakage takes
place, i.e., transport of ions, electrons, or both causes a small current to flow through
the material. The density of this current leakage depends upon the applied field; it
increases with the increasing applied field [58, 59].

8.2.6 Theories for Dielectric Elastomer-Based Actuators

The shrinkage in the size of the elastomer by applying a voltage across its electrodes
is the result of Maxwell stress (interaction between quasistatic electric charges). The
Maxwellian formula is derived based on a basic model of materials, assuming: (i)
electrode materials have an infinity value of conductivity and zero elastic modulus,
(ii) there is ignorable current leakage and dielectric loss, (iii) the elastomer used is
perfectly elastic and exhibit very low loss modulus, (iv) the polymer used is isotropic,
(v) both elastomer and electrodes are incompressible, and (vi) elastomer shows a
constant value of elastic modulus [59, 60].

The application of DEs in actuators is limited by the low dielectric permittivity
of the elastomer being used in the actuator. So, Maxwell stress can be improved by
increasing its permittivity values [61].

8.3 Applications of Dielectric Elastomers

8.3.1 Actuators

High flexibility and capability to show large deformations allow DEs to be employed
in the formulation of actuators such as tapered drivers, diamond drivers, folding
drivers, and cylindrical drivers [36]. A bionic robot is made by Li et al. [12] using
acrylic (3 M VHB) as the dielectric elastomer. The two flexible electrodes used
are (i) surrounding water and (ii) conductive ion gel. Water drawing was achieved
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by using mechanical sections of DE material. Silicone rubber is used as a water-
impermeable encapsulant. Another kind of DEA was fabricated by Jun et al. [62] to
control surface wettability. VHB 4905 was the DE material used; carbon black was
used as the flexible electrode. Electromechanical instability (EMI) phenomenon was
employed in making this actuator. Wrinkling was observed in DE after relaxation
time. Deformation of the material can be controlled by changing voltage and thus
wettability can be adjusted accordingly [60].

8.3.2 Generators

Dielectric elastomers are known to interconvert electrical and mechanical energy;
hence, they can also be used to generate electricity. Energies from different sources
such as blowing wind, waves of an ocean, walking of humans, and flowing eaters can
be harvested using DEs [36, 63]. A generator to harvest energy from the motion of
human bodies that can run low-consumption systems was formulated by Jean-Mistral
and co-workers [64]. Energy from the human body, being cost-free, stable, and green
energy, is advantageous over the other forms of energy. A heel generator consisting
of a multi-layered DE membrane was developed by Stanford Institute (SRI) in the
United States; this generator uses the effect of a heel to generate electric power. 0.8 J
energy can be generated per step while walking. Its better illustration is given in
Fig. 8.2 [63].

Kornbluh et al. [66] formulated a wave energy harvesting device that can be
actuated by water wave fluctuations; DE units employed in this device are disc-
shaped, floating on the sea and converting wave energy into electricity.

Bectrode-coated
Rigid grid plate (plastic) (polymer layers)

Coupling medium
Bellows (plastic or metal) (gel or fluid)

Rigid base

plate

Fig. 8.2 Heel strike generator based on dielectric elastomer fitted in the shoe and its cross-section
view. Source SRI International [65]. Adapted with permission from ref. [65] Copyright (2012)
(Springer Nature)
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8.3.3 Sensors

DEs-based sensors find their applications in the field of biomedicine, helping in the
detection of prosthetic pressure, thus improving its comfort level [67]. DEs-based
pressure sensors, bending sensors, and tension sensors have been developed by New
Zealand Stretch Sense Company [36].

8.3.4 Soft Robots

Gripping objects of different types, sizes, and shapes is one of the biggest challenges
in the formulation of soft robots; this problem is being resolved by the use of DEAs.
Light weighted and greater capability to deform can be achieved by self-organization
of the flat state of DEMES into an out-of-plane complex structure. DEMES-based
tulip-shaped soft gripper; based on a push—pull configuration; that opens to hold an
object when subjected to an electric field was fabricated [68]. A multi-segmented
gripper is also formulated by Araromi and co-workers; the multiple segments allow
the gripper to envelop objects of different shapes and sizes [69]. Moreover, Shian
et al. showed that the integration of stiff fibers can induce bending and wrapping,
providing aid in gripping objects [70]. DE balloons can also be utilized as a hydraulic
source in the making of grippers in soft robots.

The first biomimetic walking robot was prepared by Eckerle and co-workers [8];
DEA used in this robot named FLEX has six legs with two degrees of freedom at
each leg. However, the walking speed of this robot was too slow. Spring roll actuators
were used to make a six-legged robot. Inspired by crawling natural creatures, crawling
robots have also been made along with legged robots [71]. Electronic components are
integrated into the feet of these robots, whose actions move them stably in forward
and backward directions [72]. A tethered robot that can climb a wall is also made
[73]. In the soft crawling robot formulated by Li et al. [74], oriented plastic fibers in
the form of a bundle are attached at both ends of the actuators; these bundles provide
a fraction to the robot. Later on, the artificial nervous system was also integrated into
a caterpillar-like crawling soft robot [75].

Hopping robots, jumping robots, flying robots, swimming robots, and humanoid
robots are also being designed using DEAs.

8.4 Dielectric Elastomer-Based Nano Composites

No doubt, dielectric polymer materials are wonderful materials because of their
ease in processibilities and high flexibilities but their use is limited because of low
dielectric constant value and low thermal stabilities. No single component possesses
the multidimensional properties required for functional materials employed in the
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recent day’s technology. Nanoparticles, ceramics, Mxene, and carbon-based mate-
rials (carbon nanotubes, graphene oxide, reduced graphene oxide, etc.) are famous
for their excellent electrical, mechanical, and thermal properties and are incorporated
as filler in polymer matrix for the synthesis of polymer nanocomposites, a system,
with excellent multidimensional features. Such dielectric elastomer-based nanocom-
posites (DENC) have extensive applications because of excellent conductivity and
remarkable dielectric constant values with ultra-low tangent loss and high flexibility
on the addition of a minor quantity of fillers.

8.4.1 Fabrication of Dielectric Elastomer-Based
Nanocomposites

Synthesis and designing of DENC because of their extensive applications have been
the subject of a great number of research works reported in the last two decades.
Solution mixing method, melt blending method, in situ polymerization, and injection
molding are often used because of their unique features and advantages.

a. Solution mixing method

The solution mixing method is one of the simple, cost-effective, and less time-
consuming methods. In this approach, two main components of the composites (filler
and matrix) are mixed or dispersed in the same or two miscible solvents in two sepa-
rate containers followed by their mixing with the help of some external force like soni-
cation, mechanical mixing, etc. For the preparation of dielectric polymer composites,
in most cases, the solvent selection is based on the ability of the dissolving polymer
matrix to disperse fillers and its non-reactive nature, and ease in removal of the
solvent after the formation of the composites. This method is one of the commonly
used methods since no sophisticated instruments or apparatus is required for this.
The solution mixing method is not recommended for polymers that do have not
good solubility in a solvent with low boiling points. In that case, the removal of the
solvent becomes tedious. Usually, ultrasonication is considered a very effective tool
for the good dispersion of MWCNTSs and graphene-related materials in water and
other common organic solvents. It helps in breaking the agglomerates into separate
entities. It is reported that extensive or powerful sonication sometimes leaves adverse
effects which could result in a lowering of the aspect ratio of fillers like multi-walled
carbon nanotubes. Synthesis of the polymer composites is not possible for polymers
that are not well soluble in solvents with low boiling points. The solution mixing
method can be used with slight modification to have better results depending upon
circumstances. AmronsakChankul and co-workers [76] prepared Zn*?/ZnO-based
polydiacetylene composites [Zn*?/ZnO/PDA)] through the solution mixing method
with a slight alteration. After mixing all the precursors, they kept the mixture for
incubation at room temperature for different time intervals ranging from 0.5 to 24 h
and from 4 to 70 °C overnight. After incubation, each sample was irradiated by UV
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light to evaporate the solvent. They studied the effect of incubation temperature and
time on the size of the prepared nanocomposites.

b. Melt blending method

Itis also amixing method as discussed in the previous section. In this method, the filler
is forced to mix with the help of some external force in the already melted polymer,
or a mixture of fillers and polymer matrix is fed into the heating chamber for melting.
Meltblending is a solvent-free method and an environment-friendly one. This method
is considered one of the best methods for polymers that have solubility issues and
low melting points. The melt blending method is strongly recommended for large-
scale synthesis of the composites. On the other hand, this method is not considered as
economical one as the solution mixing method. The use of this method is not suitable
for the micro-level synthesis of the composites. A major limitation of this method is
the synthesis of the composite of thermoset polymer as a matrix. At different places in
the literature, it is observed that the melt bending method was used with slight modifi-
cation for the synthesis of DENC with desired features. The melting process is carried
out in a sealed environment at ultra-low pressure followed by quenching in ice-cold
water. Such melt blending method is also known as the melt quenching method [77].
In the recent years, the use of two immiscible polymers as a matrix to obtain carbon-
related materials based on DENC with improved and unique dielectric properties
is becoming a hot trend [78—80]. The mechanism behind the achievement of high
dielectric constant and low tangent loss is the controlled migration of the MWCNTSs
in the interface of the immiscible polymers. For this purpose, various combinations
of immiscible polymers like polystyrene-polymethylmethacrylate, polyvinylidene
fluoride-poly acetic acid, etc., can be used to control the migration of fillers across
the interface of their unfavorable and favorable polymers. For the synthesis of DECN
using two immiscible polymers, the melt blending method is considered the most
convenient approach.

c. Insitu polymerization method

In situ polymerization method for the synthesis of the dielectric polymer compos-
ites is the best choice for polymers with high melting points and have solubility
issues in commonly used low boiling point solvents [81]. In this mode of preparation
of composites, polymerization of the polymer matrix has been carried out in the
presence of the filler. This method is very commonly used because of its excellent
outcome in terms of highly uniform dispersion of the filler in the matrix. It is one
of the economical methods like the solution mixing method for the preparation of
composites as no sophisticated instrumentation is required. When a series of compos-
ites are needed to be prepared with different concentrations of fillers, to study the
effect of the contents of filler, this method is not considered as reliable as the solution
mixing method and melt blending method. Polymerization is very much sensitive
to the experimental conditions as far as the molecular weight and structure of the
polymer are concerned. Any difference in molecular weight and structure of polymer
for different composites with different filler contents may influence the features of
composites which leads to a wrong conclusion regarding the study of the effect of
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filler contents. This method is also not considered the best available choice when a
composite of two immiscible polymers is required to be prepared.

d. Injection molding method

The injection molding method is considered one of the best methods to prepare
DENC in any shape using a mold of a particular shape. The basic strategy of this
method is analogous to the melt mixing method. A polymer containing the filler is
heated above its melting point and the filler gets dispersed in this molten form with
less viscosity. Finally, this melt is injected mechanically into a mold, where it gets
cool down to give composites of the desired shape. The injection molding method is
the most commonly used one for the industrial-scale production of composites. This
method is only limited to thermoplastic polymer for the synthesis of the composites.
Through control of the alignment of MWCNTSs in composites prepared by injection
molding method, tuning the dielectric properties of composites is a very reliable
approach [82]. The injection molding method can be used in a versatile way and
with the combination of the other techniques to have desired results in polymer
composites. Physical foaming combined with the injection molding method for the
synthesis of the composite will facilitate the generation of interesting microstructures
which are desired to have required features in the composites [83]. A brief data of
the synthesis method of the DENC with their claimed values of dielectric constant
and dielectric loss is given in Table 8.1.

8.4.2 Types of Fillers Used

Different kinds of fillers are being used in the formulation of DENC, mainly divided
into two types:

a. Ceramics
b. Conductive fillers

The above-mentioned fillers are of great importance, due to an effective polariza-
tion formed between filler layers and polymer matrix [92, 93].

a. Ceramics

Extremely high permittivity values of ceramics such as BaTiO3 [35, 94] and TiO,
[35, 95] as compared to the polymer matrix, in which they are incorporated, make
them an excellent candidate to be used in DENC. The incorporation of ceramics in
DE composites improves their electrical properties to a great extent. The requirement
of a relatively greater amount of filler in this case endangers the value of breakdown
voltage and flexibility of the composite, making it less flexible. On the other hand,
conductive fillers are more appealing to be used in DENC as the product composite
is easily processible and exhibits high flexibility. Moreover, these fillers are required
in a lesser amount as compared to ceramic-based composites. Although, the use
of conductive fillers results in a huge increase in the dissipation of electrical and
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mechanical energy; affecting the stability and lifetime of the composites in which
they are used [59].

b. Conductive fillers

The mostly employed conductive fillers include carbon black [96], carbon nanotubes
[97], graphene [59], metal nanoparticles [98], etc. It is observed that metal nanopar-
ticles used as fillers are less effective as compared to carbon-based nanofillers; based
on the fact that polymer matrix has more affinity with carbon-based nanofillers.

Recently, 1D (one-dimensional) and 2D (two-dimensional) carbon-based
nanofillers have grabbed much attention from researchers since they fabricate
composites with high dielectric permittivity. These fillers form a percolative network
through the polymer matrix and thus improve the electric properties of the compos-
ites drastically. The percolation threshold value for the composite is greatly affected
by the geometric factors of filler particles and their affinity with the matrix at the
interface. Graphene nanosheets (2D) have a unique structure, i.e., a highly stable
planar honeycomb made by single-atom thick sp> C-atoms imparting remarkable
electron mobility, a very high surface area, excellent electrical conductivity, and the
sheets can easily contact with each other as compared to CNTs, thereby graphene
nanosheets are known to have a lower percolation threshold value [99]. A relatively
lower breakdown strength, high dielectric loss, and vast mechanical hysteresis caused
due to the leakage of current between the conductive channels of graphene sheets
formed in the polymer matrix are the main drawbacks to using graphenes, chemically
different graphene-related materials such as graphene oxide and reduced graphene
oxide for the fabrication of graphene/DEA composites. Thus, the synthesis of a stable
and improved graphene-based DENC is one of the most notable fields that is being
increasingly reported over time.

The actuation behavior of the graphene-based polymer composite can be improved
by seeking a solution to the above-mentioned problems, e.g., functionalization of
graphene components or limiting the dielectric loss by decorating them with an
insulating layer, hence, improving the compatibility between the conductive fillers
and matrix components [59].

8.4.3 Factors Affecting the Functionalization of Composite

a. Route used to synthesize the filler

The synthesis technique used to fabricate fillers (e.g., graphene nanosheets) has a
dramatic influence on the properties of the final product; top-down and bottom-up
being the most-preferable ones [100, 101]. On the other hand, bottom-up technique,
synthesis on SiC surface [102], and mechanical exfoliation [103] are not suitable
methods to synthesize graphene which is to be used in composites due to high cost
and partial scalability [104]. Low yield, comparatively lower yield, and high cost
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of graphene nanosheets synthesized through chemical vapor deposition of hydro-
carbons are not much recommended for this purpose [105]. Owing to the low-cost
processability and high scalability of the liquid phase, exfoliation is a better suitable
process [104]. Despite the lower quality of graphene obtained through the reduction
of graphene oxide (GO), controlled costs and higher yield make this route a good
choice for the production of graphene nanosheets which are to be incorporated into
composites [106]. Hence, the most effective routes to be used for the synthesis of
commercial graphene nanosheets are liquid phase exfoliation and reduction of GO.

b. Functionalization of the filler

Modification of the fillers being employed, e.g., uniform dispersion or deagglomer-
ation, surface modification, ways to enhance the strength of matrix-filler interaction,
synthesis of core—shell structures, use of complex fillers, etc., plays an important
role in the functioning of the composite [107, 108]. Several chemicals (covalent)
[109] and physical (non-covalent) [110] techniques have been employed to achieve
these functionalized fillers. Covalent functionalization includes the organization of
nt-cloud for the conversion of sp? carbon network into sp* hybridized carbon [111].
On the other hand, non-covalent functionalization includes the use of electrostatic
forces, Van der Waals forces, m-m interactions, physisorption, etc.; resulting in the
formation of electron—hole puddles and causing changes in the doping density [112].
Preferably, functionalization methods mentioned later (non-covalent) are capable to
stop the leakage of current, thus increasing the dielectric permittivity and allowing
controllable energy dissipation. Hence, non-covalent modification is more favorable
to synthesizing highly efficient nanofillers incorporated composites [113].

c. Content of filler in the composite

Increasing the carbon to oxygen ratio of the filler results in a better elastic modulus
and improved dielectric permittivity. The growth rate of elastic modulus is lower
as compared to dielectric permittivity. However, higher contents of filler cause a
decrease in electrical breakdown strength [59].

d. Interactions between matrix and filler

The electromechanical properties and microstructure of a composite are greatly
affected by interactions between matrix and filler particles. For instance, coating
of hydrophilic, less toxic, and stable TiO;, on hydrophobic reduced graphene oxide
(rGO) improves its surface wettability, (TiO, acts as an insulator controlling the
current leakage inside the composite) causing better interactions between the filler
and matrix, resulting in greater storage capability and loss modulus as compared to
neat polymers [25, 59].

e. Use of complex filler

As reported, increasing the intensity of the electric field reduces the thickness
of the composite. However, a composite in which complex filler is incorporated
exhibits a much better actuation behavior. This was observed in an experiment
performed, where the actuation behavior of PU/rGO and PU/1G-1 T was compared.
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The composite with a complex filler showed many results better than the other one
[114].

8.4.4 Design and Structure of the Composite

As far as the efficiency and sensitivity of the composites are concerned, the structure
and design of the composites are equally important as the selection of matrix and
fillers is vital. A lot of studies have been focused on the designing of composites
with a specific structure that significantly regulates the efficiency of the composites.
Agglomeration of the filler is one of the serious issues which limit the homogenous
dispersion of the filler in the matrix. Development of the elastomeric composites
is often accomplished with cross-linking phenomena to obtain desired features in
the composites. The vulcanization strategy, basically a high-temperature chemical
cross-linking method, is commonly used to obtain the cross-linking network in the
composite [78, 82,83, 115]. Electron beam radiation is also considered the best choice
for the development of a cross-linking network to have highly uniform dispersion of
the filler in the matrix. Cross-linking development by irradiation of electron beam is
accompanied at ambient temperature which may lead toward cross-linking without
thermal degradation in the polymer matrix and with highly homogenous dispersion
of the filler [115]. Filler orientation in DENC is one of the vital factors which influ-
ence the dielectric permittivity values. It has been observed that the mean orientation
angle demonstrates the resultant dielectric features of the electroactive composites.
Theoretical models have been purposed to correlate the experimental data on dielec-
tric properties and numerical results obtained through proposed models and good
agreement has been found between them [116]. Selective localization of the filler
in the matrix influences morphology which intern demonstrates the rheology and
dielectric properties of the composites. Selective localization of the functional filler
in the polymer matrix is achieved by the addition of another immiscible polymer as
filler. It may result in multiple times improvements in the features of the composites.
The addition of 3 wt% of GO in polyurethane-based polylactic acid results in about a
400% increase in the value of dielectric constant as compared to that of polyurethane-
based polylactic acid composites without GO [26]. Similarly, the use of the third
component as an additive to increase non-covalent interaction between the filler and
matrix is also proved very effective and it results in an improvement in the dielectric
constant values of ternary composites [117]. In such polymer composites, uniform
dispersion of the fillers is obtained, because the third component helps in getting the
maximum features of the filler in the composite. The addition of the filler in terms of
masterbatch is also a very common strategy for preparing dielectric nanocomposites.
Usually, the filler is added in high concentration in a material called carrier materials
and this resultant stuff is known as a masterbatch. Finally, this masterbatch is added
to the main matrix. The compatibility of the carrier materials with the filler and main
matrix is taken into consideration while selecting the carrier material. Composites
prepared with this method result high dielectric constant with ultra-low tangent value
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[118]. The addition of a surfactant along the filler in the polymer matrix is one of the
commonly used strategies for the synthesis of composites with enhanced homoge-
nous dispersion. Control of agglomeration by using surfactants like DBSA, APTES,
and CTAB helps fillers in imparting maximum features to the polymer composites
[24, 119]. Surfactant makes a spread network in the polymer matrix or gets attached
to the surface of the nanofillers and prevents or reduces the chances of interaction
filler and thus controls the agglomeration of the nanofiller. Uniform dispersion of the
filler in the nanocomposites helps in attaining significant improvement in dielectric
constant values. Multilayer polymer composites are well known because of their
structure which allows tuning of the features by slight modification in it. Dielectric
constant and other electrical properties can be tuned in a very broad range just by
increasing the number of layers or thickness of the layer of the same combination
of filler and matrix, and the preparation method of the composites. Layer assembly
is not only helpful in achieving quantitatively good results in DENC but it is also
considered a facile approach to attain out of the plane deformation. In many cases,
shape reconfiguration is essential in the working of soft robots [34, 120].

8.4.5 Applications

a. Tunable lenses

Lifelike robots have a very important feature, i.e., eyes that can act exactly like a
human eye, that can respond quickly and precisely by tuning the focal length [121,
122]. The eye is connected to the ciliary body with the help of a ligament, i.e., fibrous
tissue ring attached at its equator. The relaxation and contraction processes of the
ciliary body help in the tuning of the lens. Although most of the robots have digital
camera-based eyes that move the components mechanically, thus tuning the focus,
this process takes a lot of energy. Several soft actuators are employed to overcome this
drawback; which tune the focal length by controlling the liquid droplet curvature;
including stimuli-response [22], electromagnetic wave [23], electro-wetting[123],
dielectrophoretic forces [17], electrochemistry [124], etc. The pre-stretching of a lens
is carried out before using it in the robots. A Maxwell stress is created in the actuating
system by inducing an electric field; a shorter focal length is created by the lens if its
height increases and diameter decreases, causing it to squeeze. The lens gets back to
its actual dimensions, exhibiting a greater focal length and the dielectric elastomer
actuator re-attains its shape when the applied voltage is turned off. Unfortunately,
only a few DE materials including VHB 4910 and silicone are known to fabricate
lenses exhibiting high performance. It has been reported by researchers that DE with
incorporated dielectric fillers [94] or DE blended with polymers [28] exhibit better
electromechanical properties. Recently, a new model has been proposed, that consists
of a hybrid structure where a ring made of DENC acts as an actuator and is connected
to the lens made of a sphere made up of elastomer [125].
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b. Artificial muscles

Some materials undergo deformations in their structures when subjected to an
external stimulus (pressure, electricity, light, humidity, heat, etc.); these materials are
often referred to as ‘artificial muscles’. They find their applications in different inter-
disciplinary fields [126—128]. Energy density, response time, output force, energy
conversion efficiency, actuated strain, and fatigue life are the key features of an
artificial muscle [129, 130]. Many types of artificial muscles exhibiting unique prop-
erties and advantages have been reported so far, such as natural muscles [131] and
humidity/solvent actuation yarn [132, 133]. At some points, artificial muscles are
capable to perform even better than naturally occurring human muscles. Recently,
the deformable electrode is used by Shea’s group to formulate a stretchable EHD
pump; this electrode consists of a dielectric elastomer/carbon black composite which
is embedded with a tube made up of monolithic elastomer. Extraordinary mechan-
ical outputs are obtained from this pump, assuring a high mechanical strength. It
is reported to be used to create a self-contained fluidic muscle by integration with
an elastomeric chamber; eliminating the use of the external compressing system
for reversible bending actuation [129]. Miriyev et al. also fabricated a soft actuating
composite by combining a polymer matrix like PDMS (poly(dimethylsiloxane) elas-
tomer) with a phase-changing material like ethanol [134]. The deformation of such a
composite to maximum volume is done by transitioning the liquid phase of ethanol
to the gas phase upon heating.

Embedding magnetic particles into an elastomer matrix is an appealing route to
develop soft magnetic actuators. For instance, a cylindrical glass rod was wrapped by
a soft magnetic composite by Hu and co-workers [135]; the composite was magne-
tized by the application of a strong and uniform magnetic field. The uniform external
magnetic field interacted with a spatially varying field of magnetic composites;
enabling the soft robot to change its shape by generating internal torque. This special
method can be applied to fabricate robots out of artificial muscles that enable them
to jump, crawl, walk, roll, transport objects, etc.

c. Smart skin

Taking inspiration from nature, i.e., natural skin, researchers are making attempts to
create smart electronic skins that can practice LMC (learning-mimicking-creating)
cycle; being quite helpful in health monitoring technologies, robotics, prosthetics,
etc. The discovery of mechanoreceptors naturally integrated into human skin has
opened up a gateway to smart flexible electronics. The tactile sensation of human
skin is mimicked by the sensors used inside the smart skin that can detect and respond
to haptic stimuli. The idea to create unique features in smart skin such as changing
color or shape has been taken from mussels, chameleons, octopuses, etc. Internal
organs of the body are also designed in such a way as to derive the LMC cycle along
with the external organs. Synaptic, implantable sensors, artificial neurons, energy
harvesters, etc., are the major biocompatible electronic devices being used in smart
skin [136].

Dielectric elastomer composites are widely employed for the fabrication of smart
skin devices. Generally, pre-cured elastomer and conductive filler suspension are
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blended to form a composite. However, the conductive paths formed inside the matrix
should be dispersed homogeneously to avoid variations in the conductivity from one
location to another [137]. Several other methods such as the direct incorporation of
a conductive network in the elastomer matrix are also being employed in the making
of smart skin [138]. A carbonized plain weave cotton fabric was taken by Zhang
et al.; it was then encapsulated in an elastomer matrix; resulting in the formula-
tion of a strain sensor [139]; stretchability and sensitivity of such a sensor can be
customized according to the requirements. High gauge factors were also attained
by an anisotropic conductive material while controlling its flexibility to respond to
pressing, bending, and twisting [140].

Implantable devices need bioresorbable batteries for the effective management of
energy sources; whose working depends upon mechanical compliance, desorption
rates, device dimensions, etc. [141]. The biochemical energy produced by internal
body organs such as cardiac movements or breathing is scavenged by the energy
devices used. A BD-TENG (biodegradable triboelectric nanogenerator) has been
fabricated that can power inter-digit electrodes on which orientation of nerve cell
growth was carried out; the BD-TENG consisted of electrode layers, encapsula-
tion structure (biodegradable), and friction layers [142]. An energy harvester was
implanted in a smart skin device that can record breathing and heartbeat by Ma et al.
[143]. However, large hysteresis and low response time are the main challenges being
faced in the field of smart skin sensors.

d. Biomedical applications

Neurostimulation, cardiac pacing, tissue regeneration, therapeutic delivery, biochem-
ical sensing, physiological monitoring, drug delivery, etc., are some of the most
common applications of implantable biomedical devices (IMDs) [144—147]. Some
of the main drawbacks being faced while using IMDs are the removal of the device
when its life ends, and the risk of infection [144, 148]. To overcome these problems,
devices have been formulated that can be degraded in different environments safely,
named ‘biodegradable electronics’, or the devices which dissolve automatically in
the biofluids without causing toxicity, thus named ‘bioresorbable electronics’ [73,
149]. These electronics can reduce the risks that can be caused by the removal surgery
of conventional devices, and increase the human life span by up to three years [150].
IMDs consist of four elements; conductor, semi-conductor, encapsulant, and dielec-
tric. The elastic components in IMDs provide comparatively better integration with
the tissues, in which the device is implanted. Sim et al. synthesized a bioelectronic
patch, where ion gel (dielectric), polydimethylsiloxane (PDMS) (encapsulant), and
PDMS composite (semi-conductor) were interconnected; this patch provides elec-
tric simulation by harvesting energy from heartbeat [151]. Similarly, Schiavone and
co-workers developed e-dura, an IMD where the electrode was coated with a PDMS
composite and PDMS was used as encapsulate; which can apply stimulations to
vertebral column electrically [152].

Ling Yu and co-workers proposed the synthesis of an artificial material, where
polycaprolactone (3D skeletons) was incorporated into a dielectric elastomer; the
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Fig. 8.3 Schematic diagram of the right ventricular myocardium with undulated, preferentially
oriented cardiac muscle fibers, showing anisotropic mechanical and electrical properties. Arrows
indicate anatomically defined circumferential and longitudinal axes [153]. Adapted with permission
from ref. [153]. Open access under a CC BY 4.0 license. Copyright © 2022 Yun Ling et al.

as-prepared composite whose contractions and relaxations were similar to that of
heart muscles (Fig. 8.3 [153]).

e. Micro-air vehicle

Naturally occurring flyers commonly show maneuvering and hovering flights. Birds
fly in a vertical plane by flapping their wings, and they can change pitch angle at
a very small amount. On the other hand, insects fly by flapping their wings in the
horizontal plane, they can change pitch angle at a very large amount [154]. Muscles
are distributed evenly in the bird’s wings causing active wing actuation, however,
the wings of insects have no muscles and their actuation is controlled by the thorax
(passive wing actuation). Former is a relatively more complex form of actuation
[155]. Muscles used in passive wing actuation are divided into two categories; neuro-
controlled signals synchronize the actuation process (synchronous flight muscles)
and neuro-controlled signals do not synchronize the actuation process (asynchronous
flight muscles) [156]. Based on these muscles, a passive flight is classified as direct
(each wing can be directly controlled by the muscle) or indirect flight (simultaneous
flapping of wings does not allow the muscle to control individual wings) [155]. Thus,
indirect flight mechanism can be employed to create flapping wings artificially [157].

Smart material actuators (SMAs) such as IPMC actuators, SMA actuators, DE
actuators, and piezoelectric actuators have a great potential to design flapping-wing
mechanism-based devices as they provide high scalability, high damage tolerance,
multi-functioning, compactness, high integrability, and high customization facility
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[158]. Lau et al. combined a rolled DEA with a cross-ply laminate of carbon fiber-
reinforced polymer (CFRP ) to verify the feasibility of the insect wing mecha-
nism [159]. Dielectric elastomer devices have been reported to be employed in the
fabrication of micro-air vehicles [59, 157].

8.5 Conclusion

Highly stretchable, multi-functional, extensible, incompressible, poly-active, and
soft dielectric elastomers have gained the attention of researchers as promising candi-
dates to be used in vast fields of energy harvesters, haptic interfaces, soft robots,
artificial muscles, and tunable lenses as generators, actuators, and sensors. They are
being incorporated into polymer matrices to form a superior material that exhibits
exceptional dielectric constant values coupled with excellent conductivity, and lower
values of dielectric loss. Different kinds of fillers (such as ceramics and conductive
fillers) can also be added to the DE-based polymer composites, thus improving
their electrical properties, lifetime, and stability. Dielectric/polymer composites are
being used mainly in artificial muscles, biomedical devices, soft robots, smart skin,
micro-air vehicles, etc.

Despite all the achievements made in the field of dielectric nanocomposites based
on elastomers, researches are facing different challenges including the need for a
detailed understanding of mechanisms related to the dielectric behavior of nanocom-
posites, synthesis of cost-effective and scalable elastomer-based polymer composites
at large scale, development of models for life-prediction and performance evaluation
of dielectric materials, etc. Thus, further research for improvements in these highly
applicable materials is being focused on by scientists.
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