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Dielectric elastomer actuators: materials and design
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The review describes the dielectric elastomer actuators (DEAs), a class of soft mechanical actuators made of functional
polymeric materials and composites, which are capable to act as artificial muscles. The principles of operation, design,
methods of DEAs fabrication and the required equipment are comprehensively described. Most frequently used DEA
polymers (polyacrylates, polyurethanes, siloxanes) are considered in detail, and various modern advanced modification
methods are listed. Polydimethylsiloxanes (PDMSs) are the most promising materials as DEA membranes. The review
presents the state-of-the-art techniques for significant improvement of the performance of PDMSs: the reinforcement of a
silicone matrix with different dispersed fillers, the chemical modification using compounds with large dipole moments to
finely tune the dielectric characteristics of the silicones, efc. A new classification of DEAs is proposed. The design of more

than 20 DEA devices are presented.
The bibliography includes 269 references.
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1. Introduction

An actuator is a device that is responsible for the movement
and operation of a mechanism or a system. The devices
described hereinafter have no discrete moving parts, being
flexible in movement, which is impossible in conventional
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mechanical, hydraulic or pneumatic systems. Therefore, in
this review by the term actuator we understand the flexible
mechanical units fabricated from functional polymeric
materials and composites and are often called artificial
muscles.
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For many years, biology was a source of ideas for
researchers and engineers. It seemed that the simulation
modeling of biological objects, such as tissues, bones, joints,
muscles, valves, etc., using the newly designed materials,
devices, mechanisms and, in general, technologies would
soon lead to the creation of a full-scale anthropomorphic
robot. Although this idea was not mechanically imple-
mented as yet, it was transformed into industrial robotic
systems, such as manipulators, grips, efc. Increased com-
puting resources and the progress in artificial intelligence
resulted in the manufacturing of anthropomorphic or
human-like hard robotic constructions, such as the robot
FEDOR?® or Spot®. However, these robots are still only
computerized machines composed of mechanical drives,
levers, hinges and shells.

The next step currently being undertaken by science and
technology is the creation of another type of devices,
namely, soft robots, which are, in many respects, more
similar to their biological prototype. These devices emerge
on the basis of new functional materials, which can change
their properties and shape in response to external stimuli
and, for example, can transport cargo, be used to control
valves, etc. The characteristics flexible or soft refer both to
the body of the robotic device and its components perform-
ing mechanical work, i.e. artificial muscles.

Materials used in conventional robotics (e.g., metals or
solid plastics) have Young’s moduli ranging from 10° to
10'2 Pa, whereas the moduli of materials of living organisms
(e.g., skin or muscle tissue) are generally several order of
magnitude smaller varying in the range from 10* to 108 Pa
(Fig. 1).! Soft robots are fabricated from functional materi-
als with properties similar to those of biological prototypes,
wherein necessary sensors, computer controllers, power
supply systems and a set of artificial muscles as actuators,

“ https://fpi.gov.ru/projects/khimiko-biologicheskie-i-meditsinskie-issledova-
niya/fedor/ (access date 27.03.2023).
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Figure 1. Young’s moduli of different materials and substances,
including those used in flexible robotic devices. The Figure was
prepared by the authors using original data from the study.!

which are required for operation of the device, are incorpo-
rated into the final robotic system.

Currently, devices, which are most promising in terms of
application in robotic or biomechanical systems, are those
based on various electroactive polymers (EAPs), i.e., poly-
mers driven by electrical signals, the elasticity of such
materials is quite consistent with that of biological systems
(see Fig. 1).

Electroactive polymers are divided into two types. One
type of EAPs, ionic (conductive) EAPs, are driven by the
mobility or diffusion of ions in a polymeric material or a
material of a device and can be actuated by either an electric
field or changes in the parameters of the medium, such as
pH, temperature, etc. It is worth noting that these devices
have a rather long response time because the physical
movement of the substance (ions) in the medium is required;
liquid electrolytes remain a necessary medium for particular
configurations of ionic EAPs. Carbon nanotubes, as mate-
rials for actuators, are not polymers but they are considered
together with ionic EAPs, because the operation principles
of devices built from carbon nanotubes are the same as
those of ionic EAPs.

The application of an electric field to the device or,
which is the same, the application of a voltage to the
electrodes of the device, is necessary and sufficient for the
actuation of another type of EAPs, non-conductive EAPs
activated by an electric field. For example, electrostrictive
polymers (EPs) have a spontaneous electric polarization.
They change the size upon actuation due to the movement
of dipoles in the bulk of the material in the presence of an
electric field. Actuators based on dielectric films/mem-
branes coated with electrodes are assigned to electric field
activated EAPs.

This division is commonly accepted to classify materials
for actuators (artificial muscles). It is described in the
reviews concerning EAPs and published in different
years.! 10

A number of EAPs were successfully used for a long
time to design and fabricate actuators, whereas other EAPs,
for example ferroelectric polymers, are currently under
extensive investigation and are being adapted to the require-
ments placed on functional materials for artificial muscles.

We cannot but mention several versions of flexible
actuators of mechanical type. Pneumatic artificial muscles
developed in the early 1950s by J.L.McKibben are rubber,
i.e., flexible, tubes closed on both sides. When pressurized
with air, the diameter of the tube increases radially, while its
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length decreases, causing the contraction of the muscle up
to 35% of the length, thereby activating the actuator.!!-12
Another example is a muscle made of twisted fishing line,
e.g., Nylon.!3~15 Nylon shrinks in length upon heating, and
the heating of the device leads to an additional tightening of
coiled fibres and a significant (up to 40—-50%) decrease in
the length of the muscle at 150 °C.

New types of muscles were designed also, for example,
thermomechanical muscles activated thermally or thermo-
electrically.!® Available EAPs are modified, their composi-
tion is optimized, procedures for their fabrication are
improved and applications in the structures of actuators
are upgraded; other, previously unknown, muscles, e.g.,
thermally activated shape memory polymers,'” magneto-
active elastomers,!® efc., became more widely used. Cur-
rently, this field of materials science is extensively developed
to meet the requirements of modern robotics and biome-
chanics.

Some types of EAPs can be used as pressure or force
sensors. The configurations of such sensors are very similar
to those of actuators based on the same EAPs, but their
operating principle is opposite. Thus, a change in the shape
(stretching or contraction) leads to changes in the electric
parameters of the device and allows one, after the appro-
priate calibration, to control the mechanical parameters,
such as changes in the geometry of the sensor or the
pressure on the sensor. An actuator—sensor pair, on its
own or with the involvement of electronics, forms a self-
controlled system generally with a negative feedback loop,
making it possible to design autonomous robotic devices.

This review is an attempt to comprehensively cover the
state-of-the-art materials and structures of different types of
actuators, primarily, dielectric elastomer actuators, whereas
most of the available reviews are focused on a particular
specific field of their application, for example, in soft
robots,% 8- 10.19 medicine 2° or as biomimetic constructs,3:2!
micromechanical devices,?7 etc. This review describes in
detail dielectric elastomer actuators, types of elastomers
from which they are fabricated, methods for the synthesis
of these materials, efc., and also briefly considers actuators
based on different EAPs and demonstrates the place of
DEAPs among other EAPs (see Table 1). We believe that
the comprehensive consideration of a broad scope of
materials, types and configurations of actuators with special
attention to dielectric elastomer actuators as the most
promising type of actuators and an attempt to classify the
configurations of DEAs will be interesting for a wide range
of readers.

Table 1. Electroactive polymers.

Ionic EAPs Field activated

EAPs lonic polymer metal Electrostrictive polymers (EPs)

composites (IPMCs) Electrostrictive graft copolymers
(EGCPs)
Polymer electrets (PEs)

Tonic polymer gels (IPGs) Ferroelectric polymers (FPs)

Relaxor ferroelectric polymers

(RFPs)
Carbon nanotubes (CNTs) Liquid crystal elastomers (LCEs)

Dielectric electroactive polymers
(DEAPs)

Conductive polymers (CPs)

1.1 Electroactive polymers

1.1.1. Ionic polymer-metal composites

Tonic polymer-metal composite (IPMC) actuators are com-
posed of an ion-exchange membrane with thin flexible
conductive electrodes.??23 The actuation, i.e., the applica-
tion of a voltage to electrodes, induces the migration of
electrolyte ions in the membrane, causing the swelling on
one side of the membrane nd contraction on its other side,
resulting in the bending strain (Fig. 2 a,b).10-24

The most popular materials for IPMC membranes are
perfluorinated sulfo-containing polymers such as Nafion®
and Flemion® (Fig. 2¢)?2° or styrene/divinylbenzene poly-
mers bearing anionic groups,?*2¢ more complex systems,
e.g., polymers based on crown ethers containing sulfonated
poly(arylene ether ketone), materials based on sulfonated
styrene ethylene butylene styrene block copolymer, nano-
diamond-filled polymer composites,?’ 2 etc. The ion-
exchange material MF-4SK is also available.3?

Materials for IPMC membranes contain both hydro-
philic anionic segments and hydrophobic regions, the latter
having channels that provide the migration of cations and
the solvent. The membrane strain is induced due to diffu-
sion of mobile cations under an applied electric field,
resulting in the mass transfer from the positively charged
side of the membrane to the negatively charged side.?!

The control voltages of IPMCs are a few volts. Ionic
polymer-metal composites are well suited as soft bending
actuators of different shape and size,’2~3% micro-
pumps,?2-24.35 ete. Different procedures for the manufac-
ture of such devices are described in detail in the study;3° the
application of modern tunable manufacturing processes for
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Figure 2. IPMC membrane with electrodes: (a) the membrane in
the initial state; (b) the actuated membrane; (¢) the structural
formulas of the materials Nafion® and Flemion®. The Figure was
prepared by the authors using original data from the studies.!?-24



4 of 43

1.V.Bezsudnov, A.G.Khmelnitskaia, A.A.Kalinina, S.A.Ponomarenko
Russ. Chem. Rev., 2023, 92 (2) RCR5070

the fabrication of IPMC actuators are considered in the
publication.?”

1.1.2. Ionic polymer gels
Tonic polymer gels (IPGs) belong to hydrogels and they are
generally network polymers, e.g., weakly cross-linked
poly(acrylic acid), plasticized polyvinyl chloride, etc.38~40
Hydrogel placed in a liquid begins to swell. This may be
caused by different factors, for example, poly(acrylic acid)
gel is ionized in response to an increase in pH and swells.*!
Tonic gels respond to an applied electric field.*> The
electric field induces the migration of hydrogen ions from
the gel or inside it, also changing the pH value, which, in
turn, leads to reversible gel swelling. Hydrogels as materials
for actuators were studied in the works;**~ 4% a number of
configurations of IPG actuators were described in the
studies.*6-47

1.1.3. Carbon nanotubes

Since their discovery by lijima,*® CNTs have attracted great
interest due to their unique mechanical and electrical
properties and also the possibility of their functionalization
and incorporation in composite materials. Carbon nano-
tubes have high Young s moduli similar to that of diamond
of about 10'?2 Pa, and their strength at break is high,
varying from 20 to 40 GPa, which is an order of magnitude
higher compared to any other fibre.** However, the
mechanical properties of CNT bundles and mats used in
practice are much lower because CNTs are held in them by
relatively weak van der Waals forces.>?

Carbon nanotubes configured as porous sheets are
expanded when placed in an electrolyte under the voltage
applied between CNTs and the counter electrode (which
probably also consists of CNTs).

The application of a potential leads to the formation of
an electrical double layer at the nanotube/electrolyte inter-
face (see Fig. 3@),?%3! in which the electric charge concen-
trated at the carbon atoms is equilibrated by the ionic
charge in the electrolyte. It is assumed that during electron
injection, the accumulated charge of the nanotubes is
sufficient for a change in the C—C bond length due to
Coulomb repulsion and, probably, other factors.

The upper part of Fig. 3 a shows CNT electrodes (sheets)
with an applied voltage, anions and cations surrounding
CNTs; the lower part presents the result of actuation; the
bending direction depends on the polarity of the applied
voltage. Carbon nanotubes have a low operating voltage of
about 1 V.>¢

Aerogels composed of CNTs?>7-% function in another
(air) medium, are fabricated from highly ordered CNTs and
are capable of anisotropic linear expansion up to 220%
(Ref. 58) at temperatures from 80 to 1900 K. When a high
positive voltage (up to 5 kV), with respect to the counter
electrode (Earth), is applied, the Coulomb repulsion
between the nanotubes leads to an increase in the aerogel
volume. The initial volume is restored after switching off the
voltage.

Twisted carbon nanotube yarns are promising candi-
dates for CNT actuators;>® the actuation is electrothermal;
and such actuators are often torsional (Fig. 3 ¢).>* 35 Flex-
ible muscles made of twisted fishing lines were described
previously (see the Introduction).®

1.1.4. Conductive polymers

Conductive polymer (CP) actuators were proposed for the
first time by Baughman er a/.°! Conductive polymers change
their shape due to the migration of ions during the redox
cycle.

Conductive polymers are electronically conductive
organic materials with a complex structure, as shown, for
example, in Fig. 4¢. The electrochemical oxidation/reduc-
tion leads to the addition or removal of the charge from the
polymer backbone and the ion flow to equilibrate these
charges 4-26-62.63 (see Fig. 4a,b). This flow of ions and, to
some extent, of the solvent causes the swelling (Fig. 4 b) or
contraction (Fig. 4 a) of the material. The size changes are
due primarily to the intercalation of ions between the
polymer chains, although conformational changes of the
backbone and the solvent flow also can play a certain role.
The primary expansion occurs perpendicular to the polymer
chain direction.3~63

The most popular CPs used in actuators are polypyrrole
and polyaniline; however, other conductive polymers are
also employed.®% %7 Figure 4 shows the schematic represen-
tation of the polypyrrole chain in the oxidized and reduced
states.

The operating voltage of such actuators is generally low
(about 2 V). Since the CP materials are biocompatible, they
are considered as potential biomimetic devices to use as
interfaces with humans, which include the repeated blood
vessel connection, the dynamic Braille recognition system,
valves and catheters.%®

1.1.5. Ferroelectric polymers and relaxor ferroelectric polymers
All types of ferroelectric polymers (FPs) and relaxor ferro-
electric polymers (RFPs) have non-centrosymmetric struc-

tures with a spontaneous electric polarization. These
c
Rotation .
Current Figure 3. Carbon nanotube

actuators: (@) a bending actu-
ator;>%-32 (b)) CNT aerogel
(material for actuator);>? (c) a
CNT torsional actuator.’* >3
Reproduced with the permis-
sion of AAAS>® and John
Wiley and Sons.>24
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Figure 4. Mechanism of the polypyrrole-based actuator membrane: (a, ¢) (upper), polypyrrole in the reduced state; (b, ¢) (lower)
polypyrrole in the oxidized state, the ions are located between the chains (yellow/crimson and A ~) and the solvent (red/blue/gray). The
actuation occurs through intercalation and deintercalation of ions between the chains. Figures 4a and 45 are reproduced with the
permission of Elsevier.* Figure 4 ¢ was prepared by the authors using original data from the study.*

polymers contain dipoles, which can be oriented in an
electric field, with the polarization being retained. The
ferroelectric properties are exhibited by poly(vinylidene
fluoride) (PVDF) and its copolymers, e.g., poly(vinylidene
fluoride — trifluoroethylene) (P(VDF —TrFE)) and so on,
and also by odd-numbered polyamides, such as Nylon 7,
Nylon 11 or their blends.®®~72

All FPs contain polar side chains, which maintain stable
polarized molecular configurations. Besides, the polar
chains are packed so as to retain the initial polarization.
For example, PVDF can form a number of crystalline
phases, which differ in the conformation of the polymer
molecules and their packing; the degree of crystallinity can
be as high as 50—70%. The phases with a dipole moment
appear when the packing of macromolecules allows the
dipole moments of the side chains to be added together,
thereby providing the polarization of the overall bulk of the
crystallite. The so-called f phase has the highest polarity.
The transitions between different polymorphs of PVDF are
presented in the classical diagram from the publication.”
The phase transition leads to an extremely large change in
the lattice constant and, consequently, to large bulk defor-
mations, thereby allowing the use of such materials as
artificial muscles (Fig. 5).7°

All known RFPs are based on the P(VDF—TrFE)
copolymer. Relaxor ferroelectric polymers are characterized
by a broad peak of dielectric permittivity and a strong
frequency dispersion.’® This makes it possible to eliminate
two main shortcomings of FPs, such as the high temper-
ature (higher than the Curie point) of the paraelectric — fer-
roelectric transition necessary for the actuation of the
device and the presence of a strong hysteresis, resulting in
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that the transition requires more energy and is poorly
controlled. Relaxor ferroelectric polymers are promising
candidates for artificial muscles. Procedures for decreasing
the Curie point for RFPs are listed below:

— the formation of defects into the P(VDF—TrFE)
copolymer to decrease the sizes of crystallites.”” The pres-
ence of smaller crystallites reduces the energy barrier for the
paraelectric —ferroelectric transition, resulting in a smaller
hysteresis;’8

— the exposure P(VDF—TrFE) to high-energy elec-
trons or protons for an efficient decrease in the Curie
point to room temperature and the suppression of the
hysteresis; 8~ 80

— the introduction of bulky side chains into the copoly-
mer 8184 (¢.g., chlorofluoroethylene,®3 chlorotrifluoroethy-
lene®! or hexafluoropropylene®’) to create polarization
defects, destabilizing the ferroelectric phase.

1.1.6. Polymer electrets

Polymer electrets (PEs) are composite materials exhibiting
piezoelectric effects due to the non-uniform distribution of
the space charge in the bulk of the composite.®¢ 87 Modern
PEs are highly porous layered polymers schematically
represented in Fig. 6 a. Porous films are charged by means
of corona discharge with a voltage varying from 5 to 10 kV.
The application of the voltage to electrodes deposited on
both sides of the electret film gives rise to an electric field
within the pores and leads to the charge accumulation at the
polymer —gas interface, the positive and negative charges
being at the opposite sides of the pores (see 6b) to form
macroscopic dipoles.”” The charges begin to interact and are
ordered, which causes a change (decrease) in the thickness

Figure 5. Structures  of
the o (non-polar) and f
(polar) phases of PVDF:
(a) distances between the
units of the backbone
along the chains; (), (¢)
distances across the poly-
mer backbone.* Repro-
duced with the permission

Beta

&
0.491 nm

of Elsevier.
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Figure 6. Schematic representation of the operation of a polymer
electret containing bipolar voids; (a) the electret with no voltage
applied, the voids are expanded, (b) a high voltage is applied, the
voids are contracted. The Figure was prepared by the authors using
original data from the studies.%¢

of the PE film. Polymer electrets can act as actuators or
sensors.®® The optimization of the composition of the
materials will increase the allowable maximum deforma-
tions of materials for PEs and will make it possible to use
these materials in robotics.

1.1.7. Electrostrictive graft copolymers
Electrostrictive graft copolymers (EGCPs) are copolymers,
in which polar side chains are coordinated to form crystal-
line regions, which serve as polarizable units of the sub-
stance, providing the electrostrictive properties of EGCPs
(Fig. 7).88

When an electric field is applied to EGCPs, for example,
consisting of the poly(chlorofluoroethylene) or poly(tri-
fluoroethylene) backbones with P(VDF —TrFE) as side
chains, polar crystallites are reoriented, resulting in the
bulk deformation of the material.®® Su er al.°® described
actuators based on EGCPs, bending either in one or in both
directions.

1.1.8. Liquid crystal elastomers
Liquid crystal elastomers (LCEs) combine the properties of
liquid crystals, exhibiting orientational order, and the
properties of  elastomeric networks.®’ In 1975,
P.-G.de Gennes predicted °2 that the changes in the orien-
tation of mesogenic groups in liquid crystals during the
phase transition can lead to bulk stresses and deformations.
In the study,’® LCEs were proposed for the first time for the
application as artificial muscles.

Liquid crystal elastomers consist of mesogenic groups
linked to each other through an elastic network polymer,
providing the movement (rotation) of mesogenic groups

Polarization of
crystallized grafts

—— Polar grafted
unit

~ Polymer chains

Figure 7. Structure of crystallites in a electrostrictive graft copoly-
mer.* Reproduced with the permission of Elsevier.

relative to each other. The mechanism of actuation of LCE
materials was described in detail in the sudies.®*~°7 For
example, in nematic polymer systems, in which mesogenic
groups are incorporated directly into the backbone, the
chains are elongated when all mesogenic groups are aligned,
the material being expanded;’® ' on the contrary, the
material is relaxed when the order is absent and the chains
are coiled into helices.!0!

The orientation can be changed under thermal and
electrical stimuli.??:94.96,102=105 Flectrically actuated LCEs
contain polarized mesogenic groups, which are rearranged
in the represented in Fig. 8.92

1.1.9. Dielectric elastomers

The focus of this review is on the dielectric elastomer
actuators, materials for such actuators and devices based
on them. Dielectric elastomer actuators operate on the
principle of the electrostatic deformation. The electrical
voltage is applied to stretchables electrodes deposited on
both surfaces of an elastomeric membrane (film), and the
resulting electrostatic force between the opposite charges on
the two electrodes (Maxwell stress) compresses the mem-
brane in thickness. Since the available dielectric elastomers
are incompressible (Poisson’s ratio for these elastomers
v &~ 0.5), such compression results in a corresponding
stretch in the planar area of the membrane.

Actuators based on such materials have attracted a great
interest because they can operate in different environments
and in a wide temperature range and demonstrate high
performance characteristics.
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Figure 8. Structural formula of a liquid crystal elastomer and the
mechanism of its actuation: («) the polysiloxane backbone (blue
rectangles) and mesogenic groups (red ovals); (b) the orientation of
mesogenic groups under an applied electric field.* Reproduced with
the permission of Elsevier.
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1.2. Energy density of materials
The energy density, the specific volumetric or gravimetric
potential energy of deformation stored in the actuator
material, is the most important parameter of the material
of any type of actuators, which is responsible for the
performance of the created device.

The potential energy of uniaxial compression

_ kx?

=7

Q)]

where x = /{, { is the deformation of a cube of the material
with an edge length /, & is its stiffness, Kk = Y/, and Y is the
Young’s modulus of the material. Designating the exper-
imental maximum allowable strength of the material as
Jdmax, One can calculate the maximum specific volumetric
potential energy of deformation, i.e. the specific volumetric
energy density (J m—3) of the deformed material

U Y
l_3 = E (5max)2 ®)
or the specific mass energy density
u Y 2
— = — (Ona 2
l3p 2,0( llldX) ( ‘1)

where p is the density of the actuator material.

An important field of research aimed at optimizing the
materials for actuators is based on an increase in the specific
parameters with the retention or improvement of the
deformation characteristics of the materials.

The stress versus strain diagrams for the efficiency of
actuation performance of different types of actuators
(Fig. 9) were reported in a number of studies, for example,
in the publications.”-20

As it is seen in Fig. 9, the parameters for each EAP
material vary in wide ranges. This area of research is
gradually developed, the properties of the materials are
optimized, their energy density and maximum strain are
increased. Meanwhile, this schematic diagram shows that
the energy density, the maximum strain or both parameters
of artificial muscles are already better compared to those of
biological prototypes, which is encouraging for researchers

and stimulates research on the optimization of the proper-
ties of EAPs, as well as on the systems of control and
regulation by both a single actuator and a complex of
interacting actuators of different types and the design of
self-regulating systems.

2. Dielectric elastomer actuator devices

2.1. Principle of operation of dielectric elastomer actuators
In 1880, W.C.Rontgen performed the following experiment.
A thin 16 x 100 cm natural rubber strip was prestretched to
twice its original length, carbon electrodes were deposited
on its both surfaces and a high voltage was applied, after
which a change in the length of the strip was observed. He
was the first to detect the change in the size of the dielectric
polymer material (rubber) caused by the mutual attraction
between the electrodes deposited on the surface (Maxwell
stress) under the applied electric field.!0¢

The principle of operation of a dielectric elastomer
actuator is schematically represented in Fig. 10. DEAs are
flexible DEAP membranes (in Fig. 10, shown in blue)
coated on both sides with stretchable electrodes (in
Fig. 10, shown in orange), so that DEA is a common planar
capacitor, the gap between electrodes is filled with a
material with the dielectric permittivity &.

Without an electrical voltage applied to stretchable
electrodes (¥ = 0), the DEA membrane has the thickness
do (Fig. 10 a). The application of a DC electrical voltage to
the electrodes (Fig. 10 b) gives rise to electrostatic attractive
forces between the electrodes and, correspondingly, stresses
appear in the material of the DEA membrane, resulting in
strains, such as the contraction of the membrane in thick-
ness to dy and the stretching in the plane together with the
stretchable electrodes. A change in the size of the DEA
membrane allows the actuator to move an item and operate
in an actuator mechanism or perform other manipulations.

Let us consider a DEA membrane with an infinite size
(area), with a uniform charge distribution over the surface
of the electrodes; the membrane material has the constant
thickness d = dp and is incompressible (for all polymers
used in DEAs, Poisson’s ratio v & 0.5) and the behaviour of
the membrane obeys linear Hooke’s law. The DC (V' > 0)
applied to the DEA generates an electric field across the

1000 ~ =< ~
e Shape Memory Tl e
e, Alloys .\\ N \GL/{\J
100 RN Ferroelectric Polymers. ‘*
e g “~~_lonic Polymer Gels.
Piezoelectric N )

10 KB Ceramics\\\\) |
“*~.lonic Polymer- <.

Metal-Composites

el Conducting

“*~._ Polymers

Tcp

N

|

Actuation stress, MPa

el Pneumatic
0.1 4. \\\ Artificial =
N “~< Muscles
\~‘~\1% \\\\\ 1
Nz &
0.01 4 - r
0.1 10

Actuation stain (%)

. ~,,
*~.. Dielectric s
¢ Etastomer Actuators Y

Shape Memory Polymers

~Jd Figure 9. Schematic diagram for
the energy efficiency of different
electroactive  polymers.?®  The
inclined lines indicate the volumet-
ric energy densities. The regions
corresponding to different EAPs

Liqquid Crystal

Elastomers,_ ;
\4\4//

=< Human Muscle™<’

Hasat actuators are in Qifferent col_ou}rs. Repro-
Q‘P\J ’ duced with the permission of IOP
s 7 Publishing.
100 1000



8 of 43

1.V.Bezsudnov, A.G.Khmelnitskaia, A.A.Kalinina, S.A.Ponomarenko
Russ. Chem. Rev., 2023, 92 (2) RCR5070

g
ydo ) \Ld\% 1
. ' [

Figure 10. Principle of operation of a DEA membrane: (a) the
DEA membrane in the free state V' = 0; (b) the voltage V' > 0 is
applied to the electrodes of the DEA membrane, the membrane is
contracted, dy < dp. The membrane is in blue, the stretchable
electrodes are in orange. The Figure was prepared by the authors
using original data from the study.!?3

thickness of the DEA membrane with the dielectric permit-
tivity ¢ and gives rise to the stress ¢,.197

V2

0, = ?Ofd—(% (3)

and the lateral strain {, of the membrane having the
Young’s modulus Y (at the compression {, < 0), is

. o, e V?
Lo -Gy (4)

Equation (4) includes the ratio &/Y, which can be
referred to as the parameter of the efficiency of DEAPs
because it depends only on the properties of the membrane.
An increase in this ratio is indicative of an increase in the
strain {, of the DEA membrane upon the actuation.

The incompressibility makes it possible to derive the
ratio for the areas and thicknesses of the membrane upon
the actuation, assuming that the compression is equal with
respect to the area and neglecting various edge effects. If So
is the surface area of the non-actuated membrane and Sy is
the area of the membrane in the actuated state, Sody = Sydy
or Sy/So = do/dy, i.e. to determine the area of the mem-
brane with changing thickness and, on the contrary, deter-
mine the thickness of the membrane after its stretching.
Thus, the stretching of a square membrane along each side
by a factor of 4 (400%) leads to an increase in the area of
the membrane by a factor of 16 (1600%), i.e., if the thick-
ness of the initial membrane material is equal to 1 mm, the
thickness of the membrane after the stretching will be
62.5 pm.

Despite the simplicity, this approach for calculations of
the strained state of DEA membranes is still commonly
used. This model was experimentally validated,!°7-19% and it
was confirmed that the strain of the membrane is described
by these equations with high accuracy up to (Sv—So)/
So < 0.2 (20%).

Taking into account these assumptions, the strain is
inversely proportional to the square of the thickness of the
DEA membrane (4). When a DC, non-variable voltage is
applied to electrodes of the DEA membrane, a decrease in
the thickness of the membrane is accompanied by an
increase in the electric field strength in the membrane. This
positive feedback between the thinning of the DEA mem-
brane and the field strength can lead to the electrical
breakdown of the membrane or electromechanical instabil-
ity. Therefore, it is necessary to find the optimal ratio of the
actuation voltage to the thickness of the DEA membrane, as
it was done, for example, in the study.!%®

It is also worth noting that in the above relations, the
state of DEA membranes is derived in terms of the linear
elastic Hooks model for the elastomer, but the non-linear
viscoelastic behaviour of the DEA membrane, particularly,
in the case of large strains, should also be taken into
account in the calculations.

The modern theory of the stress-strain state of DEAs
emerged from the theoretical publication.!!'? In this study,
the author proposed a method for calculations of the
electrostrictive deformable actuator taking into account
not only the compressive stress from the surface electrodes
but also the processes that occur during the compression in
the bulk of the polymer based on the principle of the energy
minimization. The approaches and methods for the model-
ling and simulation of the behaviour of actuator membranes
under various strain loads are beyond the scope of this
review. It should be noted that such calculations were
performed in numerous studies, in which the behaviour of
DEAs is simulated, the results of the calculations being in
good agreement with the experimental data. Let us mention
several studies 19%- 111113 35 examples.

Pelrine et al.'97-198 were the first to practically demon-
strate the operation of actuators. They showed that the
application of the voltage leads to an in-plane strain of the
dielectric membrane by more than 200% for acrylic elas-
tomers and by about 100% for silicone rubbers at a
relatively high deformation velocity. These results have led
to a surge of interest in DEAPs and DEAs as promising
artificial muscles. Currently, great attention is paid to the
design of new materials for DEA membranes and the
construction of new DEA devices.?- 1921, 114117

Although the study!®? was the pioneering one, the
operation of DEA membranes (see Fig. 11) fabricated
from different DEAPs was most clearly described in the
study.'?® The membranes shown in Fig. 11 were fabricated
from the polydimethylsiloxane (PDMS) HS III (225 pm
thick) by the spin-coating method followed by the prestrain
and then fastened to holders; conductive grease served as
the electrodes, the actuation voltage was up to 6 kV. The
operation of circular and linear DEAs during actuation is
presented in Figs 11 a and 11 b, respectively.

The results of the tests are presented in Table 2, which
gives the type of the material, the degree of prestrain (see
below), the relative changes in the electrode surface area
during actuation and so on.!°® The energy density is also
included in the last column of Table 2. For any DEA, the
energy density depends not only on the membrane material
but also on the real DEA membrane thickness determined
by the prestrain.

One cannot but pay attention to the tests of DEA
membranes in the dynamic mode, i.e., under varying actua-
tion voltage. High losses in acrylic elastomer do not allow it
to operate in the dynamic mode well. Taking the membrane
strain under a vibration excitation of 1 Hz as 100%, the
strain in the acrylic membrane at 3040 Hz will be as low
as 50%,'98 whereas the corresponding decrease in the strain
in silicone rubber occurs only at the first tens of kilo-
hertz, 118.119

2.2. Actuator membranes. Materials and properties
Materials (DEAPs) with a wide range of Young’s moduli
combined with small mechanical losses, low electrical con-
ductivity, high dielectric permittivity and a large elongation
at break are required for DEA membranes.!2°
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Figure 11. Schematic representation of the operation of DEA
membranes during actuation: (a) circular DEA (the electrode
diameter is 5 mm); (b) linear DEA.'%® Reproduced with the
permission of The American Association for the Advancement of
Science.

Currently, most of the developed DEAs are based on
three types of membrane materials: polyurethanes, poly-
acrylates and silicone rubbers. Nevetheless, other materials,
for example, fluorosilicone, poly(ethylene propylene), poly-
butadiene and polyisoprene, were also tested.!” Section 3
considers the state-of-the-art of the chemistry of DEAPs,

Table 2. Results of circular and linear strain tests for DEAs.108

methods and approaches for the optimization of the proper-
ties of these materials.

Polyurethanes used for DEAs exhibit relatively high
Young s moduli and have a high dielectric permittivity
(¢ & 7.0 and higher). Unfortunately, DEAs based on poly-
urethanes exhibit low strains, which limits their usage as
artificial muscles. However, attempts are made to design
composites or copolymers based on polyurethanes with
optimized characteristics.

Polyacrylates are apparently the most promising DEA
materials for demonstrators and prototypes of DEA devi-
ces. The commercially available acrylic elastomer VHB is
most commonly used. The Young’s moduli and the dielec-
tric permittivity of polyacrylates are generally lower com-
pared to those of polyurethanes (e.g., for VHB, ¢ ~ 3.2), but
the strains exhibited by polyacrylates being high. The linear
actuation strains of DEAs with the prestrained acrylic
elastomer VHB are higher than 380%;!!7 the area strains
are up to 1000%.!11-112 However, acrylates are character-
ized by high non-linearity, high viscoelastic losses and large
residual strains, which complicates their use in finished
items.

Dielectric elastomer actuators based on silicone elasto-
mers occupy an intermediate position between polyur-
ethanes and polyacrylic elastomers, being closer to the
latter, but they exhibit lower viscoelastic losses, allowing
them to operate sustainably, in particular, at higher fre-
quencies. Their drawback is the relatively low dielectric
permittivity, which requires higher actuation voltages com-
pared to polyacrylates.

The above-mentioned polyacrylic DEA membranes,
which are ready-made adhesive films VHB 4910 and VHB
4905 (the thickness is 1.0 and 0.5 mm, respectively). Silicone
DEA membranes are generally fabricated from industrially
available additive and condensation cured polymers, includ-
ing Sylgard,!2!-123 Ecoflex and their blends, erc.!?4125
Besides, commercially available silicone membranes based
on the cured PDMS rubber Elastosil® Film 2030 with
different thickness (20—400 um) are also widely used to
fabricate DEAs. These membranes are employed as the
reference compounds in studies of the new polysiloxane
elastomer composites with an improved properties. In some
cases, the specially synthesized laboratory silicones, for

Material Prestrain Relative thickness Relative area Electric field Effective com- Estimated
x; ¥ (%) of prestrained of prestrained strength, MV m~—! pressive strain, energy
membrane (%) membrane (%) MPa density,
MJ m—3
Circular (biaxial) prestrain
HS3 Silicone 68,68 48 93 110 0.3 0.098
14;14 41 69 72 0.13 0.034
CP19-2186 Silicone  45;45 39 64 350 3.0 0.75
15;15 25 33 160 0.6 0.091
VHB 4910 Acrylic 3003300 61 158 412 7.2 34
15;15 29 40 55 0.13 0.022
Linear (uniaxial) prestrain
HS3 Silicone 280;0 54 117 128 0.4 0.16
CP19-2186 Silicone  100;0 39 63 181 0.8 0.2
VHB 4910 Acrylic ~ 540;75 68 215 239 2.4 1.36
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example, those with an increased dielectric permittivity, are
utilized.

2.3. Actuator electrodes. Materials and methods of
deposition

The main requirement for DEA electrodes is that they
should be strained to the same extent as the DEA membrane
without loss of performance (conductivity), i.e., the electro-
des should have sufficient adhesion to the DEA material,
exhibit robust and long-term performance, retain the integ-
rity, possess satisfactory conductivity, ezc. Materials for
electrodes can be conventionally divided into carbon mate-
rials (CMs), such as carbon black, graphite, single-walled
carbon nanotubes (SWCNTs), multiwalled carbon nano-
tubes (MWCNTs), their blends and materials without
carbon materials (without CMs).!2¢ Carbon materials can
be deposited onto membranes in different forms: 1) in the
dry form as a powder or a suspension in a volatile solvent,
2) as a conductive grease, i.e., as CMs dispersed in a viscous
substance, for example, in gel, and 3) CMs as a filler in an
elastomeric matrix. Dry CMs and conductive grease are
most commonly used for electrodes in DEA demonstrators.
Figure 12 shows these three types of electrodes and the
appearance of the electrodes deposited onto the mem-
branes.!?’

Conductive greases used for electrodes are cheap and
commercially available, they are easy to apply on the
surface of the membrane, for example, with a brush and
provide good conductivity even at high strains.'?” The main
drawback of the application of such grease electrodes in
actuator prototypes is their dirtiness; they dirty everything
they touch, and this surface becomes conductive.

Electrodes without CMs may be of different nature, e.g.,
electrodes as a thin metal foil.>-127-128 These electrodes are
not widely used because of a low allowable strain and the
appearance of fatigue cracks.

Tonic polymer gels (100 pm-thick polyacrylamide hydro-
gel containing NaCl as the electrolyte) were used as electro-
des in the study.'?® They are easily stretchable, perfectly
transparent to light across the entire visible range and are
capable of operation at frequencies above 10 kHz and
voltages higher than 10 kV. Moreover, they are robust
because the resistance of the electrode insignificantly
changes with stretch.

A number of different types of carbon-free electrodes,
which were employed to create prototypes or demonstrators

a b c

Elastomeric matrix

Carbon particles

Oil/grease

Figure 12. Different carbon-based electrodes for DEAs and the
appearance of the electrodes: (a) dry CMs, (b) conductive grease;
(¢), filler in an elastomeric matrix.'?” Reproduced with the permis-
sion of Springer Nature.

of DEAs are listed below. This list is not comprehensive,
but it shows the diversity of approaches for the fabrication
of deformable electrodes:

— metal foil electrodes;>: 127-128

— highly stretchable transparent electrodes based on
ionic polymer gel;!'?°

— liquid-phase metal electrodes based on gallium
indium alloys as interlayer electrodes for multilayer actua-
tors;130

— transparent electrodes based on silver nanowires;!3!

— shape-memory electrodes made of conductive mate-
rials to increase the stiffness of DEAs in the non-actuated
state; when actuated via the application of high voltage to
DEAs, the current heats and, correspondingly, softens the
electrode, allowing the DEA membrane to be eaily
deformed;!32

— electrodes based on blends of conductive polymers
and elastomers, which are deposited on the surface of the
DEA membrane, for example, by spraying their solutions
(polyaniline in a mixture with poly(styrene-co-ethylene-
butylene-grafter-maleic anhydride) copolymer).!33

Apart from pure carbon-based electrodes and carbon-
free electrodes, composite stretchable electrodes based on
PDMS or other polymers with carbon fillers are also often
used 21134137

The procedure for the deposition of electrodes on the
surface of the DEA membrane is determined by the actuator
design and the choice of the electrode material. The follow-
ing procedures are most commonly used to fabricate an
electrode in a desired configuration on the membrane sur-
face:

— spray coating through a
(Fig. 13 a);

— stamping technique (Fig. 13 b);

— inkjet printing provided that the viscosity (and other
parameters) of the deposited material is suitable for printing
(Fig. 13 ¢).

— application of a pattern on both sides of the mem-
brane with a paintbrush (see Fig. 14).

More complex, sometimes multistep, methods are uti-
lized, for example, to deposit a blend of poly(alkylthio-
phene) and multiwalled CNTs onto a membrane (3 pum)
using the Langmuir — Blodgett method,!'3® the patterning of
an electrode on the substrate followed by its transfer to the
plasma-activated membrane and the dissolution of the
substrate,!39 etc.

In the recent study,'#° the methods for the deposition of
electrodes returned back to the beginning of the history of
DEAs, providing clear evidence that electrodes for demon-

stencil/shadow mask

a b

C
Shadow E
mask WE:\SPWY ) | —
nozzle |Stamp Inkjet " %

nozzle

Figure 13. Different methods to pattern electrodes in a desired
configuration: (a) shadow masking; (b) stamping; (¢) inkjet print-
ing.'?7 Reproduced with the permission of Springer Nature.
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Figure 14. Schematic of the process to pattern a carbon nanotube
(CNT) electrode with a brush through a shadow mask.!4? Repro-
duced with the permission of MDPI.

strators and prototypes can be painted with a brush follow-
ing simple rules and with sufficient care.

The reliability and durability of electrodes were com-
prehensively tested for several types of carbon-based elec-
trodes. The aging of carbon-based electrodes, which were
applied on a DEA membrane using different techniques,
was studied by de Saint-Aubin et al.'*' A 20 pum-thick
Elastosil 2030 membrane was employed (the active area of
DEA was 10 mm?). The tests were performed with the strain
area of 5%. A complex interrupted test cycle and the drive
frequency of 50 Hz made it possible to control the changes
in the residual deformation of the DEA membrane.!*!

It is worth noting that the resistance of the electrode is
not really important for the DEA performance, because the
electrode just has to be continuous to provide the operation
of the DEA membrane as a planar capacitor; however, the
change in the resistivity of the electrode is the robustness
indicator, i.e., the indicator of the durability of the actuator.

Table 3. Tests of carbon-based electrodes.!#!

Table 3 presents the results of the tests of different types
of carbon-based electrodes and the tests for the robustness,
i.e., the number of actuation cycles before the electrode
degrades and the loss in adhesion to the DEA membrane
occurs. 41

The method of the deposition of electrodes is determined
by the ease of application and the robustness of electrodes
for DEAs. Thus, the ease of painting of electrodes with a
brush, as was described in the study,!#? is sufficient for
DEA demonstrators, whereas the reliability and durability
are the most important criteria for mass production. The
optimal versions 4! are given in the lower rows of Table 3.
Carbon in an elastomeric matrix is the most preferable
material; it can be cycled for up to 40 million cycles and is
characterized by the minimum change in the electrode
resistance.

The robustness of electrodes, that is the resistance and
the residual deformation as a function of the number of
actuation cycles of DEAs, was also tested (Fig. 15). An
increase in the resistance and in the residual deformation
serve as indicators of the degradation of the actuator
electrodes.

Using the data presented in Fig. 15 or similar data (in
the case of the known electrode design), one can estimate
the durability of DEAs, determine the criteria for the
replacement and so on. It was also noted that at 20% strain,
the lifetime of most types of electrodes reduces to a few
thousand cycles.

2.4. Equipment for fabrication and operation of dielectric
elastomer actuators

2.4.1. Prestretching devices

The manufacturing of a free polymer membrane of an
actuator with a very small thickness, say, below 10 um is

Electrode type, application Overall DEA Electrode (top
method (thickness, pm) image, diameter view), diameter
of the support is 4 mm

ring is 44 mm

Conductive grease,
application through
a mask (100 pm)

Conductive grease,
application by stamping
(1 pm)

Soot, application through
a mask (5 um)

Soot, inkjet printing
(<1pm)

Soot in elastomer,
application by stamping
(1 pm)

Actuation voltage Number of samples Lifetime
(at 5% strain) remained stable over (number
106 cycles/ total of cycles)
number of samples
930 0/2 62000 and
88000
980 6/11 from 6000
to >11x10°
970 2/2 > 14 x 100
940 4/4 > 14 x 10°
990 7/7 >41 x 10°
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impractical, and even the handling of a 15 pm-thick mem-
brane is tricky. Therefore, dielectric membranes with a
small thickness, for example of 3 pm as in the study,!%7 are
prepared by a layer-by-layer deposition technique immedi-
ately in the proces of fabrication of a multilayer actuator.
For highly elastic polymers, the thickness of the free
membrane is controlled using prestretching, DEA used to
be fabricated from the prestretched membrane. Thus, after
the prestretching of a 1 mm-thick square membrane four
times along each side, the thickness reduces to 62.5 um (see
Section 2.1). A series of problems of the performance of
DEA membranes are also solved by the prestretching. Thus,
it prevents mechanical instability of DEA membranes, such
as the wrinkling and bending of the actuated membrane,
reduces the actuation voltage.

16 rocodie cips
v

e #
4 Stepped motor
| A— .
i \*

Portable frame

Figure 16 presents two typical devices for prestretching
DEA membranes.!!3-142 A biaxial stretching device is shown
in Fig. 16 a.!!3 Initially, the film is stretched in the horizon-
tal direction and then the clips stretch the film in the vertical
direction. Figure 16a presents the polyacrylic membrane
VHB4910 prestrained by 400% in each direction. An
example of a radial stretcher is shown in Fig. 165.142 A
disc-like membrane is radially stretched by moving clips,
which hold the circumference of the disc-like membrane (in
the device shown in Fig. 165, there are 16 clips). In the cited
study, the membrane VHB F9473PC was used; the strain
reached 250%. This type of stretching is most commonly
applied to fabricate circular DEAs. It should be noted that
in all the methods used to prestretch DEA membranes, the
critical factors are inhomogeneity and defects of the initial

e — -
dile clips

Figure 16. Devices for pre-
stretching DEA membranes:
(a) a biaxial stretching
device,''  (b) a radial
stretcher.!4? Reproduced with
the permission of MDPI!!3

=
and IOP Publishing.!4?
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film and also the non-uniformity of the film in thickness,
which are the key parameters of the initial material for DEA
membranes.

2.4.2. Devices for the fabrication of multilayer DEA membranes
Apart from mechanical equipment for assembling usual
DEA membranes to form stacks or layers coated with
electrodes, multilayer DEA membranes are generally fab-
ricated by the spin-coating method through the successive
layer-by-layer casting of membranes and deposition of
electrodes followed by the removal of the finished sandwich
and cutting of DEAs to desired shape and size.

The fabrication of a multilayer DEA membrane was
descried in detail in the study.'*? First, mixed two-compo-
nent silicone rubber is spread on a rotating substrate, a thin
polymer layer is produced by spinning and then cured; the
thickness of the resulting layer is 5—10 pum. Then 3—5 pum-
thick carbon-based electrodes are patterned through a
shadow mask, the patterns are somewhat different for odd
and event layers. The automated device for the membrane
fabrication was described in the study.!43

It is worth noting that polymers produced by different
curing methods can be used in multilayer DEAs. The
method for the deposition of interlayer electrodes can also
be varied. The main advantage of multilayer DEA mem-
branes is a low actuation voltage (200—600 V). The oper-
ation with a voltage lower than 600 V does not require a
specialized high-voltage equipment, thereby making it pos-
sible to employ standard laboratory voltage sources and
electronic components. Besides, actuator membranes fabri-
cated using by these techniques do not require additional
prestretching. However, since the fabrication of multilayer
membranes is labour- and time-consuming, it is not com-
monly used.

2.4.3. High-voltage sources

It is reasonable to consider controlled high-voltage sources
for the actuation of DEAs as a part of DEAs, although in
most cases they are separate units or electronic blocks. The
resistance of the DEA membrane is high and the DC current
does not flow through the membrane even when it is
actuated. This allows the use of high-voltage sources with
a minimum output current, i.e., with a small power and,
consequently, with a small size. Generally, laboratory
2-3-kV high-voltage sources are applied for this purpose.
However, there are also examples of the employment of
sources with a higher voltage of 7 kV or even 15 kV).
Voltage sources with a voltage of up to 5 kV and a weight
of up to 5 g are commercially available. The manufacturing
of high-voltage power inverters up to hundred volts pow-
ered by a 3.7 V watch battery with a weight smaller than 1 g
was described in the study.!4* There are other related
studies (see, for example, the publications 145 146),

The cyclic actuation of DEAs requires a high DC
voltage. In these cases, a scheme consisting of a signal
generator and a high-voltage output amplifier, which has a
wide bandwidth to operate at a specified frequency, is used.
The optimization of the modulated voltage waveform under
cyclic loading was described in the study.!4” In this case,
DEA serves as a component of the generator or additional
coupled loading circuits,'*® which improves the perform-
ance of a voltage source— DEA membrane system.

3. Materials for DEA membranes

The selection of the material for a DEA membrane is a key
problem in the design of DEAs responsible for the charac-
teristics of the device. As follows from Section 2, these
materials should have a complex of properties, such as high
dielectric permittivity, high electrical breakdown strength,
low Young’s modulus, high deformability, fast electrical
response and cyclic load resistance.

Among DEAPs for the fabrication of biomimetic artifi-
cial muscles, polyacrylates, polyurethanes and silicones are
worth mentioning. The materials considered in this Section
of the review are listed in Tables 4, 5 and 6, respectively, for
polyacrylates, polyurethanes and polysiloxanes with dis-
persed fillers. The composition and properties of DEAPs
based on chemically modified PDMS composites are pre-
sented in Table 7.

3.1 Polyacrylates

Polyacrylates are thermoplastic polymers of the
general formula —[CH,CH(COOR)],,— or
—[CH2C(CH3)(COOR)],,—, which are synthesized via pol-
ymerization of acrylates or methacrylates and copolymer-
ization with other monomers containing an unsaturated
bond such as the styrene/acrylate  copolymer
—[CH>CH(COOR)],—[CH>,CHC¢Hs),,— or the ethylene/
acrylate copolymer —[CH>CH(COOR)],,—[CH2CH2],,—.

A class of commercially available polyacrylate elasto-
mers, VHB membranes, were widely used to fabricate DEA
devices. 111112, 117.191-201 The VHB adhesive films show
relatively high dielectric permittivity ¢ = 3.21 at 1 kHz and
large linear strains up to 600% (Table 4, Nos 1 and
2).108.191 Dye to a high elongation at break, films with a
large thickness (0.5—1 mm) can be utilized using prestretch-
ing to decrease the thickness of the DEAP membrane to the
required value. A relatively high electric field strength (up
to 100 V um~—1!) is required for the actuation of these
membranes. Large viscoelastic losses and the presence of
residual strains significantly complicate the use of acrylic
membranes in DEAs. Besides, the operation of DEAs based
on these membranes is temperature-dependent, and the
optimal temperatures are in a rather narrow range from 0
to 20 °C, which limits the potential fields of application of
DEA devices with a polyacrylate membrane.!°?

Various methods for the fabrication of polyacrylate
elastomers, alternative to commercial elastomers, with
improved electromechanical characteristics are described
in the literature. These methods can be divided into two
large groups.

In one group of methods, the properties of polyacrylate
membranes are controlled via the structure and properties
of the components, such as cross-linkers, modifying addi-
tives, in situ UV-induced curing of monomers. In particular,
it was reported !4’ that the photopolymerization of
poly(ethylene glycol) phenyl ether acrylate using gold-
capped SiO; Janus particles as the filler leads to a fourfold
increase in the dielectric permittivity to ¢ = 5.4, a decrease
in the Young’s modulus from 1.7 to 0.4 MPa and, corre-
spondingly, to 24 times enhanced response of the membrane
compared to the unfilled film (Table 4, No. 3). The intro-
duction of unmodified SiO, particles has no significant
effect on these characteristics. Composites based on the
commercial acrylic rubber AR71 and AlLOs particles
(Table 4, No. 4) show an increase in the dielectric permit-
tivity to ¢ = 6.7 at the filler content of 14.4 vol.%; however,



Table 4. Composition and properties of DEAPs based on polyacrylates.

(@] OC12H25-n

No Polymer matrix Filler/Cross-linking agent ¢ atf(Hz) Y, MPa Omax, MPa Omax (%) d, pm Ey, Vum~! OSmax (%) Ref.
1 VHB 4910 No/no 3.21; 103 1-2 0.690 > 600 1000 25 — 51
2 'VHB 4905 No/no 3.21; 103 1-2 0.690 > 600 500 25 — 51
/\“«éo\/}o@ .
3 0 n SiO2@ Au/no 5.41; 103 0.41 — — 5-10 — — 149
Poly(ethylene glycol) phenyl
ether acrylate
4 ART71 ALL,O3 (0.145 vol.%)/no 6.7; 500 — — — 500 — — 150
5 No/ 577 0.26 0.060 35 2000 104 35 151
OH
OH (0]
o
Cro§ o0
(0] k(\
Cro Y
OH OH
H o
6 No/ 4\n/N \/\NJ\7 5.75; 103 0.073 33 2400 1000 — 18 152
0 H
Urethane acrylate
oligomer CN9021NS
Poly(butyl acrylate)
7 n No/bifunctional acrylic resin CN9021 4.3;103 0.07 — 100 1000 31.3 9 153
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Table 4 (continued).

No Polymer matrix

Filler/Cross-linking agent

¢ at f(Hz)

Y, MPa

Omax, MPa

Smax (%) d, um

Eg, V um~—

0Smax (%)

Ref.

c=0
OBu"

Symmetrical poly(styrene-
co-butyl acrylate)

n-Butyl acrylate/glycidyl
methacrylate copolymer

10 N

HO

n-Butyl acrylate/2-hydroxyethyl
acrylate copolymer

PMMA/PDMS block copolymer

No/no

No/no

Noj
O=C=N N=C=0

No/no

4.8;10°

5.67; 103

6.65; 10°

2.94; 10°

<l

0.11

0.17

0.025

2.88

0.4

1.2

>900

389

750

600

280

260

100

183

37

33

35

98

52

14.4

400

154

155

156

157

TIpumeuanne. 9 Smayx is relative maximum membrane surface area (%); Eq is electrical breakdown strength (V um~"). T Value calculated on capacitance measurement with maleimide copolymer as dielectric in

the capacitor.
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Table 5. Composition and properties of DEAPs based on polyurethanes.

No Polymer Filler & at Y, Omax>  Omax d, Eg, OSmax, Ref.

matrix f(Hz) MPa MPa (%) pm  Vum~—! (%)

1 Bayfol No 7.1;0.125 1.47 at 50% — 252 50 108 - Seet
EA 102 strain

2 ESTANE No 6; 103 0.009 51.7 500 110 50 8 158
TPUS8887

3 ESTANE Carbon nanopowder 6; 103 0.025 - - 70 50 12 158
TPUS8887

4 Elastollan No 8; 103 3.3 70 1000 - 20 1.9 159
Soft 45A

5 Elastollan Thermally reduced graphene oxide, 1875; 103 7.2 8.5 230 500 0.25 1.8 159
Soft 45A 2 vol.%

6 Polyurethane Copper phthalocyanine + 102; 103 10.5 40 1118 95 50 62 160

reduced graphene oxide, 3 wt.%

7 ESTANE TiO- and reduced graphene oxide, 170; 103 — 40 200 90-110 51.2 70 161
TPUS58887 3wt.%

8 ESTANE MWCNT — carbon nanoplates, 175; 103 14.5 40 970 99 35.4 72.5 162
TPUS8887 2.5wt.%

9 Elastollan BaTiO3 modified with polydopamine, 12.52; 103 1.1 6.44 1500 500 3.37 — 163
Soft 35A Ti;C,T,—based MXene

H H.,
10 ESTANE NO ONO 142: 1 34.6 - - 80 - 10.8 164
58888 — N SN
NAT 021 H H
Polyaniline "

11 Elastollan 4.6; 103 4.1 29.7  >1000 50 140 33 165
TPU 1185A
Styrene ethylene butylene styrene
block copolymer, 7.69 wt.%
Oj/O\
S
12 TPSiU-V165 | o H ol | 11; 103 2.52 6.87 2200 300 23.8 6.9 166
Ssi” \(‘Sli/ si”

I
Poly(methylvinylsiloxane) ester
graft copolymer

"

#The data is taken from the copyrighter’s website.

Table 6. Composition and properties of DEAPs based on polysiloxanes with dispersed fillers.

No PDMS Filler Amount g at Y, Omax,»  Omax, d, Eg, 0Smax Ref.
of filler f(Hz) MPa MPa (%) um Vum~' (%)
1 Elastosil No — 28,103  — 6 450 20-400 80-100 — See$
Film
2 Elastosil TiO» 33 wt.% ~58;1 — — — — 42 — 167
RH 601 BaTiOs3 30 wt.% ~6;1 — — — — 25 0.37
Pb(Mgi/3Nb2/3)03—PbTiO 30 wt.% ~551 - — — 40 —
3 Silpuran TiO> (20 um)) modified 30 wt.% 6.2;10° 0.016 0.13 400 1000 10 11 168
6000/10 with PDMS
4 Ecoflex 00-30 BaTiO3 (100 nm) 10 wt.% — 0.0463 0.65 600 — — — 169
5 LSR4305 DEV BaTiOs (1 pm) 20 wt.% 3.7;10° — — — 300 46 57 170

and 2000
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Table 6 (continued).
No PDMS Filler Amount & at Y, Omaxs Omax, d, Eg, 0Smax  Ref.
of filler f(MHz) MPa MPa (%) wum Vum~—!' (%)
6 Sylgard 184  Glycerol 120 wt.% 17,103 033  1.30 116 1000 — — 171,
172
N e ff
7 Sylgard 184 U _\> F—Ic—ﬁ—Nlﬁ—?—F 20% 6.93; 0.01  0.017 440 2250 3.5 6.27 173
NK FO OF 10°
1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
8 RTV4420 CaCusTi4012, carbonyl-containing 10 vol.%: 2133; 1.16 0.83 93 2000 47 — 174
MWCNT 3 vol.% 103
9 Ecoflex 00-30  MWCNT NC7000 0.75 wt.% 18; 1 0.14  0.98 600 200 12.5 20 175
10 Rhodorsil Functionalized graphene sheets 2.0 wt.% 14,103 — 3.40 528 100 — — 176
MF620U
11 DC3481 Hybrid graphene oxide and 60 wt.% 13.3; 090 1.53 210 500 15 3.9 177
184 SiO; particles 103
12 Sylgard 186  Technical carbon modified 5.82 vol.% 59,103 276  6.77 220 1000 58 13 178

with PDMS

§ The data is taken from the copyrighter’s website.

the Young s modulus of these composites increases by a
factor of 10.150

In the study,'>! new acrylate elastomers were prepared
by the photocopolymerization of n-butyl acrylate, diethy-
lene glycol ethyl ether acrylate and acrylate containing
furan-maleimide Diels—Alder adduct moieties. The
Young’s modulus of these elastomers can be controlled in
the range of 0.17—0.52 MPa via the thermally induced
reversible Diels—Alder reaction (Table 4, No. 5). Devices
based on these membranes can be operated in both high
strain mode (35% at 65V um—!') and high force output
mode (0.55 MPa at 104 V um—1).

The polymerization of n-butyl acrylate using a large-
molecular-weight urethane acrylate cross-linker with flexi-
ble polyether diol and aliphatic diisocyanate segments
instead of conventional small-molecular-weight cross-link-
ers resulted in the fabrication of a dielectric elastomer,
which possesses low Y ~ 73 kPa, high reversible toughness
(expansion up to 2400%), low mechanical loss and
increased ¢ = 5.75 at 1 kHz (Table 4, No. 6). It should be
noted that the device based on this material is characterized
by a large actuation strain at high actuation voltage (118%
at 70 V. um—1).152

A new type of acrylic dielectric elastomers was proposed
in the study.'’® It was synthesized by UV curing of
poly(lauryl acrylate) and the bifunctional acrylic resin
CN9021 (Sartomer Arkema Group, France) as the cross-
linker in the presence of 2-hydroxy-2-methylphenylacetone
as the photoinitiator (Table 4, No. 7). The investigation of
the mechanical properties of the resulting films showed that
the mechanical losses significantly decreased with increasing
amount of the cross-linking agent and, although the
Young’s modulus increases, it remains small, making it
possible to achieve significant strains under the actuation.
The actuation test demonstrated that the best film exhibits
9% actuation area strain without prestretching under the
actuating electric field of 11 V um—!, which is much higher
compared to VHBTM 4910. The drawback of this material
is that the actuation of DEAs causes the membrane creep,

which gradually decreases as the frequency of the actuation
voltage gradually increases.

Therefore, the control of the properties of a polymer
membrane through the structures of the initial components
and their ratio provides an efficient tool to increase the
actuation strains of the membrane and, in some cases, to
decrease the creep effect, the actuapfvtytion voltage of DEA
remaining rather high.

Another group of methods for polyacrylate material
fabrication is based on the preliminary molecular design of
a polymeric macromolecule with the required structure
followed by its curing. Thus, the first synthesis of the ABA
triblock copolymer, where A is the polystyrene block and B
is the poly(n-butyl acrylate) block, was described in the
study '%* (Table 4, No. 8). This thermoplastic copolymer is
characterized by higher dielectric permittivity and lower
viscoelastic losses and exhibits better dynamic performance
compared to the commercial polyacrylate VHB 4910.

A series of n-butyl acrylate—2,3-epoxypropyl methacry-
late copolymers with different monomer ratios were synthe-
sized by the atom transfer radical polymerization
(ATRP) '35 (Table 4, No. 9). The subsequent heating of
these copolymers at 80 °C for 12 h afforded a series of
elastomeric films with ¢=6 and Y =0.1-0.41 MPa
depending on the ratio of monomer units. Dielectric elas-
tomer actuators based on the synthesized elastomers are
characterized by an area strain of the membrane of 50% at
20 V um~—!, which is 4 times higher compared to the
commercial VHB4910. The slope of dielectric losses was
smaller than 0.5 at room temperature.

A DEA membrane was synthesized by the ATRP
method from the n-butyl acrylate—2-hydroxyethyl acrylate
copolymer 3¢ (Table 4, No. 10). Films of the composite
were prepared by the reaction of the synthesized polymer
with different amounts of diphenyl methane diisocyanate.
The resulting DEAPs are characterized by a high actuation
area strain (14.4%) at an electric field of 15.2 V um~—!
without prestretching, which is also higher compared to
that for acrylic VHB 4910.



Table 7. Composition and properties of DEAPs based on chemically modified PDMS composites.

No PDMS Filler/cross-linking agent & at f(Hz)) Y, MPa Omax, MPa Omax (%) d, pm Ey, Vum~! OSmax (%) Ref.
I |
H—éO—&%ﬁO—S%;OH
1 é K No/ HS~o~g~Ou~gy 18; 10 0.462 0.287 82 55 19 13 179
NC
| |
H{O—SF}{O—S@—OH QCaHs
2 I/ H’" No/ HsCo0—Si—OC,Hs 5.6: 103 0.070 - - - 40 61 180
S~ Cl OC:Hs
|
HO‘(’Si—O}H H
3 \ No/ —$i—o & o éi_o éi_ 4.6; 103 0.122 0.150 252 88 21.5 12.8 181
sjéo I I o\ ]
H
/—'\
9
oy /\/_:SIIE | | | |
4 5 No/ ~Si—0-$i—0-1{S—01-8i- 18.4; 103 0.256 0.550 307 145 - 8.5 182
|
—Si— n m
N02 (0] m
]
H
{3-o}
HO+Si—O+H H
5 H No/ —%i—o%%i—(y)—(,%i—o%%i- 7.0; 10° 0.250 0.950 190 140 17 10 183
HC/S ’ :
52 f/
N 9y
6 Syleard 184 No/ -éi—oj(éi—oHéi—o#i- 6.1: 10° 0.142 0.250 70 _ - - 184
| | | |
oMo
J/
~
i I T | |
7 Elastosil RT 625 NO/ —?i—o<{—sli—o~)_(,?i_o};?i_ 5.6; 103 0.850 0.150 175 _ _ _ 184
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Tale 7 (continued).

No PDMS Filler/cross-linking agent & at f(Hz)) Y, MPa Omax, MPa Omax (%) d, pm Ey, Vum~! OSmax (%)  Ref.
OEt
g HO éi/o H No/ EtO—Si—0 15 wt.% 4.29; 103 0.797 0.530 155 200 57.5 10 185
n OEt
9 Elastosil RT 625 CF3 Fluorosilicone oil, 40 wt.% 5.4;103 0.600 0.900 270 250 24 7.8 186
kéi—o(—éi—o s>i—oa—sli
] Tk b TN
10 \Es:i/o‘)\ 9.5; 103 0.069 0.140 230 — 8.5 2.6 187
OEt EtO Ph
o) Ph>Si< ;Si<OEt
11 Hofsr }H e0” o 0 4.4: 102 - 5.500 96 - - - 188
I " Zr
EtO o} (0]
si” g OFt
Ph’ | [ “ph
OEt EtO
(I)Et o
eto_ P! _si—O<g
NeieO o\ ] ~OEt
6 Q.0
\ Eto-si E©
O;‘_Si\ \o
O
g~ -CO0H ~si”
M S§ (0] Sl M
12 e‘( |I );|I © No 5.5, 103 0.060 0.070 856 500 16.5 11.6 189
I I I
H2N —/\—Si‘fO—Si}O—Si—/\—NHZ
I [ |
g ~-COOH
FeCl3 13.2; 104 0.430 0.430 120 500 — — 190

13 § |
Me—(Sli—O)fsli—Me
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Figure 17. Photographs illustrating giant strains of a free-standing
membrane made of the thermoplastic bottle-brush triblock copoly-
mer observed in circular DEA at an actuation voltage of up to
3.5 kV.292 Reproduced with the permission of John Wiley and
Sons.

The studies '°7-292 hold a special place in the design of
DEA materials possessing low moduli based on acrylate and
siloxane copolymers. The authors developed a design plat-
form, allowing the fine tuning of the mechanical character-
istics of the material by controlling the molecular
parameters of the network. Thus, thermoplastic elastomers,
linear ABA triblock copolymers, which differ in the degree
of polymerization of the A block from 145 to 867, were
synthesized. Theses copolymers are composed of the
poly(methyl methacrylate) linear block A and the brush
block B with a polymethacrylate backbone, characterized
by the degree of polymerization 884, and a dimethylsiloxane
side chain with a length of 14 units (Table 4, No. 11). The
materials synthesized based on these copolymers exhibit a
low Young’s modulus of 1—10 kPa and high strain at low
voltage (Fig. 17). The best characteristics of DEAs, such as
the fivefold strain at a low actuation voltage of about
1 V um~—!, were achieved for a membrane with a degree of
polymerization of the A block equal to 438, without
prestretching and with a membrane thickness of 1 mm.

Therefore, the molecular design of polymeric macro-
molecules makes it possible to significantly decrease the
actuation voltage for polyacrylate membranes; the record
values being achieved when using acrylate-siloxane co-
polymers.

3.2. Polyurethanes

Polyurethanes are polymers containing urethane groups
—HN—C(0O)—0O—, which are synthesized by the reactions
between isocyanates with different structures and hydroxyl-
containing, most often polyester, oligomers. The chemical
crosslinking of polyurethanes is accomplished using tri- and
tetrafunctional monomers. Physical networks can be
formed via hydrogen bonding between urethane moieties
and through the crystallization of polyester segments. The
physical networks result in high breakdown strength char-
acteristics of these polymers and a high Young’s modulus,
which complicates their use in DEAs because of the neces-
sity of applying high actuation voltage.

Meanwhile, the polar nature of urethane moieties is
responsible for higher dielectric permittivity of these poly-
mers compared to acrylates and silicones. The dielectric
permittivity is a linear function of the concentration of
urethane groups and varies from 7 to 12 for commercially
available polyurethanes.!®? Besides, polyurethanes can be
molten, and then thin films with a thickness smaller than

50 m can be prepared from these melts, which can compen-
sate the high Young s modulus of polyurethanes.!39-203

The commercially available polyurethane film
Bayfol EA 102 is characterized by the dielectric permittiv-
ity ¢= 7.1, the electrical breakdown strength up to
130 Vum~—! and Y = 1.44 MPa at 50% strain (Table 5,
No. 1). An undeniable advantage of this film over acrylic
films VHB is 20 times lower viscoelastic loss; however,
unfortunately, high moisture sensitivity of polyurethanes
due to their high polarity leads to significant leakage
currents.?%4

The electromechanical potential of the commercially
available polyurethane ESTANE 58000 TPU was improved
by incorporating carbon nanopowder with a particle size of
30 nm in a polymer matrix (Table 5, Nos 2 and 3).'3® The
elastomeric films with a thickness of about 70 um were
prepared. It was shown that DEAs based on these compo-
sites have an actuation strain up to 8% at 8 V um~—1.

A dielectric elastomer based on the polyurethane TPU
Elastollan Soft 45A and thermally reduced graphene oxide
was described in the study '>° (Table 5, No. 4 and 5). The
dielectric permittivity of the material sharply increased
compared to unfilled polyurethane (¢ = 1875 versus ¢ = 7)
by adding 2 vol.% of graphene oxide; the Young s modulus
increased from 3 to 7 MPa, and the conductivity increased
by four orders of magnitude to 10~7 S cm—!. The actuation
strain of the DEA membrane based on this material can
reach 1.8% at a low electric field of 0.25 V pm—! (the strain
of unfilled polyurethane is 0.1%). The incorporation of
polyethylene glycol with a molecular weight of 600 into
composites has a plasticizing effect, the Young’s modulus
decreases by a factor of 6 and the dielectric permittivity also
decreases with the retention of high conductivity.!”” In this
case, the electrical breakdown strength increases, but it is
not higher than 10 V um—!

The use of graphene oxide functionalized with copper
phthalocyanine as a filler of polyurethane 160 also leads to
an increase in the strain (by a factor of 2), the dielectric
permittivity and the breakdown strength and a decrease in
the Young’s modulus compared to the composite filled with
unmodified graphene oxide (Table 5, No. 6). The use of a
blend of graphene oxide and titanium oxide instead of pure
reduced graphene oxide leads to an increase in the max-
imum strain of the film elastomer by a factor of 1.8, to
72.4% at 38.7 V um—! (Table 5, No. 7).16!

The polyurethane elastomer ESTANE 58000 TPU was
used to compare the effect of MWCNTs, carbon nanoplates
and a MWCNT/carbon nanoplate blend on the dielectric
and mechanical characteristics of films.'%? The dielectric
permittivity of composites with fillers increases proportion-
ally with the filler amount. The breakdown strength and the
Young s modulus of MWCNT-based composites are higher
compared to other composites. The incorporation of any
filler leads to an increase in the actuation strain of the
composites. However, the best result was achieved for the
MWCNT/ carbon nanoplate blend; the strain of this blend

was 72% at 35V um~!, whereas the strain for unfilled
polyurethane was at most 29% at 38 Vum~—! (Table 5,
No. 8).

The study '3 described the synthesis of composites of
the thermoplastic polyurethane TPU Elastollan Soft 35A
filled with barium titanate nanofibres, the surface of which
was modified by polydopamine, and a 2D material (M Xene)
based on titanium carbide (Table 5, No. 9). The incorpo-
ration of modified barium titanate leads to an increase in
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the dielectric permittivity, low dielectric losses and the high
Young’s modulus of the composites. The addition of 2D
titanium carbide results in a further increase in the dielectric
permittivity, but this also leads to an increase in dielectric
losses and a decrease in the Young’s modulus of the
composites. A combination of these fillers made it possible
to increase the dielectric permittivity with the retention of
low dielectric losses and a decrease in the Young’s moduli.

The incorporation of polyaniline into polyurethanes 164
also leads to an increase in the dielectric permittivity to
e =142 (Table 5, No.9). The maximum strain of the
membrane is 10.8% at low electric fields of 4.5 V. mm—!.

In a recent study, the properties of polyurethane were
improved by the addition of a styrene—ethylene — butyle-
ne —styrene copolymer (Table 5, No. 11).165 In this case,
the Young’s modulus reduced by half compared to unfilled
polyurethane (to 2.4 MPa), the dielectric permittivity
decreased to ¢ = 4.6 and the electrical breakdown strength
increased to 118 V pm—!. The maximum actuation strain of
this material at 80 V um—! was 4.7%, which is 2.5 times
higher compared to that of unfilled polyurethane.

The incorporation of polymethylvinylsiloxane grafted
by methyl thioglycolate into the thermoplastic polyurethane
TPSiU-V165 was accomplished in the study '6® (Table 5,
No. 12). The Young’s moduli of the synthesized composites
significantly decreased compared to the initial polyurethane
(2.52 versus 3.78 MPa), the dielectric permittivity increased
from ¢ =4 to ¢ =11 at 1 kHz and the electrical break-
through strength decreased from 45 to 24 V. um—!'. The
maximum strain was 6.9% without prestretching.

Therefore, the analysis of the literature data shows that
the majority of studies on the application of polyurethanes
as DEA membranes were aimed at preparing composites
filled with carbon particles, which allow the control of the
electromechanical characteristics of membranes, in partic-
ular, make it possible to increase the dielectric permittivity
and the maximum strain of the material; however, the
actuation voltage remains rather high.

3.3. Polysiloxanes
Polysiloxanes are the most promising materials for DEAs.
Unlike polyacrylates, polydimethylsiloxanes (PDMS)
—[(CH3)2Si0],,— can operate at high frequencies with
small losses, have stable electrical and mechanical proper-
ties and exhibit a fast electrical response.!? As opposed to
thermoplastic polyurethanes, PDMS shows moderate elon-
gations, low Young’s moduli and rather high breakdown
strengths. Moreover, PDMS is operated at a wide temper-
ature range, environmentally safe, biologically inert and
processable. These properties determine the interest
towards PDMS materials as electromechanical actuators,
force sensors and flexible electronics. Because of low dielec-
tric permittivity of PDMS (¢ = 2.7—3.2), the required driv-
ing voltages become close to the dielectric breakdown
strength (100 V um~—! and higher), thereby limiting the
scope of applications.?%3

A number of papers and original studies discuss the
design of silicone-based DEAs, as well as the issues related
to its manufacturing problems.206-209

The state-of-the-art of the silicone chemistry ensures a
vast diversity of research on the (i) modification of PDMS
and (ii) the preparation of composites with required char-
acteristics for DEA.219-212 Whilst the latter involves the
incorporation of disperse fillers into the PDMS matrix, the
former group relies on the fabrication of chemically modi-

fied polar siloxanes with improved dielectric permittivity. In
addition, controlled mechanical properties were have been
achieved through the highly stretchable composites, the
synthesis of bottle-brush polymers for highly soft compo-
sites, the fabrication of liquid fillers for interpenetrating
networks, etc.

3.3.1. Polydimethylsiloxane composites with dispersed fillers

The first report on the introduction of fillers with high
dielectric permittivity, such as titanium dioxide TiO»,
barium titanate BaTiO3 and lead magnesium niobate-lead
titanate Pb(Mg;/;3Nb2/3)O3—-PbTiO3, into polymers was
published by Szabo et al.'®7 (Table 6, Nos. 1 and 2). The
authors studied the effect of the filler concentration in the
PDMS Elastosil RH601 A/B on the dielectric and mechan-
ical characteristics of the composite at a frequency of 1 Hz.

It was found that an increase in the filler concentration
leads to an increase in the Young’s modulus and the
dielectric permittivity of the composites. However, this
effect is significant only at a high filling content from 30 to
70 wt.%, while the type of the filler has no significant effect
on these characteristics.

The PDMS Silpuran 6000/10 composites containing
TiO; particles (20 um), which was preliminary functional-
ized with low-molecular-weight PDMS, demonstrated an
increase in the linear strain compared to pure PDMS at the
filler concentrations of 5 and 10 wt.% at an electric field of
80 V um~—! (Table 6, No. 3). This was attributed to an
increase in the dielectric permittivity of these composites.
A decrease in the strain as the filler concentration further
increases is due to an increase in the Young’s modulus.!%8 It
should be emphasized that the slope of the loss remains
almost unchanged compared to pure PDMS up to 30 wt.%
of the filler, which is indicative of the absence of the effect
of TiO, on the viscoelastic properties of the material. The
filling of PDMS composites with TiO» up to 12 wt.% has
not effect on the breakdown strength.?13.214

The introduction of BaTiO3 nanoparticles with a size of
100 nm into PDMSs up to 10 wt.% leads to an increase in
the Young’s modulus (Table 6, No. 4).1%% A further increase
in the filler content facilitates the agglomeration of particles
in the composite and, at a filler content > 10 wt.%, results
in a decrease in the Young’s modulus. The filling of PDMSs
with BaTiOs particles with a size of 1 pym leads to an
increase in the dielectric permittivity of the composite to
¢ = 6, but the effect is achieved only at high filling factors
(50 wt.%) (Table 6, No. 5).17° At low frequencies, the slope
of the dielectric loss increases. The minimum Young’s
modulus of these composites was observed at the equi-
biaxial stretch ratio of 1.6. The maximum strain of 57%,
achieved by DEAs at an applied electric field of 46 V um—1,
was found for the composite with 20 wt.% filler content. A
further increase in the degree of filling led to a decrease in
the strain, which was also attributed to the particle aggre-
gation.

The necessity of a high degree of filling of the polymer
matrix with BaTiO3 particles is in good agreement with the
data obtained for the filling of other polymers.?!5-216¢ How-
ever, in this case an increase in the dielectric permittivity
does not allow the reduction of the actuation voltage, in
particular due to a decrease in the electrical breakdown
strength.

The introduction of polar liquids, like solid polar or
electrically conductive fillers, allows the control of the
dielectric and mechanical properties of composites. Glyc-
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erol was used as the polar liquid in the studies.!”!-172 The
introduction of 37 wt.% glycerol into the PDMS Sylgard
184 made it possible to achieve ¢ = 12 for the composite,
whereas the conductivity remained rather low
(10-3 S cm~"), and the Young’s modulus decreased to
0.3 MPa (Table 6, No. 6). These materials are promising
for DEAs. However, electromechanical studies were not
conducted and, consequently, the mechanical stability of
the composites cannot be evaluated.

The addition of 20 vol.% 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide as the ionic liquid to the
PDMS Sylgard 184 matrix !7? leads to an increase in the
dielectric permittivity to ¢ = 7 and a decrease in the Young’s
modulus to 10 kPa (Table 6, No. 7). The electrical break-
down strength of these composites decreases to 15 V pm~— 1.
An increase in the linear strain of the composite is 6.5% at
nominal electric fields of merely 4 V pm—1.

The introduction of conductive carbon fillers, such as
technical carbon, graphene, graphene oxide, CNTs, into the
matrix is another method commonly used to enhance the
dielectric permittivity. However, the use of such fillers to
prepare dielectric elastomers is limited by the critical filler
concentration known as the percolation threshold. The
incorporation of CNTs into PDMSs at low concentrations
(1—5 wt.%) makes it possible to increase the dielectric
permittivity, with the Young’s modulus remaining
unchanged or decreasing, but this leads to a significant
decrease in the electrical breakdown strength of the compo-
sites compared to PDMS and an increase in the conductivity
when approaching the percolation threshold.?!7-220

As opposed to composites with MWCNTs, the embed-
ding of covalently bonded calcium copper titanates
(CaCusTigO12) with carbonyl-containing MWCNTSs into
PDMS composites results in an increase in the dielectric
permittivity to ¢ = 2133 at 1 kHz with the retention of low

dielectric losses, as small as 0.19 (Fig. 18) (Table 6,
No. 8).17% The tensile strength of these composites
a
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approaches 1.12 MPa, and the Young’s modulus increases
to 1.16 MPa.

In the study,!”> 11-layer composites with a total thick-
ness of 200 pm were prepared by the sequential deposition
of the layers of PDMS Ecoflex 00-30 and MWCNTs
(Nanocyl NC7000)/PDMS blend (Fig. 19).

It was found that the dielectric constant e of the
composites sharply increases when the MWCNT content
in the PDMS/MWCNT layer increases from 0.5 to
0.75 wt.%; for 1 wt.%, ¢ is 22 (Table 6, No.9). The
Young’s modulus of the composites increases twofold
compared to pure PDMS, from 0.08 to 0.15 MPa, but the
electromechanical sensitivity is 5.5 times higher compared
to PDMS. The electrical breakdown strength of the compo-
sites decreases with increasing MWCNT content and is
9.5V um~! for 1 wt.%. A comparison of the strains of
the initial PDMS and the multilayer composites at an
applied filed of 8 V um~—! demonstrates an eightfold
increase. The sample with 0.75 wt.% MWCNT content in
the PDMS/ MWCNT layer showed the highest and stable
strain over a total of 100 cycles (20.3% at 12.5 V um~—1!) at
an applied voltage without any prestretching.

The dielectric and mechanical properties of composites
based on PDMSs and functionalized graphene sheets
(FGSs), which were prepared by the thermal reduction of
graphene oxide, were investigated in the study !7¢ (Table 6,
No. 10). It was found that the dielectric permittivity of the
sample containing 2 wt.% FGSs increased by a factor of 10
compared to unfilled PDMS, with low dielectric loss and
good mechanical properties being retained.

The introduction of graphene oxide-encapsulated silica
hybrids (GO@SiO,) into PDMS 77 made it possible to
simultaneously increase the dielectric permittivity from
& = 3.2 for PDMS to ¢ = 13.3 for the composite at 1 kHz
and improve the mechanical properties (Table 6, No. 11).
The dielectric loss remained rather low (<0.2 at 1 kHz).
Although the filled composite had a higher Young’s mod-
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L— CaCusTisO12 (10 vol.%)/PDMS
(CCTO/PDMS), MWCNTSs
CCTO/PDMS (2 vol.%)/PDMS (MWCNTs/PDMS)
P B and CaCu;3TisO12
(10 vol.%)@MWCNTs (3 vol.%)/
PDMS (CCTO@MWCNTs/
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mission of Royal Society of Chemis-
try.
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Figure 19. Schematic of the assembly process for multilayer elastomer composites.!”> Reproduced with the permission of Elsevier.

ulus, the simultaneous increase in the dielectric permittivity
of the composite led to a higher actuated strain at an
applied electric field (3.5% at 10 V um~—!) compared to
the initial PDMS (0.58% at 10 V um—1).

The introduction of technical carbon particles into
PDMS Sylgard 186, graft modified with monohydroxyl-
containing PDMS,!78 at 5.82 vol.% filler content leads to an
increase in the Young’s modulus and the dielectric permit-
tivity to 2.76 MPa and ¢ = 5.9, respectively (Table 6,
No. 12). The introduction of modified technical carbon
results in an approximately twofold increase in the electrical
breakdown strength of the composite compared to the
unmodified sample (from 34.5 to 63 V um~—!). The mem-
brane actuated by a low electric field of 7.14 V um—!
showed a 2.8-fold increase in the surface area compared to
pure PDMS.

In general, the introduction of dispersed particles leads
to an increase in the dielectric permittivity of siloxane
elastomers and electromechanical sensitivity. However, all
studies were performed using rather thick samples, from
500 um to 2 mm, which require high applied voltages
(> 1 kV), thereby, limiting their application for the fabri-
cation of artificial muscles.

3.3.2. Chemical modification of PDMS and elastomers on its basis
with polar groups

The chemical modification of siloxanes with polar groups
leads to an increase in the permittivity and also makes it
possible to fabricate membranes with a low thickness
(100 pm), which allows the decrease in an electrical voltage
for their actuation. The fabrication of PDMS composites
containing polar groups involves the premodification of one
component, either the polymer or the cross-linker, followed
by curing, which makes it possible to control the properties
of the composite at the molecular level. Moreover, polar
groups can be grafted to the matrix directly during the
curing process.

Numerous investigations of polysiloxane DEA con-
cerned with the chemical modification of PDMS and
components with polar groups (alkylthio,??!-222 fluo-
roalkyl,!36-183  chloroalkyl or aryl,!80-183.185  thioace-
tyl,181.223 nitrile,179- 181,224 - 229 nitroalkyl, '8!

nitroaryl,!82.184.230  gylfonyl,?3!  azobenzene,?3?> other
groups '81-233,234) " the study of its effect on the dielectric
and mechanical characteristics of modified PDMS and
PDMS composites, the manufacturing of devices and eval-
uation of their performance.

One of the key problems of PDMS modification with
polar groups is that an increase in the dielectric permittivity
occurs along with a decrease in the backbone flexibility
depending on the length of the spacer between the backbone
and the polar group. As a consequence, the glass transition
temperature increases and elastic deformations decrease,
which ultimately narrows the operating temperature range
and leads to a decrease in the strain of DEA.

The effect of a wide range of polar groups (Fig. 20) on
the dielectric characteristics and the glass transition temper-
ature of PDMS was comprehensively studied in 2021.223
This reseach revealed the most promising polar groups for
modification. A series of PDMSs with certain molecular-
weight characteristics and a specified number of vinyl
groups were synthesized. Then polar groups were grafted
to these polymers via the thiol-ene reaction. The analysis of
the correlations of the dielectric permittivity of the synthe-
sized polymers with the glass transition temperature and the
conductivity (see Fig. 20) demonstrated that PDMSs modi-
fied with methylsulfonyl (6, the numbering according to
Fig. 20), 2—oxopyrrolidinyl (8), N,N-dimethylpropylamide
(9) and cyanopropyl (13) groups are most promising for use
as dielectric elastomers because these elastomers show high
dielectric permittivity (¢ = 7—8 at 20 mol.% content of
siloxane units with polar groups, ¢=20—22 at
100 mol.%) with increasing glass transition temperature
from ca. —100 to —20 °C in the case of (6) and to —40
and —50 °C for (8,9, 13) and with an insignificant change
in the conductivity.

Most works are one-off studies aimed at fabricating
polysiloxane dielectric materials modified with a particular
polar group. The modification of PDMS with nitrile groups
is studied in most detail in terms of the use in different
synthetic approaches. There are three main approaches for
obtaining PDMSs with nitrile groups:

— the hydrosilylation of the pre-synthesized poly(hyd-
ro)methylsiloxane with allyl cyanide;?26-228,229,235
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— the preliminary modification of hydride-containing
cyclosiloxane with allyl cyanide via the hydrosilylation
followed by the copolymerization of cyclic compound with
octamethylcyclotetrasiloxane or the catalytic rearrangement
of cyanopropyl-containing cyclosiloxane prepared in the
first step with o,0-dihydroxy polydimethylsiloxane;??8

— the thiol-ene reaction of polyvinylmethysiloxane with
3-mercaptopropionitrile.!7% 181, 182,223,225

The modification of hydride-containing PDMS with
allyl cyanide via the hydrosilylation is characterized by the
incomplete conversion of hydride groups (rather labile even
during storage), which may lead to the formation of cross-
linkages and uncontrolled crosslinking of the resulting
products.??8:22° Composites with enhanced dielectric per-
mittivity were prepared by the selective hydrolysis of the
remaining hydridosilyl groups followed by the curing of the
products in blends with unmodified PDMS containing
terminal hydroxyl groups via the condensation in the
presence of tetraethoxysilane as the cross-linker and dibu-
tyltin dilaurate as the catalyst.??® The dielectric permittivity
of the composites decreases proportionally to the PDMS
concentration in the composite compared to the dielectric
permittivity of pure polar PDMS, as exemplified by the
polymer containing 89 mol.% y-cyanopropyl methyl silox-
ane units. For the latter polymer, the dielectric permittivity
decreases from ¢ = 15.9 to ¢ = 4.9 (33.3 wt.% polar PDMS
in the composite). However, even in this case, the maximum
actuation strain of the DEA membrane increases by
1.5 times compared to unmodified PDMS (1.7% and
0.6%, respectively). The introduction of a mixture of
cyanopropyl and hexyl groups (10 and 79 mol.%, respec-
tively) into PDMS at the same concentration of polar
PDMS in the composite leads to an increase in the actuation
strain up to 5.6%.

Another way of PDMS modification with cyanopropyl
groups involves the preliminary modification of the cyclo-
siloxane monomer, 2,4,6,8-tetramethylcyclotetrasiloxane,
with allyl cyanide via the hydrosilylation followed by the
copolymerization of the cyclic product with octamethylcy-
clotetrasiloxane or its catalytic rearrangement with o,m-
dihydroxy-terminated polydimethylsiloxane. This method
allows the controlled preparation of PDMS with a required
number of cyanopropylmethylsilyl units, thereby resolving

the problem of incomplete conversion of hydrosilyl groups
in the case of the modification (Table 7, No. 1).228

The thiol-ene reaction of the vinyl-containing matrix
with 3-mercaptopropionitrile is an alternative to the hydro-
silylation used in the modification of PDMS. Unlike the
hydrosilylation, the thiol-ene reaction leads to the complete
conversion of vinyl groups regardless of the concentration
of nitrile polar groups.'®! The resulting polymers are
characterized by comparable dielectric permittivity (from
e =4.7 to ¢ = 18) regardless of the condition of prepara-
tion.179-224.226,228.229

In the study,??* the modification of vinyl-containing
PDMS with 3-mercaptopropionitrile was accomplished dur-
ing the crosslinking with 2,2'-(ethylenedioxy)diethanethiol.
The resulting PDMS composite had ¢ = 10.1 at 10 kHz,
Y = 135 kPa at 100% strain and the elongation of 260%.
Actuators made of this DE were self-healable and exhibited
the lateral actuation strain of 17.4% at 10 V pm—!, which is
25 times smaller compared to that of actuators made of the
PDMS composite based on Elastosil RT745 ‘S” A/B.

Another approach to the fabrication of a PDMS com-
posite involves the preparation of PDMS premodified with
3-mercaptopropionitrile followed by the curing using
2,2'-(ethylenedioxy)diethanethiol and pentaerythritol tetra-
kis(3-mercaptopropionate) as cross-linkers. The resulting
elastomer films are characterized by the high dielectric
permittivity ¢ = 18 and the controlled Young’s modulus
(from 350 to 790 kPa).'” The dielectric elastomer, fabri-
cated using 2,2'-(ethylenedioxy)diethanethiol as the cross-
linker, gave a stable lateral actuation over 50 thousand
cycles and the lateral actuation strain of 13% at
13 V um~—'. The use of pentaerythritol tetrakis (3-mercap-
topropionate) as the cross-linker resulted a film, which is
capable of large out-of-plane strains at 41 V um—! and high
electrical breakdown strength of 100 V pum~—!. This
approach was used to prepare films with a thickness below
20 pm, and the actuators operating at a low voltage (200 V)
were fabricated for the first time.

The modification of PDMS with other polar groups did
not provide high results although facilitated the improve-
ment of the characteristics of the materials and actuators
compared to unmodified PDMS. The main groups are
described below. Thus, the introduction of trichloropropa-
nethiol groups, which are less polar than the cyano group,
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into PDMS also provides an increase in the dielectric
permittivity.!80 The curing of these polymers with tetrae-
thoxysilane in the presence of dibutyltin dilaurate affords
elastomer films with enhanced dielectric permittivity ¢ = 5.6
and a lower Young’s modulus (0.07 MPa) at 8.6 mol.%
content of methyl(trichloropropyl)siloxane units in the
polymer compared to the initial vinyl-containing matrix
(¢ =4 and 0.32 MPa, respectively). The strain of these
materials may reach 61% at 40 V um—! (Table 7, No. 2).

Thioacetoxy groups introduced into the polysiloxane
matrix via the thiol-ene reaction insignificantly increase the
dielectric permittivity to ¢ = 4.7, but these materials have an
increased sensitivity to the electric field compared to
unmodified PDMS eclastomers and showed an actuation
strain of 12.8% at 21.5 V um—! (Table 7, No. 3).18!

Polydimethylsiloxane modified with nitroaniline groups
was prepared by the hydrosilylation of N,N-diallyl-4-nitro-
aniline with hydroheptamethylcyclotetrasiloxane followed
by the copolymerization with octamethylcyclotetrasiloxane
and the curing of the product in the presence of hydride-
terminated polymethylsiloxane and dibutyltin dilaurate
(Table 7, No. 4).'82 The best elastomer contained
32 mol.% nitroaniline groups and was characterized by
high permittivity, ¢ = 18.7, and the maximum strain of
299%. The actuator showed an actuation strain of 7.2% at
an electric field below 7 V um—!. Good electromechanical
characteristics and a small film thickness (100 pm) provide
good performance of the devices at a driving voltage of
900 V (Table 7, No. 4).

Another method of modification of PDMS elastomers
with polar groups is based on their grafting to a cross-
linker.183.186,223.233 1t i known that the modification of
hydroxyl-terminated PDMS with n-mercaptoalkanes with
different chain length from C; to C;2 and their curing with
polymethylhydrosiloxane in the presence of dibutyltin
dilaurate provides an increase in the dielectric permittivity
of the films to ¢ = 5.4—5.2 for C,—C3, and the further
increase in the substituent length leads to a decrease in the
dielectric permittivity to & = 3.7 for Cg??! The Young’s
modulus increases with increasing length of the alkyl sub-
stituent from 70 to 160 kPa at 10% strain in the series
C,—Cg, and the elongation at break decreases from 150 to
50%. In this case, the use of (2-cyanoethyl)triethoxysilane
as an alternative cross-linker for modified PDMS provides
an increase in the dielectric permittivity to ¢ = 7, an increase
in the Young s modulus to 200 —250 kPa at 10% strain and
in the tensile strength from 0.1 kPa to 800 kPa. This
material shows the maximum strain of 10—12% and the
electrical breakdown strength of 17—19 V um—! (Table 7,
No. 5).

The additive crosslinking using N-allyl-N-methyl-p-
nitroaniline '3 and the commercially available siloxane
composites Sylgard 184 and Elastosil RT 625 affords films
characterized by an increase in the dielectric permittivity
and a decrease in the Young’s modulus with increasing
content of polar groups in the composites.?>> At the
maximum content of these groups (10.7 wt.%), the dielec-
tric permittivity of the resulting composites is ¢ = 5.6 and
&= 6.1, and the Young’s modulus is 850 and 142 kPa,
respectively. For Elastosil RT 625, the introduction of
nitroaniline moieties leads to a decrease in the electric field
strength to the value required for the strain, from 10 to
6.5 V um~! for 1% strain; for Sylgard 184, this leads to an
increase in the maximum strain at the same applied field
from 0.1 to 0.3% at 10 V um—! (Table 7, Nos 6 and 7).

In the study,'®> one ethoxy group of tetraethoxysilane,
which was used as the cross-linker for curing o,0-dihydroxy
polydimethylsiloxane in the presence of dibutyltin dilaurate,
was subjected to transesterification with p-chorophenethyl
alcohol to prepare composites, the dielectric permittivity of
which increased to ¢ = 4.29 (¢ = 3.16 for the composite with
tetracthoxysilane) at 15 wt.% content of the modifying
agent, with the retention of dielectric loss and the conduc-
tivity at the same levels; the Young s modulus increased by
100 kPa and the electrical breakdown strength increased by
10—20 V um—! depending on the modifying agent content
(Table 7, No. 8). The maximum strain of the composite is
9.97% at an applied electric field of 57.5 V um~!' for the
composite with 15 wt.% content of the modifying agent,
which is 2.6 times higher compared to that of the unmodi-
fied composite (3.89% at 48.2 V um~—1).

A comparison of the devices based on materials modi-
fied with a particular polar group led to the conclusion that
the modification of PDMS is preferable over the grafting to
a cross-linker. Meanwhile, the latter approach holds prom-
ises because it allows the preparation of dielectric materials
with the improved dielectric and mechanical characteristics
based on commercially available silicone composites.

Therefore, the chemical modification of PDMS with
polar groups is an efficient method for controlling the
dielectric and mechanical characteristics of composites
and, as opposed to the introduction of dispersed fillers, for
preparing thin films (< 100 pm). The modification of
PDMS with nitrile groups afforded a DEA material operat-
ing at a low applied voltage of 200 V.

3.3.3. Alternative methods for the optimization of the properties of
polysiloxanes dielectric elastomers

Apart from the introduction of dispersed fillers and the
modification of PDMS with polar groups, alternative meth-
ods allowing the control of the dielectric and/or mechanical
characteristics of DEAs were described in the literature.

As was shown above, the preparation of siloxane
copolymers with other polymers promising for DEAs, in
particular with polyurethanes and polyacrylates, makes it
possible to decrease the voltage required for the actuator
operation and increase the maximum strain (see Sections 3.1
and 3.2).157-166.202 The incorporation of other polymers
into the siloxane matrix also seems to be efficient for
controlling the properties. Thus, the blending of PDMS
and highly polarizable conjugated poly(3-hexylthio-
phene) 187 afforded composites, the dielectric permittivity
of which increased to ¢ = 14 at 10 Hz and at 1-6 wt.%
content of poly (3-hexylthiophene) (Table 7, No. 9). An
increase in the dielectric permittivity was accompanied by
an increase in the dielectric loss and the conductivity at low
frequencies and also by a decrease in the Young s modulus
from 95 to 69 kPa compared to unfilled PDMS. The highest
strain (7.6%) at an applied electric field of 8 V um~—! was
achieved for a sample containing 1 wt.% poly(3-hexylthio-
phene).

The addition of fluorinated silicone oil as the softening
agent to PDMS with trifluoropropyl groups led to the
enhancement of the dielectric permittivity to ¢ = 6 regard-
less of the oil concentration in the composite, while the
durability of the composite, the Young’s modulus and the
electrical breakdown strength decreased with increasing oil
content.'8¢ For the composite containing 45% oil at an
applied field of 14 V pm—!, the maximum strain of 7% was
observed, which is 5 times higher compared to the unmodi-
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fied composite (Table 7, No. 8). However, the use of soft-
ening agents is limited because molecules, which are not
bound to the polymer matrix, can migrate during the device
operation, which has an adverse effect on the actuator
durability.23¢

The use of the concept of liquid filling makes it possible
to fabricate composites filled with metal oxide particles by
incorporating the starting metal-containing reagents,
thereby providing a route to the preparation of
nanocomposites with a uniform distribution of the filler
in the matrix from the solution.?37-23° Tarasenkov et al.!%8
proposed a method for the fabrication of PDMS elastomers
using the concept of liquid filling, according to which
polyalkoxy functional metallosiloxane oligomers act as a
precursor of the metal oxide component and polyethoxysi-
loxane served as the silica component. A series of highly
filled composites were prepared. It was demonstrated that
the type of metal and organic substituents on the silicon
atom and also the concentration of the silica precursor
make it possible to control the dielectric permittivity (to
5—10 at 1-10 Hz) and the mechanical characteristics (the
breakdown strength to 2—10 MPa and the elongation at
break to 200%) (Table 7, No. 11).

Besides, the mechanical and dielectric properties of
siloxane elastomers can be controlled via the formation of
networks of hydrogen and ionic bonds.'%® The authors
prepared a self-healable siloxane material based on poly-
methylvinylsiloxane modified with mercaptopropionic acid
(PMS-g-COOH) and amino-terminated PDMS. An increase
in the content of PMS-g-COOH in these elastomers led to
an increase in the dielectric permittivity from & = 4.1 to

a
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O Q Si—H crosslinking
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hydrosilylation (
—_—

Bottle-brush PDMS

¢ = 5.5 at 1 kHz and a decrease in the Young s modulus
from 150 to 60 kPa; the strain was 10.7% at 15V pm~!
(Table 7, No. 11). The use of FeCl; instead of amino-
terminated PDMS as the cross-linker resulted in an increase
in the dielectric permittivity to ¢ = 13.2 at 10 kHz and an
increase in the Young’s modulus to 430 kPa at the 10%
content of the salt (Table 7, No. 12).190 Strech sensors were
fabricated based on these elastomers.

The development of methods alternative to the conven-
tional methods for the preparation of PDMS composites
provides new prospects for the control of the properties of
polymers, including mechanical characteristics. Thus, the
use of molecular fillers, MQ nanogels, makes it possible to
fabricate transparent PDMS composites with mechanical
characteristics controlled in wide ranges: the Young’s mod-
ulus from 0.1 to 51 MPa, the breakdown strength from 0.1
to 10 MPa, the strain from 96 to 900%188.240-243

Hu er al.?** proposed a new procedure for the fabrica-
tion of highly stretchable (2800%) and extremely soft
(1.2 kPa) silicone elastomers using commercially available
precursors, such as telechelic vinyl and hydride functional
PDMS, multi-hydride functional PDMS and monovinyl
functional PDMS. They used two platinum-catalyzed chem-
ical processes: the fast hydrosilylation (Fig. 21 @) and the
slower reaction of SiH groups with water and oxygen
(Fig. 21 b) resulting in crosslinking.?4* Figure 21 presents a
scheme of the one-pot fabrication of these elastomers.

Highly stretchable elastomers were prepared by creating
highly entangled elastomers with the preincreased molecular
weight (chain length) of PDMSs via the hydrosilylation of
telechelic vinyl- and hydride-containing precursors followed

Si—H crosslinking
-———
[Pt], air

Q-

Telechelic hydride
functional PDMS

Mulit-hydride
functional PDMS

Highly entangled silicone elastomer

( Si—H crosslinking
>

[Pt], air
v

Bottle-brush silicone elastomer

(intermediate)

Figure 21. Schematic flow diagrams of the formation of highly stretchable and extremely soft silicone PDMSs: (a) conventional
hydrosilylation for the preparation of silicone elastomers; (b) platinum-catalyzed curing Si—H crosslinking reaction in air; (¢) the
preparation of highly stretchable silicone elastomers; (d) the preparation of extremely soft silicone elastomers.?** Reproduced with the

permission of Reproduced with the permission of Springer Nature.
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by the crosslinking in air (Fig. 21 ¢). The proposed proce-
dure made it possible to vary the strain at break from
1500% to 2800% by changing the molecular weight of
linear precursors and the molar ratio of SiH to vinyl groups.

Extremely soft silicone elastomers were prepared using
an approach, which was applied previously on siloxane-
acrylate systems.!72173 This approach involves the forma-
tion of bottle-brush elastomers by grafting monovinyl func-
tional PDMS chains onto hydride-containing PDMS
distributed along the chain followed by the crosslinking in
air at the residual functional groups (Fig. 21 d). The change
in the molar ratio of the functional groups and the length of
side chains made it possible to control the shear modulus
from 1.2 to 7.4 kPa. Due to the almost immediate ability to
regain its shape after the removal of strain, these elastomers
are promising materials for the fabrication of actuator
devices, in particular DEAs.

Thus, the above-described scope of works on the control
of the properties of silicone rubbers and their composites
indicate the prospects of siloxane elastomers as DEA
membranes. The modification of PDMS with polar groups
is the most efficient method for the fabrication of DEA
membranes with the dielectric permittivity ¢ 20 and the
Young’s modulus of 100 kPa and lower, operating at low
driving voltages below 200 V. Meanwhile, the methods
currently developed for controlling the properties of
PDMS composites call for further studies of these mem-
branes for DEAs and other practical applications.

4. Structures of actuators

4.1. Types of dielectric actuators

Over the past two decades, significant progress has been
made in fabricating DEAPs and DEAs. Numerous demon-
strators and prototypes of devices based on DEAs (herein-
after, DEA device, e.g., DEA joint, DEA lens, efc.) were
designed, and some of them are manufactured. Figure 22
presents the schematics of the types of DEAs operating
within DEA devices.

In each DEA device, a particular type of DEAs is used.
Several types of DEAs simultaneously used in a single DEA
unit are rare. All types of DEAs have various applications
and different operation patterns. Dielectric elastomer actua-
tors can be arbitrarily divided according to the type of the
stress —strain state (SSS) of the DEA membrane and the
character of actuation strains.

Linear DEAs mainly exhibit uniaxial stress—strain
behaviour. This is the simplest type of DEAs, in which the
DEA membrane is fixed in the device on the opposite sides
and the actuation occurs along this direction (Fig. 22 a).
Linear DEAs were used in the pioneering studies 1°7- 198 and
are currently often employed. Flat and cylindrical DEAs
belonging to this type are shown in Fig. 22 a,b.

The in-plane stress—strain state (stresses act in the
plane) appears in DEAs, in which the membrane is fixed
on a rigid frame along the edge, e.g., in circular DEAs
(Fig. 22 ¢). The modification of such actuators are cone
DEAs, i.e., circular actuators with the centre out of the
plane of the membrane (Fig. 22d). There are a large
number of structures, in which circular or cone DEAs are
used in pair (see, e.g., Sections 4.4.1 and 4.6.4).

In bending DEAs, the stress—strain field induced by
actuation causes a bending of the DEA membrane. Gen-
erally, these DEAs consist of a DEA membrane and
supporting flexible elements. For example, in usual bending
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Figure 22. Types of dielectric actuators; the upper row displays
actuators in the non-actuated state, the lower row shows actuators
in the actuated state: (a) linear planar; (b) cylindrical; (¢) circular;
(d) cone; (e) bending; (f) dielectric minimum energy structure; (g)
folded. The sites to which the membranes are fixed are shown in
black, the DEA membranes with stretchable electrodes are in blue,
the electrode-free membranes are in green and the fixing elements
of the bending actuators are in orange. The Figure was

prepared by the authors wusing original data from the
studies.!-3-5-8,9. 113,114,115 -117

DEAs, the membrane is completely glued to the substrate
(Fig. 22 ¢); in minimum-energy DEAs, the membrane can be
fixed, for example, along the perimeter, as shown in
Fig. 22 f; non-continuous electrodes on a DEA membrane
can also be used, efc.

Folded DEAs is the only type of DEAs that utilize axial
deformation (compression) of the DEA membrane rather
than its expansion/elongation. For example, this is a DEA
membrane in the form of a long accordion-folded strip
(Fig. 22 g).

It is worth noting that it is the structure of the DEA unit
that governs the manner in which the DEA deformation will
be converted into the target one: shear, rotation, efc. In the
following Sections, we will describe a number of structures
of DEA devices, which demonstrate a wide range of
functions or operations performed by DEA devices using
different types of DEAs.

In many demonstrators and prototypes of DEA devices,
DEA membranes are fabricated from the commercially
available acrylic membranes VHB4910 or VHB4905. This
is typical of demonstrators and prototypes because, on the
one hand, acrylic elastomer demonstrates the operation of
the device and, on the other hand, it is more simple to work
with cheap and easily available materials, which are, in
addition, relatively thick (0.5—1 mm) compared, for exam-
ple, to a 20 — 50 pm-thick silicone membrane, rather than to
individually fabricate DEA membranes from the initial
components, all the more, to perform the synthesis of
DEAPs.

It should also be noted that it is impossible to describe
or even mention all types of DEA devices, created in the
course of two decades of extensive research, or even all
fields of application of these devices. The structures
described below is our subjective choice guided by a desire
to demonstrate the diversity of procedures and techniques
of applications of DEA devices. Many other structures of
DEA devices and other fields of their applications are
considered in the reviews.!3.3.8.9.19.21, 114,116, 117

4.2. Linear actuators
4.2.1. First linear DEAs
Linear DEAs were historically the first type to be
described.!°7 Two such DEAs were used in a demonstrator
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of a microelectromechanical device (Fig. 23). The device
shown in Fig. 23 can arbitrarily move a cantilever fixed at
the centre along one direction.

Pelrine et al.'7 used different membrane materials,
which were prepared by the spin coating. The membrane
layer thickness was 2—4 um, a total of 8 layers were made,
electrolytes or carbon materials served as the electrodes
(depending on the type of the DEA device), the actuation
voltage was up to 200 V.

When the linear sizes of the active area of membtanes
were 200 pum, the movement of the rod was 10 um. The
length of the working part of the cylindrical actuator was
12 mm, its elongation was more than 10%.

4.2.2. Linear DEA for rotation of an artificial joint

Apparently, White et al.,''3 who developed a hinge module
for a robot as a DEA joint, planned in the future to create a
moving robot similar to that presented in Fig. 24 a. Actua-
tor prototypes were those described in the studies,?#3—247
linear DEA was used as the principal actuator. Figure 24 b
shows the rotational agonist —antagonist mechanism. The
axis of the side module of the device (red line in Fig. 24 b) is
rigidly attached to a compliant frame, but this module can
rotate on its axis. Figure 24 b presents the attached bowtie-
shaped DEA membrane (black); the non-actuated DEA
membrane is on the opposite side, both membranes being
equally stretched. The actuation of the membrane, i.e., its
enlargement, will cause the clockwise rotation (see Fig. 24 b)
of the side module (joint) and, correspondingly, turn all the
things attached. A linear DEA was employed, 400% pre-
stretched VHB4910 film served as the membrane, conduc-
tive grease painted with a brush was used as the electrodes,
the actuation voltage was 3.0—-6.0 kV.

The device used to prestretch the membrane for this
DEA is shown in Fig. 24 a. The 400% prestretched film was
kept overnight. Then the electrodes were applied by paint-
ing them with a brush and the DEA membranes with a
desired shape were cut from the sheet with a laser cutter.
The opposite edges of rectangular cut membranes were
stretched in clamps to prepare bowtie-shaped DEA mem-
branes. The axial stretching prevented the wrinkling of the
DEA membrane upon actuation. The authors studied per-
formance of the DEA joint under different conditions; for
example, this DEA joint lifted 4.2 g at the 3.5 kV actuation
voltage. The detailed mathematical model of the SSS for the
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Figure 23. Structure of a two-part linear DEA fabricated in the
study.!'%7 Reproduced with the permission of Elsevier.

a b

Active bowtie

Figure 24. Structure of the DEA joint: («) schematic of the struc-
ture of the modular robot; (b) the rotational mechanism of the
DEA joint.'!? Reproduced with the permission of MDPI.

DEA membrane during the operation of the joint was
performed. The rotation angle of the joint was 15° in both
directions.

4.2.3. Dielectric elastomer actuator logic elements

Dielectric elastomer actuator logic elements, i.e., devices
which, perform logic operations on input signals, were
described for the first time in the studies.?*%-24° One of the
recently proposed basic elements for polymer computing
was described in the study.?>° Appropriately coupled sets of
identical DEA logic elements perform all binary logic
operations (AND, NAND, OR, efc.) or act as different
types of triggers. Figure 25 a presents a schematic of a DEA
logic element in the actuated (on the right) and non-
actuated (on the left) states. Linear DEA was employed,
the VHB4905 membrane prestretched to 360% was used,
conductive grease-based electrodes were painted with a
brush, the actuation voltage was 3.0 kV. In the non-actu-
ated state, the sensor part does not conduct electricity (the
resistance can reach 10 GQ and higher) because the DEA
membrane stretches it to more than 200%, and its conduc-
tors are segmented across the stretching direction. After
actuation, the stretching of the DEA membrane decreases,
thereby allowing the sensor segments to be connected,
which results in that the sensor begins to conduct electricity
(the resistance is 10 MQ and smaller).

Figure 25 b displays the simplified schematic of the basic
logic NAND element, which consists of two DEA logic
elements. More complex elements were also fabricated. For
example, a D trigger was made of 8§ DEA logic elements.
The dimension of the actuated membrane of the DEA logic
element was 30 x 15 mm. The logic 1 for these DEAs is at a
voltage higher than 2.5 kV, the logic 0 is at a voltage lower
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Figure 25. Dielectric elastomer actuator logic elements: (a) sche-
matic of the DEA logic element in the non-actuated (on the left)
and actuated (on the right) states; (b) simplified schematic of the
basic logic NAND element. The Figure was prepared by the
authors using original data from the study.?*°
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than 1.25 kV. An important parameter of the logic element
is the actuation time, which was about 1 s in the study.?°
Apparently, the use of silicone rubbers will reduce the
actuation time.

4.2.4. Biomimetic airship driven by DEAs

Conventional airships are driven by propellers, while a
DEA-driven biomimetic airship floats in the air like fishes
in water ® (Fig. 26 ¢).2°! The movement of the rainbow trout
in water stream was used by Jordi er al.?>' to define the
bending points for the biomimetic airship to mimic fish-like
movement in air. Three bending points, at which actuators
should be mounted on each side were determined: two
actuators on the airship hull and one actuator on the caudal
fin (Fig. 26 a,b). The models of the airship and the caudal
fin were tested in a wind tunnel, which made it possible to
optimize their shape and the way of movement.

To provide the bending of the hull and the deflection of
the caudal fin in two directions, an agonist—antagonist
scheme was used with both membranes to be actuated.
The actuation of DEA on one side leads to the bending/
turning of the DEA airship to the opposite direction
(Fig. 26 b). The area occupied by the actuators on the hull
is shown in Fig. 26d. A multisegment structure of the
actuator and the attached loops on the hull holding actua-
tors are clearly seen. Since the hull is made of the non-
stretchable material, there is an excess of this material under
the membranes, which is necessary for the strain of DEAs
(Fig. 26 b).

Linear DEAs were fabricated as described in the
study.?#® The actuators on both sides of the hull consist of
five identical segments, while the fin actuator consists of one
segment. The commercially available acrylic membrane
VHB4905 that was prestretched to 200% in the active
direction and to 500% along the circumferential direction
of the airship was used, carbon black electrodes were
deposited on the sticky surface of the membrane, the
actuation voltage was up to 4.0 kV at a frequency of
1+0.4 Hz. The authors estimated the required lift force of
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Figure 26. DEA-driven biomimetic airship: (a, ) schematics of the
configuration of the airship, the points, at which linear DEAs are
attached, are indicated; (c¢) the airship in the flight; (d) multiseg-
ment linear DEAs on the hull.?’! Reproduced with the permission
of IOP Publishing.

b https://www.youtube.com/watch?v=6cdfWdHZRrE&ab_channel=Hizook
(access date 27.03.2023).

the airship with a semi-rigid structure, which should also
carry such components as accumulators, high-voltage sour-
ces, cables, control electronic modules, efc., and evaluated
the following sizes of the airship: the volume is 11 m3 and
the length is 8 m. The airship full weight was about 8.9 kg.
Linear DEAs of large dimensions were required for the
actuation of this device. The total weight of the membrane
was more than 1.3 kg in total, the two actuators on the hull
were 1.6 m long and 1 m high. The video of the flight of the
airship is available in the Supplementary files in the
study.?3!

4.3. Bending actuators

4.3.1. First bending DEAs

The fabrication and testing of unilateral and bilateral
bending DEAs were described for the first time by Pelrine
et al.'7 Figure 27 a presents the schematics of a cantilever
bending DEA: the DEA membrane with compliant electro-
des attached to a rigid support, the bending direction of the
actuator is indicated by an arrow. Polyimide film was used
as the rigid substrate.

Figure 275 shows a DEA device consisting of two
bending DEAs. In this device, a non-actuated DEA mem-
brane of the second actuator serves as the rigid substrate
during bending. To bend the actuator in the clockwise
direction (see Fig. 27b) the upper membrane has to be
actuated, while the lower membrane should be actuated for
the anti-clockwise bending.

4.3.2. Inchworm

Duduta et al.252:253 described a DEA device, called a DEA
inchworm, that moves in one direction. Its active element is
a rectangular DEA membrane, the opposite edges of which
contain elements to cling it on the surface. The motions of
this device biomimetically replicate the motion of
inchworms, after which it was named by the authors
(Fig. 28). They also made a four-legged DEA-based robot
with the same structure.

Figure 28 schematically presents a DEA inchworm. It
utilizes a bending DEA, the membrane of which has the
active area of 20 x 10 mm and is deposited on a rigid PET
frame by the spin coating method. The dielectric membrane
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Figure 27. Schematics of the bending actuators: (a) unilateral
actuator; (b) bilateral actuator.!” Reproduced with the permission
of Elsevier.
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Figure 28. Schematic of the DEA inchworm locomotion. The
Figure was prepared by the authors using original data from the
study.?52

was made of an UV-cured blend of polyurethane and
polybutadiene acrylic copolymers, which were sequentially
deposited on the frame, the carbon-based (single-walled
CNTs) electrodes were stamped, an external 3.0 kV high-
voltage source was used.

Figure 28 presents the sequence of the motion phases of
the DEA inchworm. To provide the locomotion, a sharp
needle was fixed on the rear edge of the membrane (shown
by a red arrow in Figure 28) and a small support was fixed
on the front side, preventing the actuator from touching the
surface. Without voltage (¢;) the DEA inchworm is flat,
when the voltage is applied it bends (z2), while the inclina-
tion of the DEA inchworm needle to the moving surface is
such that the needle does not stick on the surface, the
actuator bends and the back of the device is pulled towards
the front (#3). Then the voltage is switched off and the device
turns flatten (z4, t5), but at the same time the needle is
already hooked on the surface and the flattened DEA
inchworm moves forward. The device was tested at different
actuation frequencies. At 1 —2 Hz, the crawling speed of the
DEA inchworm was 3—5 mm s~ !; the maximum speed of
the inchworm was 20 mm s—! at the actuation frequency of
about 20 Hz.

4.3.3. Rollable multisegment actuator

Araromi et al.'3> described a demonstrator of a DEA
gripper based on a rollable DEA. The device was developed
as a component to use in the CleanSpace One (CSO)
microsatellite, which is intended to perform active debris
removal of decommissioned CubeSat SwissCube satellites
(Fig. 29). Actually, the weight of this DEA gripper is very
small, and the non-actuated DEA gripper takes little space
and is resilient to vibrations during the launch and flight
process, etc. The authors utilized a rollable (bending) DEA,
the silicone rubber Sylgard 186 was used as the material, a
70 pum-thick membrane was fabricated using a doctor blade
process onto a 50 um-thick polyester film, the electrodes
were prepared from carbon black dispersed in silicone, the
electrode thickness was 2 pm, the fabricated DEA was fixed
to a holder by means of double-sided tape. The actuation
voltage was up to 3.8 kV. The weight of each grip is 0.65 g;
therefore, the weight of the device is smaller than 2 g, the
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Figure 29. Structure of the gripper based on rollable DEAs: on the
left, the gripper in the non-actuated state with a captured object; on
the right, the gripper in the actuated state and the object is not
captured. The Figure was prepared by the authors using original
data from the study.!'33

change in the tip angle is 60°, the maximum gripping force is
2.2 mN.© The authors!3> also proposed an interesting
concept of a DEA gripper with a variable size of the gripper
opening, which utilizes simultaneously two types of DEAs
(Fig. 30). As in the previously developed devices, rollable
(bending) DEAs perform the capture, and the distance
between them is controlled by a flat circular DEA at the
base of the device.

4.3.4. Minimum-energy DEAs
Kofod et al.?3%255 studied minimum-energy DEAs. A pre-
stretched membrane was glued to a rigid frame. When
released, the prestretched membrane caused the out-of-
plane deformation of the whole structure. The actuation,
i.e. stretching, of the membrane fixed in frame changed
(decreased) the deformation of the structure. Figure 31a
shows the shape of the frame used for the stiffening of the
minimum-energy DEA; the actuated part of the membrane
was in the cut semi-circle.?>* In the non-actuated state, the
DEA is shown in Fig. 31 5 (above). In the actuated state, the
DEA became flat (Fig. 315, below). The minimum-energy
DEA fixed along the perimeter was fabricated from
VHB4910 prestretched to 400%, the thickness of the PET
frame was 350 pm, carbon-based electrodes were used, the
actuation voltage was 3.4 kV.

The results of this study allowed the authors?>’ to
fabricate a minimum-energy DEA gripper (Fig. 32). Figure
32 a displays the stiffening frame of the actuator. Figure
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Figure 30. DEA gripper with an increased size of the gripper
opening consisting of rollable DEAs (red) and a circular DEA
(green) at the base of the DEA gripper: () non-actuated gripper;
(b) gripper with the standard size of the gripper opening; (¢) gripper
with an increased size of the gripper opening, the circular DEA at
the base is actuated. The Figure was prepared by the authors using
original data from the study.!3?

¢ https://www.youtube.com/watch?v=DzX7BHYTTCE&ab_channel=-
MyLMTS (access date 27.03.2023).
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Figure 31. Minimum-energy DEA fixed along the perimeter: (a)
semi-circular frame; (b)) DEA in the non-actuated (above) and
actuated (below) states. Figure 31 a was prepared by the authors
using original data from the study.?’* Figure 315 is reproduced
with the permission of Springer Nature.

32 b (on the left) shows the fabricated DEA gripper in the
non-actuated state. The actuation of the DEA gripper opens
the gripper. When the voltage is turned off, the gripper
contracts and seizes the object. The operation of the DEA
gripper is shown in Fig. 32h. The actuator, which was
fabricated as described above, operated at an actuation
voltage of 3.0 kV. In the authors opinion, the mechanism
of action of this minimum-energy DEA is biomimetically
similar to the mechanism of action of some molecular viral
and cellular structures.

Nguyen et al.>>¢ reported the parallel-crank mechanism
for a DEA device (Fig. 33) that converts a bending move-
ment of two triangular crank-shaped minimum-energy
DEAs into a translational displacement of the horizontal
connecting bar fixed at their tops (shown in red in Fig. 33).
Two minimum-energy DEAs were used, a triangular
VHB4910 membrane was stretched over a rigid triangular
frame (crank) made of PET, conductive carbon grease
served as the electrodes, and 7.0 kV high-voltage source
was employed.

Elastomer Frame

0 kv

3.0kV

0 kV

Figure 32. Schematic of the stiffening frame of the minimum-
energy DEA gripper (@), (b) photographs of the lifting process of
the object (cylinder).?>®> Reproduced with the permission of AIP
Publishing.
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Figure 33. DEA device working like the parallel-crank mechanism
and consisting of two minimum-energy DEAs with a triangular
membrane: DEA device in the rest (below) and actuated (above)
states. The Figure was prepared by the authors using original data
from the study.?¢

The detailed mathematical modeling of DEAs allowed
the authors to calculate the deformation of the crank
depending on the applied actuation voltage. The results of
the calculations were in good agreement with the exper-
imental data. The non-actuated DEA was in the bending
state, the actuation made it flat, the side of the leaf was
30 mm, the angle of rotation (the direction from the axis of
attachment to the upper point top of the leaf) varied from 0°
at an actuation voltage of 7.0 kV to 80° without the
actuation. The actuation voltage of 5.0 kV caused the
displacement of the connecting bar by 2 mm. The device
was also tested in the dynamic mode at frequencies up to
50 Hz. It should be noted that the parallel-crank mechanism
of the DEA device described in the study ?°° is yet another
example demonstrating that the type of DEA does not
determine the mechanical action of the designed DEA
device because the minimum-energy actuators (bending) in
this device performed the lateral displacement of the con-
necting bar.

4.4. Circular and cone actuators

One of the first demonstrators of a planar circular DEA was
described in the study.'%® It was used as a test to evaluate
the strain of the DEA membrane depending on the mem-
brane material and prestretching.

4.4.1. Multisegment cone DEA and planar rotary DEA

The aim of the study ?°7 was to develop a DEA device with
the maximum degrees of freedom (6D). Unfortunately,
these attempts were unsuccessful. However, the authors
demonstrated a DEA device with five degrees of freedom
(5D), utilizing two multisegment cone DEAs and a planar
rotary circular DEA with one degree of freedom (1D,
rotation).

For the former device, the authors fabricated two cone
actuators, assembled together one above another with a
strut that connects their centres and with electrodes of each
membrane composed of four independent active elements
(Fig. 34 a,b). Due to this configuration, the centre of DEA
can move both arbitrarily in the plane, up and down in the
case of cross-actuation, and also the strut can be tilted in
any direction (Fig. 34¢). The elastomer VHB 4905 pre-
stretched to 400% was utilized, carbon grease served as the
electrodes, the applied voltage was up to 3.0 kV.

For the rotary circular DEA, a special form of electro-
des was developed, which allowed the rotation of the object
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Figure 34. DEA with five degrees of freedom (5D) and the central
strut and four-segment cone DEAs: (a) top view; (b) side view; (c)
actuation principle for the 5D actuator.?’’ Reproduced with the
permission of IOP Publishing.

attached in the centre in both directions (Fig. 35a,b). The
materials were the same as described above.

By varying the applied voltage, one can independently
control the degree of actuation of each active element of the
cone DEA, thereby arbitrarily displacing or tilting the
central strut (see Fig. 34c). During testing the DEA
60 mm in diameter, the vertical displacement of the strut
top of the DEA device was £4.45 mm.?>7 In the case of full
actuation, the DEA can hold as much as 55 g. The max-
imum rotational output stroke achieved with the rotary
DEA was 21.7°. Both DEA devices were tested in the
dynamic mode.

Soft actuators
(3 DOFs)

7

Figure 35. Shape of electrodes of the rotary circular DEA (1D):
(@) in the non-actuated state; (b) in the actuated state. The red line
indicates the rotation of the centre.?>” Reproduced with the
permission of IOP Publishing.

Nguyen et al.'%° developed and tested a walking robot,
which biomechanically mimics the walking gait of insects.
The robot was constructed as a platform with six cone DEA
devices with three degrees of freedom, which were fixed to
the platform in two rows. These devices are a simplified
version of a 5D DEA device. Since the robot was designed
to walk in one direction (in the forward and backward
direction), the degrees of freedom responsible for the right —
left displacements and tilts were excluded. The legs of the
robot were curved extensions of the central struts of the
cone DEAs (Fig. 36 a). The optimal algorithm for control-
ling the high-voltage amplifiers provided the smooth
motion of the robot by means of the specially designed
controller. The robot was tested at different actuation
frequencies for DEAs, and 2 Hz was found to be the
frequency of choice. At this frequency, the dependence of
the walking speed of the robot on the carrying load was
measured (Fig. 36 5). In the absence of loading, the speed
was 3 cm s~ 1. The carrying load changed the amplitude of
motion of the robot legs and, correspondingly, the speed
decreased.

4.4.2. Rhombus-shaped DEAs
Circular and rhombus-shaped DEAs belong to the same
type of actuators because a plane SSS appears in the

b
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Figure 36. Walking platform containing DEA devices with
three degrees of freedom: (@) general view; (b) walking speed
of the robot versus the carrying load; (¢) serial photos of the
walking robot.!®® Reproduced with the permission of
Elsevier.
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membranes of all these DEAs. The common feature of
circular and rhombus-shaped DEAs is that the membrane
is fixed on a frame along the perimeter. Rhombus-shaped
actuators differ in that the geometry of the frame with a
DEA membrane changes due to the hinge connection of the
rhombus sides. Rhombus-shaped DEAs were described, for
example, in the studies?%8-2%% (Fig. 37 b).

The fabrication of the actuator is shown in Fig. 37.
Initially, the membrane is wuniaxially prestretched
(Fig. 37 a). Once the membrane is fixed in a hinged rhom-
bus-shaped holding frame, the strains in the membrane are
redistributed and the shape of the DEA device changes
(Fig. 37 b). The actuation of this DEA, which is secured to a
vertical fixed frame, will lead to the lowering of the hung
weight fixed in the lower hinge. The styrene-based synthetic
rubber Theraband Yellow 11726 was used as the material
for the DEA membrane, conductive carbon grease served as
the electrodes, the actuation voltage was up to 7.0 kV.

The length of the rhombus side was 120 mm. The tests
of the fabricated DEAs, performed in different modes,
demonstrated that the force reached 7 N with a change in
the height of the rhombus by 90 mm. The rubber used in
this study features a large elastic stress region, which made
it possible to fabricate an actuator, the stiffness of which is
constant over a wide range of displacements of the carrying
load.

4.5. Folded actuator

The first publication on folded DEAs appeared in 2007
(Fig. 38).2°° Since the change in the thickness of the DEA
membrane in the lateral direction under the actuation is
insignificant, these deformations cannot be directly used in
practice, unless the actuated DEAs are assembled in a stack
so that these deformations are summed. In the study,>®? a

Plastic holding™
insets

" Uniaxially stretched
7 I JET

Lozene

)
. @
mechanism
Electrode™ ™~ e 2 - |

e =

Plastic holdin
insets

Figure 37. Hinged rhombus-shaped DEA: (¢) membrane in the set-
up for prestretching; (b) the fabricated DEA in the non-actuated
state.?’® Reproduced with the permission of MDPI.

folded DEA was fabricated using a membrane in the form
of a long strip coated with electrodes. When folded up like
an accordion (Fig. 38 a), the electrodes are located in the
folds on one and the same side of the DEA membrane,
which makes it possible to correctly apply a high voltage to
the DEA (Fig. 38 b). The three-component silicone rubber
TC-5005 A/B-C was used as the membrane material for the
fabricated folded DEA; the membrane thickness was
0.5 mm, conductive carbon grease served as the electrodes,
the actuation voltage was up to 6.0 kV.

When a voltage of 6 kV was applied to the folded DEA
(Fig. 38b), its height decreased by 16%, which corre-
sponded to the stress of 6 kPa. Besides, a stack-like DEA
with a circular cross-section (cylinder) was fabricated in the
study.?% For this purpose, electrodes were deposited on the
membrane as a set of discs electrically connected in a series
via narrow strips. When folded in a way similar to that
shown in Fig. 384, the discs were located one above
another. The performance of this DEA is similar to that of
the folded DEA with a rectangular cross-section.

The above DEAs are compressible devices. Thus, the
weight should be placed on the top of the actuator and will
be moved up and down. A folded DEA moving the attached
hanging weight was fabricated in the study.?®! The layers in
this DEA were deposited by sequential spin coating. The
electrodes were stamped; however, they were not continu-
ous, and the membranes touched each other at the gaps of
the electrodes. During the fabrication process, the mem-
branes were cross-linked, resulting in the formation of the
monolithic actuator. The diameter of the fabricated actua-

Dielectric  Dielectric a
elactomer elactomer
Dielectric elactomer
Compliant )
electrode Compliant
electrode
Compliant ) .
electrode Dielectric
‘elactomer
Compliant
electrode
P k-
Electric
Electric contact
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Figure 38. Folded DEA with a rectangular cross-section: (a) sche-
matic of the folding of the DEA membrane; (b) actuator in the non-
actuated state (on the left) and the actuated state (on the right).2%0
Reproduced with the permission of IOP Publishing.
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tor was 15 mm, and the height was 12 cm. This actuator
lifted a 1 kg weight by 8 mm at an actuation voltage of
2.0 kV.

4.6. Customized DEA devices

4.6.1. Self-moving feedback DEA devices

The use of the feedback for the coordinated action of
several actuators allows the design of autonomous DEA
devices without additional controlling/switching elec-
tronics. In the case of self-moving devices, this significantly
decreases the weight of the electronics, which should be
located on the board of the device, resulting in the increase
in its mobility.

By now, several autonomus moving DEA devices have
been proposed. The sequential actuation of DEA mem-
branes is required to control the movement. Generally, a
resistive sensor applied on an actuated DEA membrane is
used as a feedback sensor.?’® The practical application of
these devices for the motion in pipes or other narrow and
winding channels, for example, with a photo or video
camera as the carrying load, is undoubtedly promising.

The DEA device described in the study ?*° (Fig. 39 a) is,
apparently, the first demonstration of the possibility of the
continuous autonomous movement, which utilizes the feed-
back and does not require additional electronics. Resistive
sensors fabricated as thin strips, which were made of the
same materials as the DEA electrodes and deposited on the
membrane, were used in the feedback (Fig. 39 ). Under the
actuation, the stretching of the DEA membrane occurs
together with the elongation of the applied sensor strips,
the resistance of which increases proportionally with the
strain of the DEA membrane. Being involved in the high
voltage circuit, the sensors trigger the sequential actuation
of the DEA membranes.

The supports of the rails on which a ball rolled
(Fig. 39a) lean on the centres of cone DEAs. When an
actuated DEA is additionally stretched under the weight of
the ball, the resistance of the sensor changes, the applied
voltage is switched to the next DEA, and this actuated DEA

7= C3

Figure 39. DEA device with feedback: (a) general view of the
device; (b) frame, to which cone DEAs with resistive sensors are
fixed; (c) the circuit diagram of the device 2*° (HV and Hv designate
high voltage). Reproduced with the permission of Springer Nature.

undergoes the contracion under the weight of the ball and
so on. This causes the rail to tilt, rolling the ball around to
the next actuated DEA, etc. In the circuit diagram of the
device shown in Fig. 39 ¢, C1 —C3 are the capacitances of
the DEA membranes that are changed in response to
actuation. The voltage applied to these membranes is
controlled by the resistive sensors R, and each DEA
membrane is controlled by the sensors of the two other
membranes. This DEA device utilizes a set of three cone
DEAs fixed to a frame. The membrane was made of
VHB4905 prestretched to 250%, conductive grease was
used as the electrodes and resistive sensors, the applied
voltage was 3.0 kV.

In the study,?*® the diameter of the cone actuators was
80 mm, the response time of each DEA was 0.1 s to turn on
at 2.15 kV and 1.5 s to turn off at a lower voltage of 1.25
kV. Therefore, the actuation frequency was 0.53 Hz. The
video of the device operation is provided at.4

A DEA device, which also utilizes the resistance feed-
back (Fig. 40), can be undoubtedly referred to as a self-
moving DEA ant.?°> When a DC high voltage is applied, the
ant begins to move forward. The ant has six legs with
artificial muscles, rectangular linear DEAs (Fig. 40a),
which are fixed in windows of the frames one after another.
In the frame, only a part (larger) of the DEA membrane is
coated with the electrode, and the resistive sensor is depos-
ited on the remaining surface. The movement is performed
by means of flexible triangular legs (Fig. 405), with two
angles of the legs being fixed at the ends of the electrodes of
the DEA membrane, and the robot rests on the third leg.
The actuation leads to an increase in the distance between
the upper ends of the legs, and the lower supporting end
moves up and is somewhat displaced forward in the hori-
zontal direction. The legs move in pairs in cyclic mode: 1—4,
then 2—5 and then 3-6. Thus, stepping from one pair of
foots to another one and then to the third pair, the DEA ant
moves forward.© In the robot, a linear DEA was used,
VHB4910 prestretched by 300% served as the DEA mem-
brane, electrodes and resistive sensors were made of con-
ductive grease, the actuation voltage varied from 3.0 to
4.0 kV. A smooth surface is required for the locomotion of
the ant. In the study,?°? the ant crawled along a rail. The
maximum speed of the DEA ant achieved in the tests was
50 mm min—! at an applied voltage of 4.0 kV, the frequency
of muscle contraction was about 1 Hz.

4.6.2. DEA loudspeaker

In the pioneering study,'® DEAs were already tested in the
dynamic mode at audio frequencies (below 20 kHz). In this
study, silicone rubbers were found to be advantageous as
materials with low viscoelastic losses. Despite this fact and
taking into account the transparency of a polyacrylic
elastomer, the authors of the study'?® used this material
for the fabrication of a demonstrator of a DEA loudspeaker
with a transparent diffuser, which can be placed, e.g., in
front of a television or computer screen (Fig. 41). For this
purpose, a planar DEA was used: VHB4910 as the material,
electrides were made of polyacrylamide hydrogel containing
NaCl as the electrolyte, the actuation voltage was
5.0-15.0 kV. The demonstrator showed good spectral

d https://www.youtube.com/watch?v=ctK 1Wo78_Vs date
27.03.2023).
¢ https://www.rnz.co.nz/national/programmes/ourchangingworld/audio/2018-

51936/the-future-of-robots-is-soft (access date 27.03.2023).

(access
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Figure 40. Design and principle of operation of the DEA ant: () photograph of the robot; (b) schematic of the motion of legs.”

(https://arxiv.org/abs/1603.05599 (access date 27.03.2023))

characteristics of sound reproduction and can be applied for
the active noise reduction in the computer user area.’

4.6.3. DEA peristaltic pumps

One of the first DEA peristaltic pumps was described in the
study '43 as an example of a device, which utilizes a multi-
layer DEA membrane. The latter was fabricated by spin
coating of layers made of different materials with different
thickness. The DEA pump, which was fabricated as a single
structure in a fully automated process, is shown in Fig. 42 a
(side view). The upper and lower thick layers served as rigid
supporting structures for eight pairs of bending 30-layer
stack actuators (electrodes are indicated by thick lines,
Fig. 42). The fluid channel was initially built as an electrode
with a larger thickness compared to the other elements and
was then mechanically open and cleaned. Nozzles were

f https://youtu.be/SKSKSDL1gXE (access date 24.02.2023).
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connected to this channel. The configuration of the electro-
des allows the actuators to act as sections of the peristaltic
pump. Each section of the DEA peristaltic pump consists of
a pair of bending DEAs, which are located one above
another across the fluid flow and are held by the outer
rigid layers. The bending DEAs, caving inwards and touch-
ing each other, shift the fluid to the next section of the DEA
pump (see Fig. 42b). A multisection bending DEA was
used: Elastosil P7670 A/B as the material, a 30-layer mem-
brane with a layer thickness of 50 pm, carbon-based
(graphite) electrodes, the actuation voltage was 600 V at a
frequency of 125 Hz. The longitudinal size of the pump was
40 mm, it consisted of 8 sections, the width of each section
of the actuator was 3 mm, the flow rate was 12 pL min—! at
a pressure of 0.4 kPa.

Mao er al.>®3 designed a two-chamber DEA peristaltic
pump. The schematic diagram of the operation of the valve
peristaltic pump is shown Fig. 43 a. The DEA pump con-

Transparent
loudspeaker

Figure 41. Demonstrator of a transparent planar DEA loudspeaker in front of a computer screen: (a) schematic of the test system for
testing the quality of the sound reproduction; (b) computer screen with the loudspeaker demonstrator.!?? Reproduced with the permission

of The American Association for the Advancement of Science.
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Outer rigid
35Igyer Pump channel . . .
DEA electrodes (350 pm) (170 pm) DEA actuated (curved) Figure 42. DEA peristaltic pump: (a)
\' / schematic of the arrangement of the
5 N —/ / l layers of the DEA peristaltic pump,
o} %“ == which utilizes pairs of multilayer bend-
5 E — == ing DEAs as sections, (b) sequential
8 %’3 actuation of the sections of the DEA
:(’ E"‘Q pump during the operation. The Fig-
w ure was prepared by the authors using
e = Elow directic original data from the study.!43

sists of two chambers, each being a hollow of a cylindrical
DEA, and three valves. When the actuation voltage is
applied to the input chamber (in Fig. 43, bottom) of the
pump, it expands (the ends of the DEA cylinder are fixed),
and therefore the fluid flows through the input valve into
the expanding pump chamber and simultaneously closes the
intermediate valve. At that time, the second chamber, with
voltage is off, starts to shrink and the fluid is pumped out
through the output valve. In the next step, the output
chamber is actuated (in Fig. 43, top), the intermediate
valve get open, and the output valve is closed. The input
chamber shrinks and the fluid passes from the input to the
output chamber. Then the input chamber is again actuated,
the intermediate valve is closed, the output chamber con-
tracts, and the output valve get open, pumping the fluid out,
etc.

In the DEA pump, a cylindrical DEA was used: the
VHB4905 material was rolled in four layers, the membrane
was prestretched along the axis of the cylinder by 200%,
conductive grease served as the electrodes, the actuation
voltage was up to 10.0 kV. All elements of the pump were
put in a liquid environment (water) to prevent the sagging
of DEA cylinders under the weight of the flowing fluid. The
authors paid special attention to thoroughly sealing all
current-carrying elements so that the water will not reach
these elements. The diameter of the cylindrical hollow DEA
was 40 mm and the length was 45 mm. The DEA pump
operated in a water tank with dimensions of 1.5 x 0.5 m, the
actuation frequency was 1.5—2 Hz with the voltage ampli-
tude of 10 kV. The fluid flow rate was as high as
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Figure 43. Schematic of the structure of the two-chamber DEA
peristaltic pump. The lower part displays the suction and discharge
of the fluid; the upper part, the flow of the fluid from the input to
the output chamber. The Figure was prepared by the authors using
original data from the study.?3

2.5-3.0 L min—!, which is the highest known value for
DEA pumps.

4.6.4. Tunable DEA optics

By the time of the publication of Carpi et al.,>** focus-
tunable lenses based on different functional materials have
been known, but DEAs for the development of tunable
optics was demonstrated in the cited study for the first time.
The DEA device (Fig. 44 a) biomechanically emulates the
structure of the human and animal eyes. Thus, the trans-
parent crystalline lens was located in the centre of the
circular actuator, which acts as a ciliary muscle capable of
both contracting and expanding. The change in the degree
of actuation of the circular DEAs caused the deformation of
the central area. Thus, the actuation decreased the lens
diameter followed by the reduction of its focal length; on
the contrary, in the non-actuated state, the lens diameter
was enlarged and the focal length geting longer (Fig. 44 a).
The DEA device utilized a circular DEA. The membrane
was made of two VHB4910 layers prestretched to 400%, the
electrode material, as conductive grease applied to the outer
sides so that an optically transparent window (lens), was in
the central region of the membrane. The cavity in the
crystalline lens was filled with one component of the silicone
Sylgard 184,237 the actuation voltage was up to 3.5 kV.

The focal length of the DEA lens varied in the range of
17—27 mm. The upper part of Fig. 44 ¢ displays the side
view of the DEA lens at different degrees of actuation and,
correspondingly, at different focal lengths. The lower part
demonstrates how the changes in the focal length allows the
eye to see objects at different distances from the lens. This
DEA lens, as emphasized by the authors, is a demonstrator,
its operation was not optimized, but it is an example of the
biomimetic design and the application of DEA in this
design.

A new type of DEA lenses with a tunable focal length
was described by Shian et al.>®> The authors used a circular
DEA coated with transparent compliant electrodes as one
of the surfaces of the focus-tunable lens. The second surface
was made of the same material and was passive. The cavity
between the membranes was filled with silicone oil in an
amount sufficient for the primary curvature of the mem-
brane surfaces. In the non-actuated state, the device was
already a lens (Fig. 45a). The actuation of the DEA
membrane induced a change in the configuration of the
surfaces (Fig. 45 a,b) and, therefore, a change in the focal
length of the lens. The device utilized a circular DEA coated
with transparent compliant electrodes, the membranes were
made of VHB 4905, the DEA membrane was prestretched
to 400%, the passive membrane was prestretched to 300%,
single-walled CNT electrodes were deposited as described in
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Figure 44. Focus-tunable DEA lens emulating the crystalline lens of the human eye: (a, ) schematic of the working principle of the lens
and the circular actuator; (¢) picture of the tunable lens demonstrating changes in the radius of curvature, the size and the focal length of
the DEA lens.?* The diameter of the frame of the circular DEA is 40 mm, the radius of the lens is 7.6 mm. Reproduced with the permission

of John Wiley and Sons.
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Figure 45. DEA lens with a tunable focal length: («) schematic of the DEA lens; on the left, the DEA membrane is in the non-actuated
state; on the right, the actuated membrane; (b) schematic and demonstration of the operation of the lens.?®> Reproduced with the

permission of MDPI® and Optica.?%¢

the study?%® to achieve the transparency, the actuation
voltage was up to 5.0 kV. The diameter of the device was
20 mm, the thickness of the frame, on which the membrane
was fixed, was 2 mm. Figure 45 b displays the change in the
focal length of the DEA lens from 16 to 770 mm. It should
be noted that the images were quite sharp to see even fine
details of the objects.

She et al.?%7 developed a demonstrator of fully electri-
cally controlled planar lenses with the focal length, astig-
matism and optical axis shift corrections (see the schematic
in Fig. 46a). This structure is similar to that described
above, but it contains a flat metasurface lens instead of the
convex lens at the centre, i.e., it is a flat optical device made
of transparent polymer patterned with subwavelength-
spaced nanostructures, generally dots. A multisegment
actuator (like that in the study?®’) with the independent
actuation of the segments V;— V4 and central part Vs was
used (Fig. 46 a). The design is based on a circular multiseg-
ment DEA, the membrane was made of VHB4910, single-
walled CNTs were used as the electrodes, the actuation
voltage was up to 3.0 kV.

This kind of lenses makes it possible not only to change
the focal length but also to alter the focusing direction or

correct the lens astigmatism; see Fig. 46 b, which shows the
calculated wavefronts and the direction of beams that
passed through the lens. The fabricated demonstrator is
presented in Fig. 46¢. In the authors opionion,2%7 this
device can serve as a prototype of a device with optical
image stabilization for the superior camera performance in
smartphones.

4.6.5. Flying DEA devices

The weight of DEA membranes is very low. The weight of a
50 upm-thick membrane with dimensions of, e.g.,
100 x 10 mm is 0.05 g; at the energy density of about
0.2 J g—!, the amount of energy stored in the membrane
will be sufficient to lift the membrane to 2 metres! This
estimation just showed the possibility of DEA-driven flying
devices.

Chen et al.?%® successfully addressed the challenges
regarding the design of a demonstrator of a flying DEA.
They used carbon fibre composites in order to minimize the
weight of airframe elements for DEAs, designed a system
for the conversion of the deformation of a linear cylindrical
DEA to the flapping motion of wings, etc., and constructed
a flying biomechanical vehicle mimicking the wing motion



38 of 43

1.V.Bezsudnov, A.G.Khmelnitskaia, A.A.Kalinina, S.A.Ponomarenko
Russ. Chem. Rev., 2023, 92 (2) RCR5070

b
Metasurface Wavefront
lens

Q

Original

Defocus

)

/
.
(@0

Astigmatism

Shift

c
.-,/.
) Vi GND
> V4
Vs
Vs
SWCNT
electrodes
< Vz V3
GND Metasurface

Figure 46. DEA metalens device design:>7 (a) schematic of the DEA lens, the circular multisegment actuator; (b) schematic of the
wavefront and the focusing at different deformations of the lens; (¢) fabricated DEA lens. Reproduced with the permission of Science.

of neoptera insects. This robot is based on a cylindrical
actuator developed in the study,?®® which was mounted in a
light-weight frame made of carbon fibres. A 1:1 blend of
the silicones Sylgard 184237 and Ecoflex 0030 was used as
the membrane material, a total of seven 20 um-thick DEAP
layers were deposited by the spin coating methods, electro-
des were made of CNTs, the actuation voltage was up to
1.0 kV, and the frequency was about 100 Hz.

Figure 47 a displays the structure of a flapping-wing
module and components of the mechanism for the conver-
sion of the deformation of a cylindrical DEA to the motion
of wings in a manner analogous to what the flight muscles
do in neopteran flying insects. The total weight of one
module was 160 mg. A single module was unable to dem-
onstrate stable flight because of mechanical and aerody-
namic torque imbalances from the two swinging wings. To
avoid this problem, the authors used an assembly of two
and four such modules.?®® The flight was stabilized by
choosing the actuation frequency, the form of the voltage
applied to DEAs, the time lags in the parallel operation of
several flying modules, the feedback flight control, etc. The
16-s controlled hovering flight was achieved at a height of
about 10 cm.2
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Figure 47. Flying DEA devices driven by a linear cylindrical
DEA:?%° (a) flapping-wing module and its components; () config-
urations of assembled modules providing the stable flight. Repro-
duced with the permission of Springer Nature.

¢ https://www.nature.com/articles/s41586-019-1737-7#Sec8 (access date

27.03.2023).

5. Conclusion

Dielectric elastomer actuators are multicomponent high-
tech structures, which are composed of a dielectric polymer
membrane, generally in the prestretched state, coated with
stretchable electrodes, and also elements of the frame
required for actuation mechanisms of DEA devices, control
electronics and, finally, a high-voltage source adapted to the
DEA device.

In terms of the chemistry, the main areas of the develop-
ment of new materials for DEAs involve the increase in the
dielectric permittivity constant of the membrane with the
retention of high mechanical characteristics for thin films,
which can be achieved by introducing particular polar
groups into macromolecules or by fabricating related nano-
composites. Polyacrylates, polyurethanes and polysiloxanes
are currently the most commonly used polymer materials
for DEAs. The molecular design of polymer macromole-
cules makes it possible to significantly reduce the actuation
voltage for polyacrylate membranes, and the record values
can be achieved when using acrylate —siloxane copolymers.
The main body of research on the modification of polyur-
ethanes was concerned with an increase in the dielectric
permittivity; however, the actuation voltage remained
rather high in these cases. A comparison of the performance
characteristics of devices based on silicones modified with a
particular polar group shows that the modification of
PDMSs is preferable over the grafting to a cross-linker.
Meanwhile, the latter approach also has prospects because
it allows the preparation of dielectric materials with
improved dielectric and mechanical properties based on
commercially available silicone composites. The chemical
modification of PDMS with polar groups to synthesize
novel composites is an efficient method, which enables one
to control the dielectric and mechanical characteristics of
composites and also, in contrast to the introduction of
dispersed fillers, to fabricate thin films. The preparation of
siloxane copolymers with other polymers promising for
DEAs, in particular with polyurethanes and polyacrylates,
makes it possible to reduce the operation voltage of an
actuator and to increase its maximum strains. The control
of the mechanical and dielectric properties of siloxane
elastomers via the formation of networks of hydrogen
bonds and ionic bonds, the development of alternative
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methods for the preparation of PDMS composites and the
fabrication of highly stretchable and extremely soft silicone
PDMSs also seem to be promising. A broad scope of
research on the control of the properties of silicone rubbers
and related composites considered in this review demon-
strates the prospects of using siloxane elastomers as DEA
membranes. Meanwhile, the application of other rubbers
with polar groups, e.g., chloroprene or nitrile butadiene
rubbers, thiocols or fluororubbers, as DEA membranes is a
promising but little studied issue.

In the past decades, the development of new soft
artificial muscles and structures was focused on the fabri-
cation of DEA devices. Their flexibility, the relatively
simple procedures for their fabrication, their ability to
operate over a wide range of conditions and a wide temper-
ature range of their application stimulate the design of new
devices with a wider range of functions and provide new
areas of their application. The use of flexible artificial
muscles and soft robots is in the line with the current trends
of the exclusion of solid-state mechanisms, the functional-
ization of materials and the tunable operations of systems.

Bionic DEA structures and devices are ideal for devel-
oping the interacting human—machine interface. The fab-
rication of auxiliary soft robots and exoskeletons with soft
muscles, which make monotonous and hard physical work
easier, and soft robotics, which help people with disabilities
in meeting the daily needs and can be used also for other
medical purposes, seems feasible in the near future. In the
future, prosthetics based on DEA artificial muscles would
be expected to be available for implantation in the human
body.

Undoubtedly, flexible DEA devices have wide possible
applications in industry. These DEAs were investigated in
numerous studies. The DEA devices described in this review
were also proposed for micromechanical systems, space
robotic manipulators, etc. The use of DEAs leads to the
enhancement of the efficiency of mechanisms, their per-
formance. Soft robotic systems are indispensable for the
movement in hard-to-reach places, particularly when
changes in the geometry of the components of the device
are required.

However, there is still a certain gap between the devel-
oped demonstrators and prototypes of DEA devices and
their real applications. Some issues related to the develop-
ment and application of DEAs are still not fully under-
stood. For example, it is a challenge to design and fabricate
a device, which is ready for use in the field, has long
durability, reliability and maneuverability. Contrary to
conventional industrial robots, there are no standards or
generally accepted norms for the development of soft robots
using DEAs. The design of such devices is still relied on the
experience of researchers; the use of high voltage remains an
unresolved issue for bionic devices despite continuously
published studies on the synthesis of DEAPs with desired
dielectric and mechanical characteristics. Meanwhile, it is
worth noting that there are a number of successful solu-
tions, making it possible to reduce the actuation voltage
down to a few hundred volts or less, for example, in the
fabrication of low-module siloxane acrylate materials or
PDMS composites modified with nitrile groups.

The solution to these problems lies in the field of
interdisciplinary integration required for the design of a
new generation of soft DEA robots, which can be employed
in the real world. These are exciting and promising areas of
investigation for researchers and engineers.

This review was written with the financial support of the
Russian Science Foundation (Project No. 19-73-30028).

6. List of abbreviations

CMs — carbon materials,

CNTs — carbon nanotubes,

CPs — conductive polymers,

DE — dielectric elastomer,

DEA — dielectric elastomer actuator,

DEAPs — dielectric electroactive polymers,

EAPs — electroactive polymers,

EGCPs — electrostrictive graft copolymers,

EPs — electrostrictive polymers,

IPGs — ionic polymer gels,

IPMCs — ionic polymer metal composites,

FPs — ferroelectric polymers,

LCEs — liquid crystal elastomers,

MWCNTs — multiwalled carbon nanotubes,

PDMS — polydimethylsiloxane,

PEs — polymer electrets,

PET — poly(ethylene terephthalate);

PMMA — poly(methyl methacrylate),

PVDF — polyvinylidene fluoride,

P(VDF —TrFE) — poly(vinylidene fluoride— trifluoro-
ethylene),

RFPs — relaxor ferroelectric polymers,

SSS — stress-strain state.

Designations of physical quantities:

d — thickness of the membrane material (m, pm),

E — electrical breakdown strength (V pm—1),

f— frequency (Hz),

S — membrane surface area (m?),

V' — actuation voltage (V, kV),

Y — Young’s modulus (MPa),

{ — strain,
Jdmax — relative maximum elongation at break (%),
0Smax — relative maximum membrane surface area

change (%),
g9 — absolute dielectric permittivity (F m—1),
¢ — relative dielectric permittivity of the material,
v — Poisson’s ratio,
p — density (kg m—3),
o — stress (MPa),
omax — tensile strength (MPa).
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