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Electroactive polymers based on dielectric elastomers are stretchable and compressible capacitors that
can act as transducers between electrical and mechanical energies. Depending on the targeted
application, soft actuators, sensors or mechanical-energy harvesters can be developed. Compared with
conventional technologies, they present a promising combination of properties such as being soft,
silent, light and miniaturizable. Most of the research on dielectric elastomer actuators has focused on
obtaining the highest strain, either from technological solutions using commercially available materials
or through the development of new materials. It is commonly accepted that a high electrical breakdown
field, a low Young's modulus and a high dielectric constant are targets. However, the interdependency
of these properties makes the evaluation and comparison of these materials complex. In addition,
dielectric elastomers can suffer from electromechanical instability, which amplifies their complexity. The
scope of this review is to tackle these difficulties. Thus, first, two physical parameters are introduced,
one related to the energy converted by the dielectric elastomer and another to its electromechanical
stability. These numbers are then used to compare dielectric elastomers according to a general and
rational methodology considering their physicochemical and electromechanical properties. Based on
this methodology, different families of commercially available dielectric elastomers are first analyzed.
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Then, different polymer modification methods are presented, and the resulting modified elastomers are
screened. Finally, we conclude on the trends enabling the choice of the most suitable modification
DOI: 10.1039/d1sm00621e procedure to obtain the desired elastomer. From this review work, we would like to contribute to
affording a quick identification method, including a graphic representation, to evaluate and develop the

rsc.li/soft-matter-journal dielectric materials that are suitable for a desired actuator.

Electroactive polymers can be classified into two categories
according to their actuation principle: ionic EAPs and electro-

Introduction

Electroactive polymers (EAPs) are currently receiving special
attention because they offer new possibilities of application in
various fields (automotive, aeronautic, computer science, elec-
tronic, etc.). These polymers, whose size or shape changes when
they are electrically stimulated, can therefore transform elec-
trical energy into mechanical work (actuator function), or vice
versa (sensor function)."™ Compared with conventional techno-
logies, they have the advantages of being light, silent, miniaturiz-
able, flexible and even stretchable. Their mode of operation as
well as their flexible or stretchable character, regularly gives them
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nic EAPs.” The actuation mode of ionic EAPs is based on the
diffusion of ions that is induced electrochemically through the
material (for example, gels, conductive polymers, and ionic
polymer-metal composites). Unlike ionic EAPs, electronic EAPs
are insulators and include piezoelectric, ferromagnetic, and
dielectric elastomers. Each type of electroactive polymer has
advantages and disadvantages, making some more suitable for
certain applications than others. Among them, dielectric elas-
tomers (DEs) are actuated mainly by the Coulomb electrostatic
pressure induced by the application of a high electric field
between the electrodes.®

The actuation mechanism of dielectric elastomer actuators
(DEAs) was demonstrated more than one hundred years ago
by Réntgen.” However, it was not until the 2000s that DEAs
attracted much greater attention when Pelrine et al. demon-
strated a 100% actuation strain of a prestretched acrylic
elastomer.® Since then, several groups have then focused on
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different aspects of DEAs, from modelling, mechanics, and
materials development to applications. Lu et al. reviewed the
theory and mechanics of dielectric elastomers.” Boundary value
problems have been analyzed with examples on the verification
of theoretical predictions via experiments. These problems
point out the importance of electromechanical instability,
which can, in several cases, be overcome by appropriate
prestretching. The performances and the configurations of
reported DE transducers have been summarized too, and a
run through of the last developments in DE materials has been
presented. Several valuable reviews have also been published
recently on the development of dielectric elastomers. They deal
either with all dielectric elastomer families,® or with specific
elastomers such as silicone®*? or acrylics.'® They have focused
on three properties of DEs that impact the actuation, namely
the Young’s modulus (Y), the dielectric permittivity (¢,), and the
breakdown field (E), and on the methodologies used to modify
these properties and tune the actuation. Due to the inter-
dependency of these properties, in some of these reviews, a
figure of merit that reveals the actuation-strain improvement
has been introduced to facilitate the comparison of DEs.>"°
Although the impact of modifying the properties of DEs on their
electromechanical instability is discussed in these reviews, a
combined appreciation of the actuation-strain improvement and
electromechanical stability of DEs is lacking.

This review aims to identify the best dielectric elastomers for
an intended actuator application taking into account both the
energy converted by a DE and its electromechanical stability.
In the first part, the actuation principle of DEs will be described.
Then two physical parameters based on the three properties of
DEs that impact the actuation mentioned previously (Y, ¢, and Ep)
will be introduced to evaluate the actuation properties. These
parameters will be used in new methodology that will be proposed
for comparing and classifying the different polymer materials
according to their actuation efficiency. An additional striking
input of this work is the graphical presentation of each material
in relation to its two physical parameters, which allows the
materials or be compared quickly and their weaknesses and
strengths identified. Later, these new criteria will be used to
compare the different families of commercially available DEs
and the different methods that have been explored to modify
their properties. Finally, trends on actuation related to the
modification process will be drawn. This work could quickly
allow the identification of a dielectric material that is suitable
for a desired actuator.

1. Principle and evaluation criterion
of dielectric elastomers

In dielectric elastomer (DE) technology, an electrical potential
difference is applied between the two compliant electrodes that
sandwich an elastomer. Charges on the surface cause the
generation of a Maxwell stress that in turn compresses the soft
material and expands it laterally (Fig. 1). This process thus
converts electrical energy into mechanical work."? Dielectric
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Fig. 1 Principle of actuation of a dielectric elastomer (DE) in the reference
state and in the state deformed by an applied electric field.

elastomers are characterized by a fast electromechanical
response, a high actuating force, a high mechanical energy
density and the ability to maintain induced movement at a
constant voltage. The deformation rates of this type of material
are significant when the electric field is close to the breakdown
field, E, (the maximum value of the electric field that the
elastomer can withstand before the occurrence of a short
circuit). Depending on their composition and operating range,
elastomers can show complex types of behavior, such as non-
linearity, anisotropic stress softening (anisotropy induced by
the Mullins effect), viscoelasticity (the Payne effect) and deviation
from incompressibility."*'> Moreover, a strong stretch depen-
dence of the breakdown field and of the dielectric permittivity
can complexify further the electromechanical behavior of these
materials.

Further to the work of Pelrine et al., prestretching appears to
increase the breakdown field significantly and to stabilize
the electromechanical instability, which is recognized as an
important mode of failure.® However, the use of rigid or bulky
frames mitigates the high energy density of a dielectric
elastomer-based actuator.

To investigate a material suitable for a dielectric actuator
when prestretching is not required, we propose the introduc-
tion of two physical parameters, where one is related to the
energy converted by the DEA and the other is related to its
electromechanical stability, and where both of them are related
to the Young’s modulus (Y), the dielectric permittivity (¢,), and
the electrical breakdown field (Ey,).

Suo et al.*® established the relationship® between the defor-
mation and the electric field E for an incompressible, isotropic
and ideal dielectric elastomer (no electrostriction),

8Ws(/11,j.27 ]/(1112))

o7 Y (1)

0, — 03 = A

where o; is the true stress with i € {1;2}, & is the vacuum
permittivity (F m ™), ¢, is the relative permittivity of the material
(without units), E the applied electric field (V m™"), Wy(/1,4,
1/24,4,) is the Helmholtz free energy associated with the
stretching of the elastomer, o is the true external stress (the
force normalized by the area of the deformed state) and /; is
the stretch along the axis k (without units) (k € {1;2;3}).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Nominal stress function of the stretch at zero (blue) and the
breakdown field (red) The green area corresponds to the cycle targeted.

To achieve actuation, membranes can operate in numerous
ways from simple pure shear, uniaxial and biaxial plane config-
urations to more complex geometries such as tube and gripper.”
Here, the pure shear configuration (4, = 0) is used for compar-
ison. Thus, work T,d/,L, is only exchanged on axis 1, with

_ BWS(M ) /127 1/(/11)2)) _ SoﬁrEz
B Dl o

Ty(4, E) (2)
where T;(/4,E) is the nominal stress.

Elastomers are generally described according to a hyperelastic
model, such as the Yeoh or Gent models."”*° Fig. 2 shows the use
of a hyperelastic model to describe Elastosil 2030 from Wacker.
The electromechanical cycle for energy conversion is in-between
the curve at zero and the breakdown field. The green area in Fig. 2
is a relevant cycle for application which does not require pre-
stretching. Its energy density (defining a figure of merit) is

v
Fom = J T, (},1,0)(1),1 = Ws(A)L) (3)
1
with A4 + 1 the stretch at zero nominal stress and at the
breakdown field, such as T;(AZ + 1, E,) = 0. To be able to
determine the criterion of comparison, the nominal stress-
stretch relationship used to estimate the energy of a cycle is

oW,
considered as being linear (Fig. 2) 2 *=Y(4 — 1), where Yis
1
E()SrEbz

Young’s modulus. The stretch, A4, is and the energy Fop,

becomes &ye.Ep>.

To maximize the energy Fon, = &é.Ey” of a dielectric elasto-
mer, we have to increase the electric field, which is limited by
the breakdown field (E},), and increase the material’s relative
permittivity (¢;) on the one hand and on the other hand

- T
maximize the strain, %

, for which we need to decrease

the material’s Young’s modulus (Y), as has been studied by
Della Schiava et al.*°

However, this approach is not self-sufficient due to the
electromechanical instability, as defined by Zhao et al,*'
and often leads to premature breakdown. The stability of
the actuator must therefore also be considered. Indeed, the

This journal is © The Royal Society of Chemistry 2021
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objective is to obtain an actuator which guarantees safe and
permanent working conditions until electrical breakdown by
avoiding electromechanical instability. A criterion of stability
until electrical breakdown has been previously developed by

Suo et al.'® and Chavanne et al.*>* and is given by:
da 1
8_)\,: — Z(O’l + SOSrEbz) >0 (4)

where A, is the stretch of the actuator in the deformed direc-
tion. Considering a linear stress-strain characteristic (Fig. 2),
eqn (4) becomes

Y
R=—s>1, 5)

T eoerEp?
an expression related to one over the strain. Here, we deduce
two important statements. First, to ensure an electromechanically
stable actuator the stretch is necessarily limited to 2 (i.e., 100%
strain). Second, the Young’s modulus, so as to follow the energy
density, must increase to keep R higher than 1.
In summary, increasing Fop, = £0¢:Ep,> while targeting a small

ratio R = allows the energy density of any dielectric

eoer By’
polymer and its capability to have a large deformation to be
enhanced. However, to guarantee a stable behavior until the
electrical breakdown and to avoid electromechanical instability,

the ratio R should be kept higher than 1. Hence, the figure of

merit, Fom = £06:E,°, and the ratio, R = are well suited

eoer B2’
to analyze the compromise that should be found between
the electric field, the relative permittivity and the Young’s
modulus.

As a result, to compare the performances of different mate-
rials and the effects of their modification, this review is based
on collecting the breakdown voltages, relative permittivities
and Young’s moduli of different available elastomers from
which F,,, and R are calculated. In addition, a target area is
defined where materials should present both a high energy
density and stable behavior regarding the electromechanical
instability. This target area is limited by R values higher than
1.2 to add a margin for reasons previously explained. R values
that are woo high will lead to materials that are too rigid to have
interesting actuation properties, and a maximal value of 2 for
R is therefore set; hence, R should be between 1.2 and 2. The
F,,, limits are based on work densities between 0.1 and
0.5 J cm? that are generally required for dielectric actuators®
and even up to 1 J em ™ for work energies.”® 1t is therefore
desirable to reach these values today.

Various families of commercial elastomers, especially
polyacrylates,®* silicones,*>?® polyurethanes,” rubbers,***° and
copolymers,®® are then reviewed to evaluate their performance as
dielectric elastomer actuators.””*" Specifically, their different
characteristics (relative permittivity, breakdown field and Young’s
modulus) are reported in Table 1. It is noteworthy that, while the
dielectric permittivity values vary only slightly for a given material
according to different authors, the reported values of the Young’s
modulus and breakdown fields can be strongly dependent on the
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Table 1 Dielectric and mechanical properties of different families of elastomers

Polymer Abbreviation on figures & E,(Vpm™)  Y(MPa) Fon(Jem™®) R=Y/F,, Ref
Polyacrylates

VHB 3 M 4910 VHB 4.7 17-31 0.4-2.3 0.01-0.04 10.0-191 27 and 32
Polyurethanes

TPU-LPT4210-UT50 TPU-LPT4210 6“ 218 3.36° 2.53 1.33 27
Bayfol (EA102) Bayfol 7.1° 130 1.44° 1.06 1.36 27
Deerfield PT6100S PU Deerfield 7¢ 160 17 1.59 10.7 29
Estane TPU5888 Estane 6 50 0.01 0.13 0.08 33
Silicones

Elastosil LR3005/50 LR3005/50 2.9¢ 115 0.28 0.35 0.82 34
Elastosil 2030/50 LR2030/50 2.8 100 0.4 0.25 1.6 35
Elastosil p7670 p7670 3.1 30 0.28 0.02 11.3 36
Elastosil LR3043/50° LR3043/50 2.8° 1447 0.53 0.51 1.0 34
Elastosil LR3043/30% LR3043/30 2.8° 123 0.25 0.38 0.67 34
Elastosil RT625¢ RT625 2.8° 50 0.3 0.06 4.84 34
Silastic LC50 2004 LC50 2004 3 105 0.33 0.29 1.13 37
Silastic 3481 Sil3481 3.64 50 0.61 0.08 7.50 38
Sylgard 186 Sylg 186 2.8° 144 0.7 0.51 1.36 29
Sylgard 1847 Sylg 184 2395 27 2.2 0.02 142.5 39
Dow Corning” HS3 2.8° 72 0.125 0.13 0.97 29
Nusil CF19-2186 CF19 2.8° 235 1 1.37 0.73 29
BlueStar MF620U MF620U 3.13 55.9 0.37 0.09 4.27 40
Pow XLR 630* XLR630 2.9¢ 134 0.244 0.46 0.53 34
Fluorosilicone” Dow Corning 730 DC730 6.9 80 0.5 0.39 1.28 29
Other families

Fluoroelastomer L143HC L143HC 12.7¢ 32 2.5 0.12 21.7 29
HNBR’ HNBR 12.5¢ 50 1.6 0.28 5.78 28
SBS/ SBS 3.9 65 0.5 0.14 3.42 41
Natural rubber latex Polyisoprene 2.7 67 0.85 0.11 7.92 29
SEBS* SEBS 3 45 0.16" 0.05 3.0 43 and 44
EPDM’ EPDM 3 20 0.09 0.01 8.47 31

“ At 1/8 Hz. * Module at 50% strain. © At 1 kHz. ¢ The commercial formula contains SiO, as an additive. ¢ At 0.1 Hz./ 23 V um ™" in the data sheet.
£ At 1 Hz. " Centrifuged to remove fillers from commercial formula. ’ Hydrogenated nitrile butadiene rubber (commercial elastomer).’ Styrene-
butadiene-styrene elastomer (commercial elastomer). © Styrene-ethylene-butadiene-styrene elastomer (commercial elastomer). ' Ethylene-pro-

pylene-diene monomer rubber (commercial elastomer).

measurement setups and thus vary greatly from one study to
another.””*? Both parameters Fo,, and R = Y/F,, were system-
atically calculated from the noted characteristics, allowing posi-
tioning of the materials on R-F,, graphs. The measurement
frequency of &, is specified when it is known and most of the
materials are not prestretched before analysis, or prestretching is
not specified in the cited studies.

2. Native commercial dielectric
elastomers

Among polar elastomers, polyacrylates, and in particular VHB
4910 (as marketed by 3M) (Fig. 3), have the advantage of being
provided in the form of a film and of having high elongation at
break values (>600%, allowing significant actuation).”” They

R R O_ _O_ _NH__NH ﬁ‘
M{Aﬂr?i—o)—slimmm n m R3 Y Ra -
n =
R R 07 Sor, 07 “OR, o o

Polyuréthane

Silicone Polyacrylate
PDMS R :CH, VHB R, and R, unknown
Bayfol EA102

o ©
-O-R;-O- : w0 NN /7
S
(0] (0]

K

NH N NH

NH-R-NH-:  ooeNHL

Estane TPU 5888

N P

-O-R;-O- : polyether based

NHue -NH-R4-NH- : unknown

NH%

Fig. 3 Generalized polymer backbone structures of common dielectric elastomers.
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show a dielectric permittivity of about 4.7 and a breakdown
field Ey, in the range of 17-31 V um™ " (Table 1). Hence, they
exhibit low values for the figure of merit (Fy,, < 0.04 ] cm ™).
Their reported elasticity moduli vary greatly (from 0.4 to
2.3 MPa), which place them in an R-F,,, plot in an area that
is far away from the targeted area defined with the criteria
presented in the first part of this review (the solid grey-shaded
part in Fig. 4). In addition, these materials are viscoelastic,
resulting in long response times, with a delay of several
hundred milliseconds to obtain a stable state after the applica-
tion of stress, and hysteresis during cycling. Another point is
the dependence of the leakage current on the humidity and
temperature, which renders the material sensitive to these
parameters. Consequently, the number of cycles before failure
decreases when the relative humidity increases, and the actuation
performance also decreases when the temperature increases.>”
Considering the polyurethane family (PUs), the presence of
polar urethane groups gives these materials a higher permittiv-
ity (>6) compared with polyacrylates (Fig. 3 and Table 1).
They also have a higher breakdown field, which varies from
50 V um~ ' for Estane TPU5888 to 218 V um ' for PU(TPU-
LPT4210-UT50). Except for Estane TPU5888, they present high
values of the figure of merit F,y, (>1 ] cm ™). Moreover, their
Young’s moduli vary greatly from 1.44 to 17 MPa according to
the proportion of urethane groups, as well as the nature of the
segments (R; and R,) linked to these groups, which can be
either rigid or flexible (Fig. 3). Thus some formulations such,
as Bayfol EA102 (synthesized by the polyaddition of a poly-
hexamethylenediisocyanate (Desmodur N100) and a non-
commercial polyester polyol based on hexanediol and phthalic
anhydride (P200H/DS)) or TPU-LPT4210-UT50 (a thermoplastic
elastomer obtained from a non-identified formulation and
presenting a high level of creep),”” combine a high F,, value
and an R ratio in the target area defined for dielectric elastomer
actuator applications (Fig. 4). However, PUs generally show a
low electrical resistance and are sensitive to moisture uptake,

1 i

|

|
100 - i 3
1 kB | ]

] L143HC :

. -] [

TS | PU Deerfleld

10 PEPDM ¥ 8 HNBR : - E
] ' i ]
L O SEBS SBS ! 4
P I —— /EZZ
] I TRPU.LPT4210 ]
] Bayfol * ! ]

|

|

1

0.1 —————y ————y

0.01 0.1 1

3
F o (J.cm™)

Fig. 4 Comparison between the f,, and R parameters of different
dielectric elastomers: polyacrylate (VHB), polyurethane and other families.
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which leads to a reduction in their actuation performance
during operation.*’

A last class of polar elastomers is fluoroelastomers (most
often copolymers of poly(vinylidene fluoride) with trifluoro-
ethylene, tetrafluoroethylene or hexafluoropropylene). They
show interesting thermal and chemical stabilities, and they
have the highest dielectric permittivities (¢, > 12) due to the
presence of polar bonds. However, they have the drawback of
having concomitantly moderate breakdown fields and high
Young’s moduli (>2 MPa), which tend to limit their deforma-
tion rates during actuation.?® Fig. 4 outlines an example of a
fluoroelastomer (L143HC) showing a high R value and a low
figure of merit.

In contrast to polar elastomers, slightly polar elastomers
(polyisoprene, HNBR, SEBS, SBS or EPDM) suffer from a low
dielectric permittivity, and a moderate breakdown field as well
as a low Young’s modulus, leading to high R values and low
figures of merit (Fig. 4).

Among non-polar elastomers, silicones are the family with
the most commercially available products. Despite their low
permittivity values (¢, &~ 2.8) compared with the other families
already mentioned, they remain good candidates because they
can withstand high electrical fields (up to 235 V um ™" for Nusil
CF19 2186), which allow values of F,,; of at least 10 times
higher than the VHB elastomer. Moreover, due to their typically
low Young’s moduli (between 0.125 and 1 MPa), some of them
show an R ratio close to the target area. For instance, Nusil
CF19 2186, a silicone based on polydimethylsiloxane (PDMS)
obtained by hydrosilylation reaction, combines a high F,,,
value and an R ratio close to the target area (Fig. 5). In addition,
silicone elastomers present numerous advantages: fast
response times (a few ms to a few tens of ms) with low or no
hysteresis during cycling; performance stability over a wide
temperature range; and low moisture absorption.>” It is note-
worthy that, among silicone elastomers, fluorosilicones such as

’ 1
1 Sylg184 :
o |
100 | .
- 1 r
] |
] :
1 prer0 |
104 o sil3a81 I -
] a O © ! ]
E So ! |
(4 ] oo SRxg~
] RT625 MF620U Jo 22 !
L P R S -.Je-g-u}--
n"_uﬂ
1 s S = - Lt - 1T-¥ 5
] HS3 3 \ ]
] LR2030/50 XLR630: CF19
1 LR 3043/30 !
1
0.1 ——— ———r—rrrr]
0.01 0.1 1
F,, W.cm®)

Fig. 5 Comparison between the F,, and R parameters of silicone
materials.
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DC730 are a class of dielectric elastomers that have a high
relative permittivity (¢, &~ 6.9) due to the highly polar C-F bond,
which makes up for a lower electrical field to reach the target
figure of merit value.

From this first analysis, it appears that few commercially
available products have the electromechanical characteristics
required to make a performant dielectric actuator stable over
time when used in their native form.

3. Improvement of dielectric
elastomer properties

To enhance the actuation performance of dielectric elastomers,
different modification methods have been reported. Thus, DE
electrical and mechanical properties can be improved either by
engineering the design and/or processing the devices, or by
modifying the elastomer. The elastomer modification could be
extrinsic if the elastomer is blended with other polymers and/or
fillers, or intrinsic if it is chemically modified. These different
pathways and their effects are now presented.

3.1 Electrochemical property improvement via engineering

Prestretching is an efficient way to modify the breakdown
strength of elastomers and to improve their actuation perfor-
mance, in particular the actuated strain (Table 2).

The effect of prestretching on the elastomer actuation
performance was first published by Pelrine et al.,® demonstra-
ting that the breakdown strengths of polyacrylate films and
silicones can be enhanced thanks to this mechanical
constraint.®>**> For instance, the breakdown strength of VHB
4910 increased from 17-31 to 412 V pm™' after a biaxial
(300%,300%) prestrain, and from 17-31 to 239 V um ™' when
a uniaxial (540%,75%) prestrain was applied>*"** (Table 2). This
improvement was confirmed in another study using a biaxial
(300%,300%) prestrain leading to an increase in the breakdown

View Article Online
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strength to 205 V um™~'.>> This phenomenon has also been
observed for prestretched Nusil CF19-2186 (biaxial prestrain
45%,45%) and Dow Corning HS3 (uniaxial prestrain 280%,0%)
silicones, whose breakdown strengths increased from 235 to
350 Vum™, and from 72 to 128 V um ™", respectively. However,
the mechanism responsible for this improvement is not yet
fully understood, and the studies have mainly been focused on
dielectric permittivity evolution during prestretching. Kofod
et al.”® have shown that permittivity of VHB 4910 is modified
slightly (e, = 4.7 to & = 4.5) after biaxial prestretching
(400%,400%), while other studies have described a decrease
in &, from 4.7 to 3.7*7 or 2.6, after the same prestretch. This
decrease, observed when the polymer is stretched, may be due
to dipoles losing their freedom of alignment.

Other studies have demonstrated that prestretching does
not affect the elastomer modulus in directions different from
the direction of stretching®® and that prestretching allows the
suppression of the pull-in instability inside the VHB network.”* >
Nevertheless, there exists an optimum prestretching ratio for
each type of elastomer and each prestretch mode. For example,
Akbari et al.>® have demonstrated that a biaxial prestretch of 150%
is sufficient for suppression of the pull-in instability in a PDMS
elastomer, and that a higher prestretch leads to a stiffening of the
elastomer and an increase in the actuation voltage.

Finally, it should be noted that Young’s moduli are rarely
given for the prestretched materials and are considered to be
only slightly changed after prestretching.*’

Therefore, it is now accepted that an improvement in the
actuation properties using prestretching is assigned to both the
suppression of pull-in instability and the increase in break-
down strength.

A large increase in the breakdown field is thus obtained
upon prestretching, while the relative permittivity is moderately
affected. This improves the value of the figure of merit F,,,, and,
as a result, improves the actuation strain. Simultaneously,
considering that the Young’s moduli are kept constant the

Table 2 Properties of prestretched commercial dielectric elastomers. Non-prestretched elastomers are also specified for comparison (values in bold

type)

Elastomer Abbreviation on figures  Prestrain (x%,y%) & E,(Vum™)  Y(MPa) Fon(Jem™)  Y/Fom Ref.

Polyacrylates

VHB 3M 4910 VHB (0,0) 47 17-31 0.4-2.3  0.01-0.04 10-191 27 and 32
VHB(15,15) (15,15) 4.8 55 354 0.13 23.3 8 and 45
VHB(300,300) (300,300) 4.8%% 412 354 7.22 0.42 8 and 45
VHB(540,75) (540,75) 4.8%7 239 354 2.43 1.24 8 and 45
VHB(200,200) (200,200) 50° 76 0.8¢ 0.26 3.13 46
— (300,300) 4.5° 205 N.S. N.S. N.S. 25

Silicones

Nusil CF19-2186 CF19 (0,0) 2.8° 235 1 1.37 0.73 29
CF19(15,15) (15,15) 2.8 160 14 0.64 1.58 8 and 45
CF19(45,45) (45,45) 2.8 350 4 3.04 0.33 8 and 45
CF19(100,0) (100,0) 2.8 181 1 0.81 1.23 8 and 45

Dow Corning® (HS3)  HS3 (0,0) 28" 72 0.125 0.13 0.97 29
HS3(14,14) (14,14) 2.8%7 72 0.4 0.13 0.78 8 and 45
HS3(68,68) (68,68) 2,84 110 0.4 0.30 0.33 8 and 45
HS3(280,0) (280,0) 2.8%7 128 0.1 0.41 0.25 8 and 45

N.S.: not specified. @ At 1 kHz. ® At 1 Hz. © At 0.1 Hz. ¢ Value before prestretching. ¢ Centrifuged to remove fillers from the commercial formula.

/ Effective module. ¢ At 10% strain.
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Fig. 6 Effect of pre-stretching on the F,,, and R parameters of poly-
acrylates (VHB 3M 4910 (O), Nusil CF19-2186 (O) and Dow Corning
HS3 (A)).

value of the R ratio decreases. Thus, as summarized in Fig. 6,
where the R ratio is represented as a function of F,,, pre-
stretching VHB and silicone elastomers allows them to be
shifted along a line with a minus slope, making them come
close to or reach the target area. For instance, uniaxially
prestretched VHB 4910 (540%,75%) is very close to the target
area, unlike VHB 4910 which has not been prestretched. The
same result is obtained for Nusil CF19-2186 when this material
is prestretched: its actuation performance is improved and to
be close to the target area. Furthermore, it is noteworthy on this
plot that when the Young’s modulus of a dielectric elastomer is
smaller than 1.2 MPa (such as HS3 silicone) the target area
cannot be reached with this material, whatever its energy
density.

3.2 Extrinsic modifications

Another way to modify the electromechanical properties of
dielectric elastomers is to combine them with other polymers,

Polymer A Polymer B

Polymer blend
No bond between polymer A and polymer B

View Article Online

Review

fillers or plasticizers, and these different paths are now
described.

3.2.1 Polymer association. A performing dielectric elasto-
mer can be achieved by associating a dielectric polymer with a
polar polymer (or copolymer). They can be combined without
any reaction between the two polymers by blending or by
creating an interpenetrating polymer network architecture
(Fig. 7).

The addition of a polar polymer to a low-dielectric-constant
polymer allows its dielectric permittivity to be increased, as has
been done to improve the intrinsic low relative permittivity of
PDMS. Table 3 hereafter summarizes the characteristics of the
initial elastomer (denoted in bold type) and those of materials
based on blends.

The embedding of low percentages (<6 wt%) of undoped
poly(3-hexylthiophene) (PHT), a soluble conjugated polymer
with a strong polarization, in a commercial PDMS (TC-5005)
increases its dielectric permittivity from ¢, = 4.6 to 13.8 (6 wt%
PHT). Simultaneously, a slight increase from 0.5 to 3 of the
dielectric loss (¢”), was observed at low frequencies indicating
an increase in dissipative loss, which explains the breakdown
voltage decrease from Ej, = 14 to 8.5 V um™".>* In addition, an
unexpected reduction was observed in the elasticity modulus
from 100 to 46 kPa, which was assigned to a decrease in the
PDMS matrix crosslinking density in the presence of PHT.
These variations are reflected by a moderated value of the
figure of merit for these polymer blends (lower than 0.01 J cm ™)
and a decrease of the R ratio from 12.5 to 6.1-5.2, which
remains high. The same authors have also shown that it is
possible to obtain similar effects by blending a two-component
PU (Poly74-Polytek) with the same PDMS. The obtained mate-
rial with 40 vol% PU is characterized by a dielectric constant
(¢r ~ 15.3 at 10 Hz) that is higher than those of the single PDMS
(& ~ 4.6) and PU (¢, &~ 7.5), while the elasticity modulus
remains unchanged (Y = 0.1 MPa).>® As observed for blending
with PHT, this material is also characterized by a high value of
dielectric loss (¢ > 3) at low frequencies (<300 Hz). The
authors reported that, regardless of the electric field applied,
the polymer blend with PU has higher actuation deformations

Network
Polymer A

Network
Polymer B

Interpenetrating Polymer Network (IPN)
No bond between
polymer network A and polymer network B

Fig. 7 Schematic of a polymer blend (left) and an interpenetrating polymer network (right) architecture.
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Table 3 Properties of silicones blended with different polymers
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Polymers Abbreviation on figures & Ep (Vum™) Y (MPa) Fom (J em™?) R = Y/Fom Ref.
TC-5005 A/B-C* TC 4.6° 14 0.10¢ 0.008 12.5 54
+PHT (1 wt%) TC + PHT_1 wt% 5.6° 8.1 0.02¢ 0.003 6.1 54
+PHT (6 wt%) TC + PHT_6 wt% 13.8” 8.5 0.0467 0.009 5.2 54
+PU (40 vol%) TC + PU_40 vol% 15.3 5.6 0.1 0.004 23.5 55
PDMS MJK4/13 MJK 3.5 93 0.25 0.27 0.9 56
+PDMS-c0-PEG (5 wt%) MJK + PDMS-co-PEG 5 wt% 4.4 103 0.12 0.41 0.3 56

“ Bicomponent PDMS containing fillers (A/B), with component C as the additive. * At 10 Hz. © At 0.1 Hz. ¢ At 100% stretching.

than the starting PDMS, but a weaker breakdown field (E, =
5.6 V um ') due to a detected interfacial polarization. Thus,
even with PU-based blends allowing a higher actuation defor-
mation, these PDMS-based materials also maintain a low figure
of merit.

Polyethylene glycol (PEG), another type of polar polymer, can
also be associated with silicone to increase the latter’s dielectric
permittivity. To avoid demixing, PDMS,-co-PEG multiblock-
copolymers were used as compatibilizers. These multiblock-
copolymers were synthesized with various PEG proportions by
varying the number of dimethylsiloxane units in the PDMS
blocks (n) from 81 to 3.° Despite their high dielectric permit-
tivity of up to 21 at 1 Hz, these copolymers, with a high
dielectric loss, are too conductive to be used as elastomers for
a dielectric actuator. By contrast, when a 5 wt% copolymer
containing 38 vol% PEG is blended in the commercial silicone
matrix (Wacker, MJK4/13), dispersed nodules are formed and
the PDMS dielectric permittivity increases from ¢ = 3.5 to
& = 4.4 (at 0.1 Hz).>® Simultaneously, the dielectric loss increase
is contained (tan 6 < 0.01), the elastic modulus is reduced from
0.25 to 0.12 MPa, and the breakdown field is increased from
93 + 7t0 103 & 4 V um ™", Thus, the F,, and R parameters vary
from 0.27 J ecm > and 0.9 for the pure PDMS to 0.41 J cm > and
0.3 for the blend. This modification therefore seems useful for
increasing the figure of merit of elastomers and bringing them
close to the target area. However, the R ratio is divided by 3.

These studies show that blends of silicones with polar
polymers (polyhexylthiophene, polyurethane, polyethylene
glycol, etc.) can significantly increase the silicone dielectric
permittivity, and synergies can even be observed at times.

However, the elasticity modulus decreases simultaneously,
while the breakdown field can be slightly improved in some
blends.

The association of crosslinked polymers (polymer networks)
is an efficient method to obtain polymer blends that are stable
over time (with an absence of demixing or evolution of the
morphology over time). This type of architecture, called an
interpenetrating polymer network (IPN), has already been
explored with success for the development of dielectric actua-
tors, and Table 4 summarizes the characteristics of such an
architecture.

The VHB electrical breakdown resistance is improved when
it is included inside an IPN architecture, as shown with VHB-
TMPTMA IPNs.*” More specifically, polyacrylate networks (VHB
4905 and VHB 4910) have been associated with trimethylol-
propanetrimethacrylate (TMPTMA) networks in an IPN archi-
tecture (Fig. 8). For this, a VHB film is bi-axially stretched to
400% and swollen with TMPTMA which is then crosslinked.
VHB 4905 and VHB 4910 films containing 6.6 wt% and 5.2 wt%
TMPTMA networks, respectively, retain a prestretch of 275 and
244%, respectively. This association therefore allows the VHB
network to remain prestretched without the application of any
external force. These VHB-TMPTMA IPNs were characterized by
weaker dielectric constants but higher Young’s moduli, and
higher breakdown fields than those of the VHB starting
networks. In addition, IPNs are less viscoelastic than VHB
networks. These results show that the interpenetration of an
acrylate network within a VHB network improves the actuation
performance and can bring VHB near to the target area
(Fig. 11).

Table 4 Properties of different elastomers based on the interpenetrating polymer network architecture. The text in bold type correspond to the single

networks

Polymers Abbreviations on figures & Ey(Vum™) Y(MPa) Fopn(Jem™) R=VY/F,, Ref
VHB 3M 4910 VHB 47/ 17-31 0.4-2.3  0.01-0.04 10.0-191 27 and 32
VHB 3M 4910 VHB(300,300) 4.8/ 412 3%b 7.22 0.42 8 and 45
VHB 3M 4910-TMPTMA IPN IPN VHB-TMPTMA (244,244)  3.2¢ 418 4.15¢ 4.95 0.84 57

VHB 3M 4905-TMPTMA IPN IPN VHB-TMPTMA (275,275)  2.4% 265 3.944 1.49 2.64 57
Elastosil LR3043/30° LR3043/30 2.9" 130 0.253 0.43 0.58 58
LR3043/30-BS12 IPN 70-30 wt%  IPN LR3043/30 13" 45 0.255 0.23 1.09

PDMS’ (M =23 x 10" g mol ) PDMS” 3.1 92 0.1° 0.23 0.43 46
PDMS’-PUUS IPN 95-5 wt% IPN PDMS’-PUUS_5 4t 63 0.1° 0.14 0.71

PDMS’-PUUS IPN 90-10 wt% IPN PDMS’-PUUS_10 4.5' 44 0.2° 0.08 2.59

PDMS* (M = 7 x 10* g mol %) PDMS* 29° 124 0.2° 0.4 0.51 46
PDMS*-PUUS IPN 80-20 wt% IPN PDMS"-PUUS_20 10.6° 11 0.6° 0.01 141

“ Effective modulus. ® Value before prestretching. © The commercial formula contains Si0,. ¢ Biaxial Young’s modulus. ¢ At 10% strain./ At 1 kHz.

S At 10 Hz. " At 0.1 Hz. P At 1 Hz.
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Fig. 8 VHB-TMPTMA IPN synthesis.
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Fig. 9 Chemical structures of ionic and silicone IPNs.

Silicone-silicone-based IPNs have also been developed®®
(Fig. 9). Commercial silicones (Elastosil LR3043, Elastosil
RT625 or Powersil XLR630) crosslinked via hydrosilylation are
combined with another silicone network, crosslinked by ionic
interaction. This latter network is synthesized from carboxyl-
terminated PDMS (BS-12 or BS-15), and PDMS with pendant
aminopropyl groups (AMS-162). On the one hand, the permit-
tivity (at 0.1 Hz) is increased from ¢ =~ 2.9 for the single
Elastosil LR3043 network to ¢ ~ 13 for the LR3043/BS-12 (70/30)
IPN, while the breakdown voltage decreases (Ey, = 130 V um ™" for
the LR3043 network and Ey, = 45 V um ™" for the IPN). Finally, even
though it has self-healing properties, this IPN shows a figure of
merit Fo, = 0.23 J em™® and an R value of 1.09. Thus, the
introduction of an ionic network in a silicone network allows
the dielectric permittivity to be increased but reduces the Fy,
value due to the reduction in breakdown voltage.

IPNs based on poly(urethane-urea-siloxane) and PDMS have
also been developed to provide better dielectric elastomer
actuators.”® For this, a poly(urethane-urea-siloxane) bearing
pendant carboxylic acid functions (PUUS) was synthesized
and then mixed in different proportions (5, 10 and 20 wt%)
with PDMS network precursors of different molar weights
((7, 23 and 37) x 10* g mol™"). A small amount of polydimethyl-
siloxane grafted with polyethylene glycol chains (PDMS-g-PEO)
was added to the mixture to promote the PDMS/PUUS

This journal is © The Royal Society of Chemistry 2021
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compatibility. Finally, tetraethyl orthosilicate (TEOS) was added
as a crosslinking agent, allowing the PDMS network formation
while PUUS was physically crosslinked by hydrogen bonds
(Fig. 10). The higher the polyurethane proportion, the higher
the Young’s modulus of the IPN. The greatest increase is
obtained for the PDMS network with the highest crosslinking
density (i.e., the precursor with the lowest molar weight) con-
taining 20 wt% PUUS (the largest amount of the polar network)
(Y = 0.2 MPa and 0.6 MPa for the reference PDMS and IPN,
respectively). Association of the PUUS and PDMS networks in
an IPN architecture leads to an increase in the dielectric
permittivity compared with that of the reference PDMS net-
work. Thus, a maximum dielectric permittivity (10.6 at 1 Hz) is
obtained for the PDMS (7 x 10* g mol™*)/PUUS (80/20) IPN.
In addition, the electric breakdown field value collapses from
Ey, = 124 to 11 V um ' when the proportion of PUUS is
increased. This decrease is explained as being due to the
surface porosity of the materials created during network for-
mation, which increases with the urethane proportion. Finally,
the electromechanical properties of these materials were char-
acterized by measuring the deformation under an applied
electric field. The higher the molar weight of PDMS, the greater
the deformation. The maximum elongation (7.1%) was mea-
sured on the IPN PDMS”-PUUS_10 for a 20 V um ™ * field while it
did not have the highest permittivity. This observation can be
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Fig. 10 PUUS/PDMS IPN chemical structures and scheme.

explained by its lower modulus. It can be seen on the R-F,,
plot that the IPN PDMS”-PUUS_10 is closer to the target area
than IPN PDMS*-PUUS_20, which confirms the relevance of
this graph (Fig. 11). The figure of merit of these IPNs is lower
than that of the PDMS network. Indeed, for a PDMS’ (23 x
10* g mol ") network, it decreases from 0.23 J cm > to 0.14 and
0.08 J cm ™ when it is combined with 5 and 10 wt% PUUS,
respectively. This tendency thus leads to an opposite effect to
that observed with VHB-based IPNs, which is the consequence
of the large decrease in the electrical breakdown of the PDMS/
PUUS IPN.

In summary, these results show that associating polymers in
an interpenetrating polymer network architecture is an efficient
method for increasing the material’s dielectric constant. This
behavior is in line with the results described on polymer
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Fig. 11 Comparison between the F,, and R parameters of interpenetrat-
ing polymer networks based on VHB (squares) and silicones (triangles and
circles).

Soft Matter

View Article Online

Soft Matter

PUUS
o 0
il Il

|
amesC—NH =R =NH—C—0—R,—0—C—NH-R{~NH—C—NH-R3—NH-Cumws

CHs
. A |
R,: mixture of w('c»q;:,u W CH, —C —CH e
4 coo Hydrogen bonding as

physical cross-linking

A
Ra:  ww(CHy)s—Si—0—5i—0—(Chp)gmam

Silicone
network PUUS ionic
network
PDMS-g-PEO

blends. However, the effects on the Young’s modulus and the
breakdown field are different according to the examples
encountered. The Young’s modulus increases in the VHB-
TMPTMA and PDMS-PUUS IPNs while it remains unchanged
for the LR3043-BS12 IPNs. The electrical breakdown field is
strongly affected by the nature of the polar partner. In a VHB-
TMPTMA IPN, combining a neutral polar partner network, the
breakdown field varies slightly in comparison with a pre-
stretched starting network. Otherwise, for a partner network
containing ionic functions (carboxylic acid or ionic crosslinks),
the breakdown field decreases more markedly as, for example,
in LR3043-BS12 compared with the PDMS-PUUS IPNs. However,
this architecture remains of interest for improving the actuation
properties of dielectric elastomers.

3.2.2 Composites. The permittivity of elastomers can also
be improved by incorporating high-permittivity (nano)particles,’
such as ceramics, BaTiO;,”" %" TiO,,**%*% or CaCu;Ti 0;,, "
whose relative permittivity is greater than ¢, = 1000 or electrically
conductive particles such as carbon black (CB),"* graphene,®* %’
carbon nanotubes®®***° or conducting polymers.”® The effects of
adding electrically conductive fillers will be described first and
then those of non-conductive fillers.

3.2.2.1 Electrically conductive fillers. When adding conduc-
tive fillers, it is essential not to exceed the percolation threshold
(P.), i.e., to stay in a state where the particles are separated from
each other to keep the insulating properties of the matrix.
Thus, only low contents of conductive fillers are encountered.
In addition, the nature, size and shape of the fillers, the
dispersion or interfacial state between the matrix and fillers,
etc.,”" must also be taken into account but will not be dealt with
in detail in this work. Results are presented in Table 5, and
Fig. 12 allows the positioning of these materials in relation to
the target area and shows the effects of adding conductive
fillers.

This journal is © The Royal Society of Chemistry 2021
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Table 5 Properties of different elastomers modified by adding conductive fillers. Values in bold type correspond to the unfilled materials

Matrix (name in the figure)  Filler Amount & E,(Vum™)  Y(MPa) Fon(Jem™®)  R=Y/F,,  Ref

SEBS 0 0 3 45 0.16" 0.054 3.0 43
CB 0.5 vol% 3 18 N.S. 0.009 —
CB 3.5 vol% 11 4 N.S. 0.002 —

v-PDMS? (v-PDMS) 0 0 3.3¢ 37 0.20 0.04 5.0 68
PDMS-MWCNT 0.05 wt% 3.56% 27 0.22 0.02 9.6

Silastic 3481 (Sil3481) 0 0 3.1° 45 0.52 0.056 9.3 65
TGNP 1.6 wt% 18.3% 36 1.2 0.21 5.7

OH-PDMS (OH-PDMS) 0 0 2.3¢ 66 0.48° 0.09 5.4 70
PANI in PDVB shell 15 vol% 3.3¢ 51 0.28° 0.08 3.7

N.S.: not specified. “ At 100 kHz. ® At 1 kHz. © At 100 Hz. ¢ Vinyl telechelic PDMS, M, = 159000 g mol~". ¢ At 50% strain.

Many studies have shown that adding conductive fillers is a
highly effective method to increase the elastomer permittivity,
but this is coupled with a drop in the breakdown voltage. For
instance, adding more than 1.0 vol% carbon black (CB) to a
poly(styrene-ethylene-butadiene-styrene) (SEBS) matrix (&, ~ 3)
increases the relative permittivity of the composite material
while maintaining low dielectric losses as long as the percola-
tion threshold is not reached (P. = 4.62 vol% CB)."* However,
the breakdown field is divided by 3 (from Ej, = 45 V um ™' to
Ep =18 V um™ ") as soon as 0.5 vol% CB is added, and by 11
(Ew = 4 V um ") with 3.5 vol% CB. Hence, the increase in the
dielectric constant (from ¢ =~ 3 to ¢ & 11) is not enough to
compensate for the breakdown field downfall and to improve
the elastomer properties for DEA applications. However, in
some cases, the actuation performance of dielectric elastomers
has been improved by using conductive fillers with a non-
conductive shell. Thus, an actuation twice as high as that of
the reference silicone matrix was obtained at 27 V um ™" when
multiwall carbon nanotubes (MWCNTs) functionalized cova-
lently with PDMS (10-20 nm diameter) were included in a
silicone matrix.®® According to the authors, this functionaliza-
tion allows a homogeneous dispersion of PDMS-g-MWCNTs in
the silicone matrix and a decrease in the interfacial defects
between the particles and the polymer matrix, which strongly
reduces the breakdown voltage and increases the dielectric
losses. When the variations of the material characteristics are
examined separately, adding a small amount (0.05 wt%) of
PDMS-g-MWCNT fillers slightly increases the permittivity at
100 kHz from ¢, ~ 3.3 for PDMS to ¢, ~ 3.56 while the Young’s
modulus remains almost the same (from 0.20 MPa to 0.22 MPa).
Thus, the figure of merit Fop, = 0.02 ] cm ™ is decreased and
R = 9.7 is increased. Hence, despite the authors reporting an
increase in actuation at a given voltage, as the breakdown field
decreases from Ep = 37 to E, = 27 V um ™', the maximum
achievable actuation remains almost unchanged. As a conse-
quence, the addition of this conductive filler moves the mate-
rial away from the target area (Fig. 12).

Conversely, the actuation performance of a Silastic 3481
silicone-based DEA is improved by the addition of thermally
expanded graphene nanoplates (TGNPs) and the composite is
placed closer to the target area (Fig. 12).%> Indeed, for contents
lower than 1.6 wt% TGNP filler, the volume resistivity of
composites is greater than 10" Q cm and close to that of the
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Fig. 12 Comparison between the F., and R parameters of different
unloaded elastomers (empty symbols) and loaded with conductive or
core—shell charges (solid symbols).

initial silicone matrix (10'* Q cm). Consequently, a low dielec-
tric loss at 1 kHz is maintained (<0.2). Simultaneously, &,
increases from 3.1 for the reference silicone to 18.3 for a
composite material containing 1.6 wt% TGNP. In addition,
the Young’s modulus is doubled while the breakdown field
decreases slightly from 45 V um ™" to 36 V um ™ '. Hence, the
addition of TGNP fillers allows the figure of merit of Silastic
3481 to almost quadruple, from Fyy, = 0.056 to For = 0.21 ] cm ™3
and reduces its R value from 9.3 to 5.7.

Furthermore, polyaniline (PANI)-type particles encapsulated
in divinylbenzene (DVB) via mini-emulsion polymerization
have been included as fillers in a crosslinked PDMS matrix.”®
As expected, the PDMS/PANI(PDVB) composite reveals an
increase in permittivity at 100 Hz from ¢, = 2.3 for the unloaded
PDMS to ¢ = 3.3 for the PDMS loaded with 15 vol% fillers.
However, the Young’s modulus and the breakdown field
decrease from Y = 0.48 MPa to 0.28 MPa, and from E, = 66V pum '
to 50.9 V um™ . Despite the increase in the dielectric constant and
the possibility of incorporating a high filler content, the decrease
in breakdown voltage results in a slight decrease in the figure of
merit of this material compared with that of unloaded silicone
(from E4 = 0.09 ] cm > to 0.08 J cm™?).
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All these studies show that the addition of conductive fillers
is an effective way to improve the dielectric constant of elasto-
mer matrices, but their impact on other properties is highly
variable and depends on many parameters. Even if certain
authors have shown an improvement in the actuation perfor-
mance when the dielectric elastomers are loaded with conduc-
tive particles, this bibliographic study revealed that it did not
always concord with bringing materials close to the target
domain for the application, as shown in Fig. 12.

3.2.2.2 Non-conducting fillers. Non-conducting fillers have
also been introduced into elastomeric matrices. Compared to
conductive fillers, they have the advantage of having a generally
higher relative permittivity and of being non-conductive, and
their proportion in the material is not limited by the percola-
tion threshold. Thus, dispersion of inorganic fillers such as
titanium dioxide (TiO,),**”>”* barium titanate (BaTiOs-BT)*""*7>
or boron nitride (BN)’® has often been reported. Table 6 presents
the property changes for some PDMS elastomers that contain with
such fillers.

Adding 30 wt% TiO, to Cine-Skin silicone increases its
permittivity at 10 Hz from ¢, = 5.5 to 7.5,%* while the Young’s
modulus and electrical breakdown strength are simultaneously
decreased from Y = 0.04 to 0.016 MPa, and from E}, = 14.6 to
10 V um ™. Therefore, the figure of merit remains extremely low
(Fom < 0.01 J cm™?) despite the addition of a large amount
of TiO, filler. Nevertheless, adding TiO, to Silastic 3481°®
increases the figure of merit from F,, = 0.08 to more than
0.13 J cm* and the R ratio decreases from 7.5 to less than 5.0.
In detail, adding a filler results in an increase in the dielectric
permittivity from & = 3.6 to 6, an increase in the dielectric
breakdown strength from E, = 50 V. um ™' to E, > 50 V um ™"
and the Young’s modulus is almost unchanged (Y = 0.61 MPa
and 0.67 MPa).

The use of high-dielectric-permittivity fillers such as calcium
copper titanate (CaCu;Ti,Oy,, or CCTO; ¢, ~ 10%) has also been
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investigated.*® The addition of 20 wt% CCTO to Blue Star PDMS
increases its dielectric permittivity at 1 kHz from ¢, = 3.1 to 5.2,
while not modifying its Young’s modulus (0.38 MPa), although
it divides the electrical breakdown strength by 2. The addition
of CaCu;Ti,0;, fillers leads to a decrease in the figure of merit
of the composite (For, = 0.035 ] cm™?) but also an increase of the
R ratio to 11. Consequently, this composite is far from the
target area.

Barjum titanate (BaTiOj3, or BT) is another interesting type of
filler to increase the dielectric permittivity of elastomers. The
effects of the content (from 10 to 30 vol%) and the size (from
125 nm to 3 pm diameter) of these particles in composites
based on Elastosil RT625 silicone have been investigated.®' As a
general behavior, the dielectric permittivity is increased by
adding BT particles, from ¢, = 3 for pristine PDMS to more
than 4.4 for a composite. Simultaneously, the Young’s modulus
is doubled for the composite containing 20 vol% BT (<2 pm).
In addition, 10 wt% micro-fillers (2 pm) improve the dielectric
permittivity better than 10 wt% nano-fillers (300 nm) (e, = 4.4
versus ¢ = 4.7). Drying the particles before their incorporation
also slightly improves the dielectric permittivity (¢, = 7.2 and
& ~ 7.5 for 20 vol% BT (3 um) undried and dried, respectively)
and significantly impacts the dielectric breakdown strength
(increasing E}, from 18 to 40 V um™ ). Thus, the figure of merit
of PDMS filled with 20 vol% BT versus pristine PDMS increases
from Foy = 0.05 to 0.1 J em ™ for dried particles while it
decreases for non-dried fillers (Fop, = 0.02 J cm ™).

Vudayagiri et al.** investigated the effect of different propor-
tions (3, 6 and 9 wt%) of commercially available fillers (anatase
TiO,, core-shell TiO,-SiO,, or CaCu;Ti O,) on the dielectric
permittivity, modulus and electrical breakdown of various
Elastosil silicones (LR3043, LR3005, and POWERSIL®XLR630).
These effects depend on the nature of the elastomer/filler pair.
The uniform dispersion of the filler with an appropriate
concentration in the elastomer leads to an increase in the
electromechanical properties. TiO, is the best candidate for

Table 6 Properties of different silicones modified by inorganic fillers. Values in bold type correspond to the unfilled elastomer

Silicone (commercial name) Filler Amount &r Ep (Vpm™) Y (MPa) Fom (J em ™) R =Y/Fom Ref.
Cine-Skin® 0 0 5.5¢ 14.6 0.04° 0.010 3.8 63
TiO, (10 pm) 30wt%  7.5° 10 0.016” 0.007 2.4
Silastic 3481 N.S. N.S. 3.6° 50 0.61 0.08 7.5 38
TiO, (3 pm) 30 phr 6° >50 0.67 >0.13 <5.0
Blue Star 0 0 3.1/ 55.9 0.37 0.09 4.3 40
CCTO (5 pm) 20wt% 527 274 0.38 0.035 11
Elastosil RT625° 0 0 3.07 45 0.084 0.054 1.6 61
BaTiO; (<3 pum) 20volw 727 18 0.17 0.021 8.2
BaTiO; (<3 um) dried  20vol% 7.5/ 40 N.S. 0.106 —
Elastosil LR3043/50 0 0 2.8° 144 0.54¢ 0.51 1.0 34
TiO, (21 nm) 9 wt% 5.6 141 0.307 0.99 0.3
Elastosil LR 3005/50 0 0 2.9% 115 0.28° 0.34 0.8 34
TiO, (21 nm) 9 wt% 3.2 136 0.22¢ 0.52 0.4
XLR 630° 0 0 2.9% 134 0.24°¢ 0.46 0.5 34
TiO,-Si0, Aeroxide 3 wt% 3.2¢ 108 0.29¢ 0.33 0.9
6 wt% 3.45 173 0.19¢ 0.91 0.2
9 wt% 3.5¢ 126 0.30¢ 0.49 0.6

N.S.: not specified. “ PDMS tricomponent: 50 wt% PDMS/5 wt% hardener/45 wt% softener. ” At 100% strain. © The commercial formula contains

SiO, as an additive. ¢ Y = 3G'. © At 10 Hz./ At 1 kHz. ¢ At 0.1 Hz.
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Fig. 13 Comparison between the F,,, and R parameters of non-filled
silicones (empty symbols) and of silicones filled with inorganic particles
(full symbols).

increasing the dielectric permittivity, reaching, for example,
&r 01mz = 5.6 for LR3043 with 9 wt% filler versus 2.8 without the
filler. The core-shell TiO,-SiO, filler improves the breakdown
field. Thus, the highest value is obtained for XLR 630 silicone
filled with 6 wt% core-shell TiO,-SiO, (E, = 173 V um ™). This
filler/elastomer pair is also the most efficient for reinforcing the
silicone’s modulus from 0.24 MPa to 0.30 MPa with 9 wt%
filler. In addition, the effect of fillers on the breakdown
strength seems correlated with that of the effect on the Young’s
modulus. Finally, the same fillers can have opposite effects on
the electromechanical properties, depending on the silicone
matrix, making any prediction difficult (Fig. 13).

Other works on BT,”” lead magnesium niobate-lead titanate
(PMN-PT)”® and lead zirconate titanate (PZT)”® have demon-
strated that the addition of ferroelectric ceramics is not system-
atically a good strategy for increasing the properties of the DEA.
While an increase in the dielectric permittivity is described for
all the fillers studied, the performance of the resulting DEA is
not improved. The authors provide three explanations for this
phenomenon: (i) an increase in the Young’s modulus, (ii) a
decrease in the dielectric breakdown strength, and (iii) an
increase in the dielectric losses.

In summary, the addition of inorganic fillers is an efficient
strategy to increase the dielectric permittivity of elastomers.
However, the effect on the dielectric breakdown strength (either
an increase or a decrease) depends on the considered system.
Therefore, the incorporation of fillers can raise or lower the
figure of merit and the R ratio (Fig. 13).

3.2.3 Addition of plasticizers. The simplest solution to
modify the mechanical properties of a polymer is to plasticize
it, i.e., to introduce a plasticizer which decreases the inter/
intramolecular interactions between the macromolecules. Thus,
the Young’s modulus is generally lowered and the deformation is
eased. This strategy was applied to nitrile butadiene rubber (NBR)
by adding dioctylphthalate (DOP),*® which decreases the elastic
modulus from 1.3 to 0.34 MPa, and consequently increases the

This journal is © The Royal Society of Chemistry 2021
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radial deformation at 20 V um™* from 0.13 to 1.6%. Otherwise, the
effect of epoxidized soybean oil as a plasticizer on the dielectric
and mechanical properties of hydrogenated NBR (HNBR), either
filled or not with 40 wt% TiO,, was studied.?® The incorporation of
30 wt% oil slightly decreases the dielectric permittivity (from ¢, =
12.5 to 11.5) and the elastic modulus (from Y = 1.6 to 0.75 MPa) of
the HNBR matrix. Thus, the actuation at 30 V um™* is increased
by 100% compared with the non-plasticized HNBR matrix. The
addition of 30 wt% oil to a 40 wt% TiO,/HNBR composite also
weakens the interaction between the HNBR and the fillers, which
further increases the actuation, by 170% at 30 V um ™' compared
with the 40 wt% TiO,/HNBR composite.

The addition of a plasticizer to filled or unfilled elastomers
can thus be an efficient solution to improve the actuation.
However, these small molecules are not linked to the matrix
and they can therefore easily migrate, which constitutes a
major drawback to their stability over time and thus their use
in different applications.

After this non-exhaustive review of the different possibilities
of modifying the electromechanical properties of dielectric
elastomers by adding an exogenous component, the different
pathways of chemical modifications of elastomers which have
been tested in the literature are now presented.

3.3 Elastomer chemical modifications

In this part, unlike in the previous examples, the molecular
structure of the elastomers is irreversibly changed.”®"®> The
elastomer structure can be modified during its synthesis by
increasing the crosslinking density (elastic behavior), by intro-
ducing pendant chains (free volume) or polar grafted chains
(increasing the material’s polarity), or by tuning the gel fraction
(viscous behavior). These modifications thus tune the electro-
mechanical behavior of the dielectric elastomer.

3.3.1 Crosslinking density and crosslinker nature. Some
examples of the effect of the crosslinking density and the
crosslinker nature on the characteristics of elastomers are
detailed in Table 7.

The crosslinking density of a silicone elastomer synthesized
via polycondensation can be modified by varying the propor-
tions of both components, as shown with a Dow Corning
silicone (DC 3481) reacting with increasing amounts of cross-
linking agent (hardener: 81-R from Suter-Kunstsoffe). Thus, the
Young’s modulus and the breakdown field increase with the
crosslinking density while the dielectric constant of the materials
is unchanged.®* More precisely, adding from 5 to 40 wt% cross-
linker causes an increase of 50% in the Young’s modulus (from
Y = 0.35 to 0.52 MPa) and 76% in the breakdown field (from
Ep, =41 to 72 V um™ '), while the dielectric permittivity remains
constant (¢ = 3.2). Moreover, the permittivity can be improved
from ¢ = 3.2 to & = 3.7 by modifying the nature of the
crosslinker (by substituting of 81-R with 81-F or 81-VF (from
the same manufacturer)). Simultaneously, the Young’s modulus
also increases from Y = 0.35 with 81-R to 0.43 MPa and 0.56 MPa
with 81-F and 81-VF, respectively. The chemical nature of these
crosslinkers has not been identified and thus it was not possible
to establish a structure-property relationship. This work
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Table 7 Influence of crosslinking density and crosslinker nature on the electromechanical properties of elastomers. Values in bold type correspond to

the parent elastomer

Polymer Crosslinker & Ep (Vum™) Y (MPa) Fom (J em ™) R =Y/Fom Ref.
Silicone DC 3481 5 wt% 81-R 3.25 41 0.35 0.05 7.2 83
10 wt% 81-R 3.24 61 0.49 0.11 4.6
20 wt% 81-R 3.21 66 0.51 0.12 4.1
40 wt% 81-R 3.20 72 0.52 0.15 3.5
5 wt% 81-F 3.73 62 0.43 0.13 3.4
5 wt% 81-VF 3.68 71 0.56 0.16 3.4
Co-polyacrylate 0 wt% 5 114 2.46 0.58 4.3 84
5 wt% HDDA 4.9 236 4.38 2.42 1.8

shows that the actuation properties can be improved by adjust-
ing the modulus and the permittivity. Globally the increase in
the breakdown field can increase the figure of merit of DC 3481
by a factor of 3, from 0.05 to 0.16, and, since the Young’s
modulus increases slightly, the R ratio is concomitantly divided
by 2 (from 7.2 to 3.4). However, these materials remain far from
the desired target area (Fig. 14). Similar results on the cross-
linking density of an elastomer have been observed for a poly-
acrylate network.®” Thus, when a 5 wt% crosslinking agent,
1,6-hexanedioldiacrylate (HDDA), is added to an acrylate-based
network during its synthesis, the permittivity remains constant
(er ~ 5-4.9) while the Young’s modulus and the breakdown
strength are doubled. The authors thus succeeded in mastering
the stress-strain relationship without modifying the dielectric
constant and, in addition, suppressed the electromechanical
instability. Very high actuation strains have been obtained
without prestrain despite an increase in Young’s modulus. This
improvement has allowed the material to move into the defined
target area with a figure of merit Fo,, = 2.42 J ecm ™ ® and an
R ratio = 1.8.

These studies show that the amount and nature of the
elastomer cross-linkers have a significant impact on the elec-
tromechanical properties.
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Fig. 14 Comparison between the F,, and R parameters of a silicone
elastomer (empty squares) according to the crosslinking density, and for a
silicone elastomer (full circles) and a polyacrylate elastomer (full triangles)
according to the crosslinker nature.
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3.3.2 Addition of functional groups. Another pathway con-
sists of adding functional groups to the polymer chains to vary
the properties of the materials and their electromechanical
response. Functional groups can be added either at the time
of synthesis, or via post-processing. Hydrosilylation, the main
reaction used for silicone crosslinking and the grafting of
functional groups, as well as the structure of some function-
alized elastomer networks modified in this way as well as the
chemical formula of some precursors are represented in
Fig. 15. The characteristics of elastomers containing functional
groups are summarized in Table 8.

For instance, vinyl (-Si-CH=—CH,) telechelic PDMS (DMS-
V31) is crosslinked via hydrosilylation with hydrosilane (-Si-H)
units of crosslinker (HMS-301). These silicones have been
modified by grafting N-allyl-N-methyl-p-nitroaniline (NANMPN)
via hydrosilylation on some silane ends. The addition of
NANMPN is interesting due to its dipolar character, which
allows the silicone permittivity to be increased while simulta-
neously reducing the crosslinking density, and therefore the
material’s modulus.®>*>®*> Consequently, the dielectric permit-
tivity is increased from ¢ = 3 to ¢ = 6.0, and the Young’s
modulus is decreased from Y = 1.9 MPa to 0.55 MPa when
13.4 wt% NANMPN is enclosed. However, the introduction of a
dipole moment reduces the breakdown field from Ej;, = 129 to
40 V um ™. Thus, these variations decrease the figure of merit
by about a factor of 5 (0.44 J cm™ for pure DMS-V31 and
0.08 J em ™ for modified DMS-V31) and increase the R ratio
(from 4.3 to 6.5). Similar trends are observed when Elastosil
RT625 or Sylgard 184 silicones are modified with 10.7 wt%
NANMPN grafts: the dielectric permittivity increases, and the
Young’s modulus and breakdown field decrease to different
extents, leading to a decrease in the figure of merit and an
increase in R ratio for Elastosil RT625 but a decrease in both
factors in Sylgard 184 (Table 8).*" Finally, although the dielec-
tric permittivity of these three silicones was increased when
between 10.7 and 13.4 wt% NANMPN was added, the modified
materials were moved further away from the target area
(Fig. 16). In another study the authors used crosslinkers to
introduce the dipolar functional groups in a PDMS network.*®
This study shows that the use of crosslinkers 2 and 5 (Fig. 15)
with polar functional groups also increases the permittivity
(from 2.8 to 3.2). In the case of crosslinker 5 the breakdown
field is increased slightly from 111 to 124 V pm™" while it
decreases with crosslinker 2, as reported for the other chemical

This journal is © The Royal Society of Chemistry 2021
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Table 8 Properties of different silicone elastomers chemically modified. Values in bold type correspond to the unmodified elastomer

E, Y Fomn

Elastomer Graft/block Graft content & (Vum™") (MPa) (Jem™®) R=Y/F,, Ref.

DMS-V31 (DMS-V31) 0 0 34 129 1.9 044 43 82
NANMPN 13.4 wt% 6.0 40 0.55 0.08 6.5

Sylgard 184 (Sil184) 0 ()} 2.84° 118 25 035 71 81
NANMPN 10.7 wt% 6.15 61.1 0.85 0.20 4.2

Elastosil RT625 (RT625) 0 0 3.17% 75 0.3 0.16 1.9 81
NANMPN 10.7 wt% 5.56° 30.7 0.14 0.05 3.0

Silicone DMS-H21/VDT-431 (DMS-H21) 0 0 2.8 111 0.54 0.31 1.8 86
Crosslinker 5 1.35 wt% 3.2 1242 0.15%  0.44 0.3
Crosslinker 2 1.35 wt% 3.3 919 0.45% 0.24 1.8

Crosslinked PDMS 0 0 2.8° N.S. 0.07 — — 87
3-Mercaptopropionitrile N.S. 10.1° 108 0.154 0.01 14.7

PHMS-g-PDMS Allyl chloride 16.1 mol% 4.7° 944 1 0.37 2.7 9

PDMS crosslinked with DMS-H31 (PDMS) 0 0 3.79 53 0.31 0.09 3.37 88
PPMS® (block) 8.4 x 10" (molg™") 3.7¢ 72 0.45  0.17 2.7
PPMS (block) 20 x 107 (mol g™%)  3.4% 56 0.27  0.09 2.9

N.S.: not specified. @ At 1 kHz. ® At 10 kHz. ¢ At 100 Hz. ¢ At 1 Hz.

functionalization with dipolar nitro groups. The use of both
crosslinkers results in a decrease in the Young’s moduli with a
varying magnitude depending on the crosslinker. In this work
the increase in the dielectric permittivity is not enough to

This journal is © The Royal Society of Chemistry 2021

increase the energy density of the materials (F,,) up to the
target area.

Silicones have also been modified with other polar moieties.
For instance, modification with nitrile groups by grafting
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Fig. 16 Comparison between the Fo, and R parameters of unmodified
silicones (empty symbols) and silicones grafted with different polar groups
(full symbols).

3-mercaptopropionitrile on a silicone network increases its
permittivity from ¢ = 2.8 to 10.1 (at 10* Hz). By using an
appropriate crosslinker content and silica charge, it is possible
to adjust the final mechanical properties of the matrix and the
Young’s modulus from Y = 0.07 to 0.154 MPa.*” This material
shows an interesting self-healing capacity after breakdown at low
actuation voltages. However, due to its low breakdown field, the
resulting material is located quite far from the target area.
Another example is given with the grafting of allyl chloride, which
also improves the electromechanical properties of the silicone.’
A PHMS-g-PDMS (HS6) elastomer was modified with 16.1 mol%
allyl chloride grafts and this new material has a high average
permittivity (& = 4.7), a high breakdown field (E;, = 94.4 V um ™),
and a low elastic modulus (Y = 1 MPa), which locate it in the
vicinity of the target area (F,;, = 0.37; R = Y/F,,, = 2.7) (Fig. 16).
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Elastomers have also been chemically modified to increase
the breakdown field by incorporating groups that are resistant
to high voltages. For instance, phenyl substituents are good at
stabilizing silicones because the delocalized m electrons trap
the kinetic electrons generated by the electric field.*® Thus,
crosslinked block PDMS-PPMS (polydimethylsiloxane-poly-
phenylmethylsiloxane) copolymers with different proportions
of phenyl groups show the relative permittivity varying slightly
with the phenyl group concentration but an increase of up to
36% in the breakdown field (reaching 72 + 3 V pm™") com-
pared with a PDMS without phenyl substituents. In addition,
phenyl-containing blocks do not rigidify the copolymers, thus
their modulus remains close to that of PDMS (Y = 0.31 MPa).
The figure of merit and the Y/F,,, ratio of the PDMS containing
8.4 x 10 * mol g ' phenyl groups are closer to the target area
since the figure of merit increases from F,, = 0.09 to 0.17 J cm >,
and the Y/F,,, ratio decreases from 3.37 to 2.7. The introduction
of polar groups and/or phenyl groups therefore appears to be
effective in changing the elastomer properties and making them
tend towards the target area, and as a consequence further to
this work this area has been investigated.?**°

4. Discussion

In summary, numerous strategies have been explored to
improve the electromechanical properties of DEAs. While the
use of R = f(F,m) charts appears to be a rational and powerful
way to compare the materials, the review work also highlights
the strong interdependency of the three electromechanical
properties that must be considered: the breakdown field (Ey),
the relative permittivity (¢;) and the Young’s modulus (Y). The
choice of one strategy to improve one of these properties
usually has a strong impact on at least one of the other
properties and makes it difficult to predict its effects on the
overall performance.
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Fig. 17 (a) R vs. Fom Charts as tool to predict the electromechanical properties for targeting. (b) Area defining the targeted value couples of E, and &, for
three different Young's modulus values (blue stripes, Y = 1.5 MPA; yellow, Y = 2 MPa; and red, Y = 5 MPa).

Soft Matter

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/D1SM00621E

Published on 15 November 2021. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 12/7/2021 3:06:41 PM.

Soft Matter

However, the comparison approach described here can be
used to guide the scientist in the determination of target
properties. First, the Young’s modulus must be considered.
Most of the research on the synthesis and modification of
dielectric elastomers usually targets a low Young’s modulus
at first, aiming at increasing the Maxwell-pressure-induced
strain. However, the effective work of the resulting artificial
muscle might be too low for practical applications. Knowing

that R = and Fom, = &0&:Eb°, the log-log plot of R = f(Fom)

eotr By’
can provide useful and counterintuitive information on this
matter by drawing the typical lines along which materials of the
same Y value line up (Fig. 17a). Without considering the
dielectric permittivity and electrical breakdown strength, mate-
rials with a Young’s modulus below 1.2 MPa never reach the
target area. Therefore, targeting only an increase in the Young’s
modulus of the DE can be interesting, but the positioning of
the material is simply shifted upward and further away from
the target area. Second, by increasing ¢, and/or E}, the position
of the material is shifted along the Young’s modulus line and
specific couples of values & and E, can consequently be
targeted. The points on the blue, yellow and red segments
(Fig. 17a) within the target area correspond to examples of such
materials, with defined Young’s moduli and with suitable
values of ¢, and Ep. These value couples can be visualized as
areas in an Ej, = f(e,) plot as reported in Fig. 17b. It appears to
become possible for one defined Young’s modulus to target
specifically a necessary breakdown strength when the dielectric
permittivity is known, or vice versa. One can also see that
materials with a Young’s modulus as high as 5 MPa can be
suitable for practical applications, providing that the dielectric
permittivity and breakdown strength values are appropriate.
This rational comparison method can thus be used as a tool
to guide chemists, physicists and engineers to develop the ideal
materials and to turn them into innovative applications.

Conclusion

This state of the art on dielectric elastomers for actuators
allowed the compilation of the dielectric permittivities, Young’s
moduli, and breakdown fields of a hundred materials. The
various methods to improve the elastomer properties and their
effects were then screened. The trends identified can be used
to choose the most suitable procedure to obtain the desired
elastomer. Thus, prestretching the sample mainly allows the
breakdown voltage to be increased. The addition of a filler
increases the elastomer permittivity and has a variable impact
on other properties depending on many parameters. The
impact of this modification on the mechanical properties is
difficult to predict, with a lack of data on the viscoelastic and
hysteresis properties of the mechanical responses. The cross-
linking density of networks allows control over the Young’s
modulus, and potentially improves the breakdown field. The
increase in the breakdown field and/or permittivity can be
controlled by grafting polar molecules or the phenyl structure
on elastomers. However, these modifications often lead to the

This journal is © The Royal Society of Chemistry 2021
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desired effects on some properties, but to the reverse on others,
which is why a methodology for classifying the different poly-
mer materials according to their actuation efficiency has been
proposed.

The figure of merit, Foy, = £&:E,°, and the ratio, R =

Fom’
have been chosen as suitable parameters to analyze the com-
promise that should be found between the electric field, the
relative permittivity and the Young’s modulus. Thus, the energy
density of any dielectric polymer increases with F,,, while the
ratio R should be kept higher than 1, to guarantee a stable
polymer until electrical breakdown, and should not exceed 2, in
order to have a soft material. Thus, for instance, among the
available materials, silicone Nusil CF21-1986, and polyur-
ethanes Bayfol EA102 and TPU-LPT4210-UT50 are qualified
for these defined criteria.

Finally, the study on the evolution of the F,,, and R para-
meters according to the 3 main properties of materials (dielec-
tric permittivity, Young’s modulus, and breakdown field) shows
that it is necessary to have an initial material with a Young’s
modulus that is high enough to be able to hope to reach the
target area when modifying the other two properties (dielectric
permittivity and breakdown field).
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