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Abstract

Dielectric elastomers when doped with high permittivity fillers, such as ceramic
particles, achieve enhanced dielectric properties, which lower the voltage required for
actuation. A thermodynamic model is proposed which investigates the
electromechanical deformation and stability in these dielectric elastomer composites.
The process of electromechanical coupling is analyzed with particular emphasis on
the saturated polarization of the ceramic fillers, which modifies the instability due to
electrostriction. The stability characteristics are studied using established principles,
and provide information for achieving the goal of high performance stretchable

dielectric actuators.
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1. Introduction

Electro-active polymers (EAPs) are soft active materials, which are capable of
responding with mechanical deformation or movement when subject to electrical
stimulation. Differing from conventional smart materials, e.g. piezoelectric ceramic or
shape memory alloys, EAPs feature elasticity, flexibility, and a fast response.-Among
various EAPs, the dielectric elastomer, which is categorized as an electric-field-EAP,
expands well, in excess of 100% when exposed to an external electric field [1].

The dielectric elastomer is an elastic dielectric. When sandwiched between two
compliant electrodes and subjected to a voltage, the dielectric elastomer membrane
reduces in thickness and expands in area, due to Maxwell stress [2]. A unique feature
of dielectric elastomers is the ability to expand up to 500% of their original area
within 1 ms [3]. This electromechanical deformation has attracted extensive attention
in the last decade and has been studied in diverse applications, including soft robots,
adaptive optics, Braille displays, and electric generators [4-8].

Dielectric ~elastomers are susceptible to modes of instability during
electromechanical deformation. Upton a voltage, the dielectric membrane deforms
until a stable state that the electrostatic stress is in equilibrium with the elastic stress.
When the voltage increases and exceeds a critical level, the membrane becomes
thinner, so the same voltage produces a higher electric field which further squeezes
the membrane that the elastic stress fails in equilibrium until electrical breakdown. In
previous investigation, this failure mode was named pull-in instability or

electromechanical instability. Zhao and Suo proposed a thermodynamics method to
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determine the conditions that the stable deformation was attained only if the free
energy form of the dielectric elastomer was positive defined [9]. They also predicted
the critical values of voltage and stretch at the onset of instability, which agreed well
with experiments. Pull-in has been recognized as the key issue that hinders large-scale
stable deformation in dielectric elastomer. After the pull-in instability, however, the
elastomer may survive without electrical breakdown; and it attains a-much smaller
thickness without a continuous deformation, due to snap-through instability [7]. This
behavior is understood by considering the elastomer under tension (Fig. la). On
approaching the extension limit of polymer chains, 4;,, the elastomer stiffens
sharply. When the deformation is caused by a voltage rather than mechanical forces,
the voltage-stretch curve may take the form shown in Fig. 1b. The voltage attains a
local peak value at stretch 4., corresponding to the onset of the pull-in instability. As
the voltage ramps up further, the membrane snaps and is stabilized at a stretch close to
A, . Due to the instabilities of the dielectric elastomer, the maximum deformation of
actuation in equal-biaxial stretch is limited below 4,=1.26 [4, 10].

In addition to the two modes of instability, high voltages (>3000 V) are used and
can be-a major safety issue. Therefore, reducing the driving voltage would provide
significant advances and would increase the potential applications of these materials.
Recalling the definition of Maxell stress [7]: p=¢&(®/H )2 , where € is the
permittivity of the polymer, @ is the voltage and H is the original thickness of the
dielectric elastomer membrane: to reduce the voltage but preserve the same level of

stress, one can either reduce the thickness of the film or employ a dielectric elastomer
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with enhanced permittivity. Pre-stretching has been applied to reduce the membrane’s
thickness prior to electrical voltage activation, as documented previously [3, 4, 7-10].
Alternatively, the permittivity has been enhanced by doping high permittivity fillers
into the polymeric host [11-16]. As a result, the overall permittivity is improved by
30% at least and one study observed that the instabilities described above have been
suppressed [2, 14]. Besides, the reported dielectric elastomer composites benefit
little hysteresis, long fatigue life (100000 cycles), and robust response [11], compared
to the neat elastomer from 3M company.

Models are expected to give prediction and explanation on the coupled
performance of dielectric elastomer composites. Efforts have been devoted to the
laminar dielectric composites, concerning the coupling between the layers, which are
not fully applicable to particle-amorphous polymer mixture [23, 24]. Previously, a
theoretical model, based on experimental data of barium titanium oxide (BaTiO3)
powder reinforced silicone elastomer, was proposed to investigate the deformation of
composites, and discussed the stabilization during electromechanical coupling [14].
However, due to the differences in the physical properties of the polymeric host and
reinforcement, i.e. polarization behavior, the mechanism of electromechanical
stabilization differs significantly from that of a neat dielectric elastomer. To date, little
appropriate fundamental interpretation, or systematic model have been established for
these composites. Therefore, in this study we extend our previous discussion [14] and

focus on the increased stability attributed to the high permittivity particle filler.
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2. Equations of state
2.1 Free energy model in thermodynamic equilibrium

Figure 2a shows a schematic representation of a dielectric elastomer with
ceramic particle additives. In this study, we idealize the mechanical and electrical
properties of the composites. Filler particles may have different shapes: spherical,
platelet-like, or fibrous. Most ceramics reinforcement in the experiments of dielectric
elastomer composites are sphere, as confirmed in SEM micrographs [12, 33].
Therefore, in developing the theory, we first idealize the shape of ceramic inclusions
are spherical. Besides, we assume that the amount of additives is sufficiently small, so
that the mechanical behavior of the mixture is still preserved as hyper-elastic. We also
assume that the particle reinforcements are uniformly and discretely distributed within
the polymeric matrix in the direction of the applied electric field, without local charge
concentrations during polarization. Furthermore, as we focus on the physical nature of
the electromechanical deformation, we assume that the chemical reaction at the
polymer/ceramic interface is negligible.

In the reference state (Fig. 2b) there are no forces or voltages acting on the
dielectric, which has dimensions L,, L,, and L;. In the current state, when the
dielectric is subjected to forces P,, P,, andP;, and to a voltage @, the dielectric’s
dimensions change to I, I,, and l;. The two electrodes accumulate electric charges
1 Q, and the Helmholtz free energy of the membrane is F .

When the dimensions of the dielectric change by ¢l,, ¢l,, and ¢l;, the forces

do work Pl - Pyl - Pyél,. When a small quantity of charge ¢Q flows through the
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conducting wire, the voltage does the work €¢Q. In equilibrium, the work done by
the forces and voltage equals the increase in the free energy of the dielectric
composite, as represented by Equation (1):
F=Pel, - Pl - Pel,- €Q- (D)
We define the density of the Helmholtz free energy by W =F/ (L1L2L3),
stretches by A4 =L/L, , A4 =1/L,, and 4 =Il;/L; , stresses by ¢, =R /(,1,) ,
¢, =P /1), and ¢,=P,/(),), the electric field by E=®7l, “and electric
displacement by D=Q/ (lllz). The charge relates to the clectric displacement by
Q=DlL],, so that the variation of the charge is

¢éQ=DL¢l, - DL, - 11D . )

2.2 Incompressible dielectric elastomer composite
When an elastomer undergoes large deformations, the change in shape is
typically much larger than the change in volume. The elastomer composite which is
doped with incompressible additives, is ideally taken to be incompressible as
well—that is, the volume of the material remains unchanged during deformation,
LI =L L,L, sothat
AdAs =1 (3)
This assumption of incompressibility places a constraint on the three stretching
directions. We regard 4, and A4, as independent variables, so that 4, =44, and
Oy =—A7 4, 64 — 1" ;2 64, . Dividing both sides of Equation (1) by the volume of the

membrane, L,L,L;, and using Equations (2) and (3), we obtain
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OW = (o, -0, +DE) 464, +(0, -0, +DE) 4, 84, +ESD. (4)
For an incompressible dielectric, the condition of equilibrium given by Equation (4)
holds for arbitrary and independent variations of d4,, d4,,and ¢D.
We express the electric field as a function of electric charge displacement in the
dielectric
E=f(D). (5)
Holding 4, and 4, fixed, and integrating Equation (4) with respect to D, we obtain
W =W, (2, 4,)+ [ (D). 6)
The constant of integration, W, (2.1,22), is the free energy associated with the
stretching of the elastomer in the composite. Inserting Equation (6) into Equation (4),

and recalling that 04,, 64, and (D are independent variations, we obtain

oW, (4,4,)

01_63:%T_ED’ (7)
02_63222%;’2’22)_53- (8)

Equations (3), (5), (7) and (8) constitute the equations of state for the dielectric

elastomer composites, provided the functions f(D) and W.(4,4,) are given.

3. Polarization saturation and extension limit

For ceramic-polymer composites, the overall polarization is attributed to three
origins: polarization of the ceramic, polarization of the polymer, and the interfacial
polarization. The interfacial polarization may have a remarkable effect on the overall

polarization in some dielectric composites, especially when the concentration of the
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filler is high, e.g. 40% of volume percentage. In the current research, to preserve the
hyper-elasticity of the composites, the amount of filler should be controlled within a
maximum level, as suggested in the experiments [11, 12]. Therefore, we limit the
amount of ceramic particles of 5% in volume proportion. Due to the low
concentration, these ceramic particles are mainly distributed with a large distance
between each other, and consequently the interfacial effect between ceramics is weak.
Meanwhile, the interfacial area between the ceramic and polymer is relatively small,
compared to the laminar composites, which also suggests a weakened interfacial
polarization. In the experimental report, the diameter of the ceramic particle is
approximately 50 microns [12]. Within that dimension scales, the interfacial effect is
less remarkable as well. The listed considerations have also been concluded in a
review report, with detailed supporting information [32]. Based on these conditions,
in the present context, we temporarily ignore the interfacial polarization and involve
the polarizations in-the two components respectively.

The polarization behaviors of the dielectric elastomer composites, under linear
and saturation polarizations are shown in Fig. 3. In the dielectric elastomer/ceramic
composites, both the polymer and ceramic rotational diploes contribute to the overall
polarization. In the presence of an electric field, the elastomer is linearly polarized [7],
while the high permittivity dielectric fillers, i.e. BaTiO3, approach a saturated state, in
which all dipoles are perfectly orientated [17-19]. The gray areas in Fig. 3 represent
the electrostatic energy in the polarization process which is converted into elastic

energy, in the form of mechanical deformation. By mixing the two types of dielectric,
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the permittivity of the material increases, which consequently lowers the activation
voltage. Additionally, due to the significant differences in the polarization behavior of
the two dielectrics, the overall electromechanical coupling in the composite is
modified, according to the specific material properties.

We next decompose the polarization into contributions from the dielectric
elastomer and polar additives. An elastomer is a three-dimensional network of long
and flexible polymers, held together by cross-links. Each polymer chain consists of a
large number of monomers. The cross-links have a negligible effect on the
polarization of the monomers, enabling the elastomer to polarize nearly as freely as a
liquid polymer. Hence, we employ the ideal dielectric elastomer polarization function
to our model, in which E is linear to Dy, as [20, 21]

D,=¢.E )
where is the permittivity, D is the electric displacement, and the subscript m stands
for polymeric host./Unlike linear dielectric behavior, polar dielectric reinforcements
are distributed discretely inside the polymer matrix, and each of the particles may be
polarized in a saturated state, where all the molecular dipoles are aligned perfectly
along the direction of the electric field. Thus its specific dielectric behavior is taken to
be [17, 18]

D, =D, tanh(&,E/D,), (10)
where f'stands for fillers, and D, is the saturated electric displacement of additives.
Taking the total electric displacement as the combination of the two independent

origins via the volume proportion of the fillers @, we obtain
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D=(1-¢)D, +¢D, =(1-¢),E +¢D, tanh(¢,E/D,). (11)
Note that in this context, we apply the voltage only in one direction of the material (cf.
configuration in Fig. 2). Thus, we focus on the idealized isotropic behavior in the
thickness direction during the polarization, since the homogeneous distribution of
fillers in the matrix has been verified in experimental characterization [13, 16]. In
heterogeneous dielectric composite materials, the local electric field or charge
concentrations are affected by the distribution of ceramic particles, which further
influences the performance of the dielectric composite [22]. Other detailed studies
have been reported in the literature [23, 24].
For evaluating the free energy due to elastomer stretching, W, (4. 4), we
assume that the elastomer’s hyper-elasticity is unaffected by the addition of small
amounts of filler. To account for the extension limit of the elastomer, we adopt the

Gent model [25]

(12)

S

_ 2,902,192 3

lim
where [ is the effective shear modulus of the composite, and Jj, is a constant
characterizing  the  extension  limit. = The  stretches are  restricted
as 0< (/712 + L+ A —3)/‘3.im <1 . When (/712 + L+ A —3)/‘3.im —0, the Gent model
recovers the neo-Hookean  model, W, =(u/ 2)(212 + B+ 1 - 3) . When
(ﬂf + 5+ 4 —3)/ Jim — 1, the free energy represented by Equation (12) diverges, and
the elastomer approaches the extension limit. For particle reinforced polymer
composites, the shear modulus is derived from a group of mixing rules. To account for

the effect of rigid fillers inside the soft matrices of the host, thus we express the
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effective shear modulus as a function of the shear modulus of the two dielectric

components [26]

Bty (s =ty )
ty + B(1-0) 1y — 11,

; (13)

He = Hyy +

where f relates to the Poisson ratio of the polymer V,; as
ﬂ:(2(4—5vm ))/ (15(1—Vm )) For an incompressible dielectric elastomer, f is

reduced to 0.4.

4. Electromechanical deformation and stability

By applying the model to study a membrane of dielectric elastomer composites
subject to fixed equal-biaxial forces, P,=P,=P and P;=0, as well as voltage &,
we obtain the three stretches 4 =4, =4 and 4, =47. Combining Equations (9)—(13)

and the special cases in Equations (7) and (8), we have

2
1+ (-2 m| 2|y . (14)
P A=A U | Ly
L, #ld/ 1 ~1) -2+ A -8)13,, 2
mbobs 1_‘_0'4(1_4,))(#f /:um_l)J fim ¢D5M)tanh £ A°Deg,,
/lmL3 gm DsL3

In plotting this equation, we normalize the voltage as @/ (stlﬂm /&g, ), and
the force as P/ (,Um L,L, ) The extension limit of the network is represented by the
dimensionless parameter Jy,,, and the polarization saturation of the polar dielectric
component is represented by the dimensionless parameter D,/ m . We modify
the actuation feature of the dielectric composites by regulating the amount of the
additives @, the permittivity ratio &g /&, , shear modulus ratio 4;/ MK, , and the
saturated electric displacement D,/ m , as indicated by the experimental

investigation [12, 13]. We use J;;,=100 and P=0 to represent a rubbery dielectric

12/6/2012 12



elastomer composite in a stress-free state and investigate the effect of the above-stated
parameters on the stability.

We adopt@=0.05, and /i, =1000 from the reported experiments [11-13,
15, 16], to represent typical synthesized dielectric elastomer/ceramic composites, It
should be noted that ideally, precise values for specific materials should be used;
however with the values that we use in the proposed framework theory, the physical

mechanism of the actuation and instability will not be fundamentally changed.

4.1 Reduction of the activation voltage

When /1, =1000, ¢=0.05, and D, /\//,E =150, Fig. 4 shows that
voltage for activation is reduced by increasing the permittivity ratio &; /&, . The
result can be understood by inspecting Fig. 3 where permittivity is the slope of the
polarization curve (D vs. E). With increased permittivity, the polarization charge is
increased under the same electric field, which results in a greater amount of
electrostatic energy which can be converted into mechanical energy (as reflected in
the area expansion). The electromechanical deformation is enhanced due to the higher
permittivity reinforcement. Under the same level of applied voltage, composites of
high permittivity fillers feature an improvement in deformation, see€, /€, =50 vs.
£,/¢€,=100 in Fig. 4. Experiments have verified the effective reduction in driven
voltages, where the higher of the permittivity in the ceramics, the more reduction was
achieved [11, 34]. It is also observed in Fig. 4 that further increase in permittivity

ratio, eliminates the instability, and a stable deformation, featuring a monotonic
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voltage-stretch curve without a local peak, is attainable at &; /&, =1000 | The high
permittivity of the additives not only reduces the voltage, but also stabilizes the

actuation. This phenomenon will be discussed in the following studies.

4.2 Instability modification

During polarization saturation, a particular mode of polarization in the dielectric
will markedly reduce the instability in soft dielectrics [17, 21]. Figure 5 shows the
plots of the dielectric elastomer-based composites with different levels of dipole
polarization in the additives, where &;/¢&,=100,6=0.05, and #;/u, =1000,
which are all within the range the of commonly accepted values for the material
[11-16]. Either low or extremely high values of saturated electric displacement will
induce instability, and stabilization is attained at a moderate level of saturated electric
displacement.

This improvement in stability is interpreted by considering the physical
mechanism of polarization saturation (Fig. 3). Dielectric ceramics saturate at a
sufficiently high electric field, and under these conditions Maxwell stress, originated
from linear polarization is no longer applicable. Instead, electrostriction is involved
[27-29]. Upon a voltage, the ceramic particles elongate, changing their shape from
sphere into ellipsoid, which is previously acknowledged as electrostriction.
Electrostriction causes the composites membrane to thicken, in accommodation of the
flattening due to the compressive Maxwell stress. Therefore, the actuation of

dielectric elastomer composites is a trade-off of two effects: the elongation in
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thickness due to electrostriction, and the in-plane flattening due to compressive
Maxwell stress. The ceramic particle reinforcements contribute to the elongation
through electrostrictive deformation. They function like supporting columns to
prevent the membrane from thinning down or reaching snap-through instability,
which consequently eliminates the non-monotonous voltage-stretch character. The
polymeric matrix, however, is still able to produce a moderate deformation in the
planar direction. In the experiments of BaTiO3 doped silicone rubbers, the activated
strain in area was 20% under 4% concentrations of ceramic fillers [14], which
coincided with A=1.5in equal biaxial stretch, as the deformation is limited by the
material dielectric strength, rather than instability.

Figure 5 suggests that the instability would be eventually eliminated only if a
moderate level of electric displacement is involved. Ceramic particle fillers with a low
value of saturated electric displacement may possess insufficient electrostriction to
prevail over Maxwell stress. Thus, the composite membrane will again suffer an
excessive squeezing force leading to modes of instability, though the attainable
deformation is improved a little, as Fig. 4 indicates. However, if the level of saturated
electric displacement is significantly large, it may require a huge electric field to
evoke electrostriction. As a result, the polarization behavior of the ceramic is still
linear. The dielectric composite actuates as a conventional linear dielectric elastomer,
where instability occurs without an up-ramping voltage. Therefore, a moderate value
of permittivity with respect to the saturated electric field, where D,/./x,.€,, =150

in Fig. 5, is desirable for a stable dielectric composite. For general dielectric
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elastomers (4, =~0.1MPa and ¢, =~44.35x10"°F/m as given in ref. [3]), D,
is approximately 0.3C/m?’ in term of D /.y, €, =150, which is attainable in

dielectric ceramics as verified in the experimental study on BaTiO3 [28].

4.3 Stability criteria

To give a clear picture of the actuation changes from unstable to stable mode,
we investigate the voltage-stretch dependence by taking the partial differential of @
with respect to A, as shown in Fig. 6. The negative voltage-stretch dependence
dP/0A<0 is located in the unstable mode of actuation at the onset of decreasing
voltage associated with deformation, corresponding to the instability; while the
positive dependence represents the stable actuation deformation. When 0®/9dA=0,
snap-through instability occurs. -Figure 7 plots the voltage-stretch relationship for a
dielectric elastomer composite. At each volume fraction, by varying the saturated
electric displacement, a positive voltage-stretch relation at specific critical values of
saturated electric displacement is identified, when the electromechanical stability
changes by -entering the region without snap-through (Fig. 6). This confirms
experimental observations that dielectric elastomer composites with high dielectric
constants deform in a large extension state over [11-13].

As seen in Fig. 7a, in composites with small amounts of dopant material
(#=0.01), upon increasing the saturated polarization linearly from 10 to 200,
0®/dA is always negative, indicating that the composites undergo unstable

electromechanical deformations. From Figs. 7b and 7c, upon increasing the ceramic
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dopant concentrations, a critical value for D,/.\/y,&, is obtained, where the
corresponding dielectric elastomer composites yield a stable deformation.

The difference in the stability behavior can be explained by considering the
mechanical property of the ceramics. In the study of pure dielectric elastomer,
prestretch offers stabilization to a specific polyacrylic membrane from 3M Company,
VHB series tapes, because this material stiffens at a large deformation state. In the
synthesis of dielectric elastomer composites, the silicone rubberis widely used as the
host polymer since it is available in gel form. Silicone rubber fails to stiffen upon
stretch [3]. However, with doped rigid ceramics, the overall elastic modulus is
improved evidently for silicone rubber based dielectric composites. This improvement
in elasticity is more significant with increased concentration of fillers. In Fig 7a, at a
low level of doping, the actuation of dielectric elastomer composites is always
unstable disregarding the value of saturation electric displacement. In Fig. 7d, at a
high concentration of doping ceramics, the stiffness of the composites are remarkably
increased, so that the stabilization is achieved without requiring electrostriction,
attributed from a high level of saturated polarization. The values for ¢, & /e, ,
Uil iy, and D,/ Ju,.€, , have to be set to ensure that dielectric elastomer
composites operate in a stable domain.

Although snap-through instabilities are undesirable as dielectrics usually suffer
electrical breakdown in the jump; in dielectrics with high breakdown strengths, as it
snaps from the thick stretch state to a thinner state, the material deforms until its

extension limit is reached. In this way, the deformation region after the snap-through
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offers a larger deformation state. In a recent publication the snap-through instability of
a dielectric balloon achieved significant voltage-triggered deformations, up to 1700%
expansion [30]. Reversible snap-through instability offers new potentials for dielectric
elastomer-based energy harvesters that undergo coupled electromechanical
deformations [31]. Some diclectric elastomers doped with special high permittivity
fillers yield not only enhanced dielectric constants but also the electrical breakdown
strength is improved [15], indicating that dielectric elastomer composites are ideal

candidates for energy conversion.

5. Conclusions

In summary, we investigated the electromechanical actuation of dielectric
elastomer-based composites with high permittivity ceramic additives. A stabilized
deformation for dielectric. elastomer composites is attainable due to the
electrostriction in the polarization of dielectric ceramic particles. The electrostriction
in the ceramic fillers elongates the material and accommodates the squeezing
Maxwell stress, which consequently eliminates the pull-in and snap-through
instability. This model offers a new route towards achieving stable and continuous
voltage-induced deformation in dielectric composites and serves as a guideline to

achieve high-performance dielectric elastomer transducers.
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FIGURES

(a)

(b)

Fig. 1. (Color online) Schematic illustrations of (a) biaxial mechanical stretch curve
and (b) actuation curve of the dielectric elastomer. The pull-in instability occurs at 4,
and the elastomer may survive by snapping through to a deformation state close to its

extension limit A4;,.
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(a) Dielectric elastomer with uniformed distributed fillers

Ps

Dielectric elastomer composite

P,

Ls Is

L,

Compliant electrode
P Ps

(b) Reference state (c) Current state

Fig. 2. (a) Schematic representation of a ceramic-reinforced dielectric elastomer
composite. (b) Reference state of the composite with original dimensions of Ly, L, La.
(c) By applying mechanical forces P and voltage @, the thickness of the material is
reduced to I3 and its area expands by I; x I, with an accumulated charge of Q at both

the top and the bottom surfaces.
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Fig. 3. (Color online) Two types of ‘dielectric polarization: linear polarization and

polarization saturation. The gray areas represent charging electrical energy.
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Fig. 4. \Woltage-stretch curve of dielectric elastomers doped with high permittivity
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Fig. 5. Woltage-stretch curve of dielectric elastomer composites at different levels of

A

saturated electric displacement.
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Fig. 6. (Color online) The voltage-stretch dependence curve shows two regions: stable

and unstable, separated by 0®/01=0.
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Fig. 7. (Color online) Voltage-stretch dependence of dielectric composites at different

volume fractions ¢ with fillers of z2, / 1, =1000 and ¢, /¢, =1000. From o to e,

D, /«/ﬂmé‘m varies from 10 to 200, linearly.
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