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HIGHLIGHTS

e We investigate theoretically the nonlinear response and snap-through stability of a DE plate with strain-stiffening effect and electrostriction based on
the so-called Hessian approach.

e We study the possibility of using snap-through instability and maximal allowable actuation strain to achieve large deformation of dielectric elastomeric
plates.

o We construct three kinds of phase diagrams to reveal the underlying mechanism of how material properties and prestress influence the snap-through
instability.

e We propose ways to design a type Il DE by properly tuning the electrostriction, material stretchability and/or prestress.
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Snap-through instability can be readily utilized to acquire giant deformation of dielectric elastomeric
structures. This study focuses on exploring such utilization by taking account of effects of intrinsic material
properties, in addition to the extrinsic means (e.g. pre-deformation) that has been reported. Based on
the recently proposed nonlinear formulations of electroelasticity and the so-called Hessian approach, we
analyze theoretically the snap-through instability of an incompressible dielectric Gent elastomer plate
sandwiched between two compliant electrodes subject to the combined action of electrical voltage and
prestress. The snap-through instability occurs because of sudden decrease in the thickness and abrupt
increase in the true electric field of the plate, and ceases at a state close to the limiting chain extensibility of
the elastomer. By comparing the critical values for onset and stop of snap-through instability and electric
breakdown of the elastomer, we study the possibility of using snap-through instability and maximal
allowable actuation stretch to achieve large deformation. Three kinds of phase diagram are constructed
to reveal the underlying mechanism of how material properties and prestress influence the snap-through
instability. The results indicate that material properties and prestress may be tuned properly so as to
achieve giant deformation of the plate.
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1. Introduction With the advantages of high-sensitivity, low noise and high effi-

ciency, flexible structures or soft machines made of soft matter

Traditional rigid devices expose a range of limitations such
as cumbersome, inefficient and poorly adaptable. The last three
decades have witnessed an explosion of applications of soft mat-
ters in actuators, soft robots, bioengineering and medical devices.
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are becoming the core technology for the next-generation func-
tional devices [ 1-4]. Dielectric elastomers (DEs) are a kind of soft
electroactive materials. They can undergo large voltage-induced
strains with fast response that cannot be achieved in other soft
materials such as rubbers and biological tissues, and therefore,
are perfectly suitable for sensors and actuators [5-9]. A typical
highly deformable dielectric actuator consists of a soft elastomeric
material sandwiched between two compliant electrodes, through
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which an applied voltage may generate attractive forces so as to
cause reduction in thickness and expansion in area of the actuator.

Generally, to obtain giant voltage-induced strains, DEs often
work in extremely high voltage conditions, thus making DEs sus-
ceptible to various failure modes such as Euler buckling, loss of
tension and electrical breakdown [10-18]. These features have
long been recognized in the electrical power industry as failure
modes of polymer insulators and pose clear limitations on de-
veloping DE devices. Of special interest is the snap-through or
electromechanical instability, accompanied by the coexisting state
of both flat and wrinkled regions in the dielectric film when the
applied voltage reaches a threshold [ 19]. Increasing research effort
has been devoted to harnessing the snap-through instability of
DEs [20-29], and giant areal strains (say, more than 1000%) have
been reported experimentally [30-32].

Zhao and Suo [20] proposed the so-called Hessian method to
reveal the underlying physical mechanism of electromechanical
instability of a DE plate. When subjected to a voltage across its
thickness, a DE plate contracts in the thickness direction and
expands along the in-plane directions. The thickness contraction
leads to an increase in the electric field, which may drive the
elastomer to thin down drastically. They showed that the elec-
tromechanical instability occurs when the Hessian matrix, also
termed as the generalized tangent modulus, ceases to be positive
definite. During the thinning procedure, the true electric field of
the DE plate increases, thus inducing an electrical breakdown. The
authors applied this method to analyze the electromechanical in-
stability of an incompressible plate modeled as ideal neo-Hookean
dielectric solid and successfully predicted the onset of instability,
which agrees very well with existing experimental observations.
Nevertheless, the snap-through behavior was not presented in
their prediction because the so-called strain-stiffening effect, an
essential attribute of most realistic materials, is absent in the
considered material model. By comparing the critical values for the
onset and stop of snap-through instability with that for electrical
breakdown, Koh et al. [33] generalized three types of DE materials
and analyzed the corresponding nonlinear responses (Fig. 1). Ob-
viously, dielectric elastomer of type III is the most ideal material
since its allowable maximal actuation strain is much larger than
those of types I and II. So far, little attention has been devoted
to the control of snap-through behavior excited by the onset of
electromechanical instability, and the design of a type III dielectric
to achieve giant deformation still remains an unrevealed topic.

In this paper, the nonlinear response of a DE plate subjected to
the combined action of voltage and prestress is investigated and
the so-called Hessian method formulated by Zhao and Suo [20] is
adopted to investigate the snap-through instability of the plate.
Three different kinds of phase diagram are for the first time, con-
structed (Figs. 4, 8 and 13) for our particular purpose of gaining
giant deformation by properly selecting the system parameters,
including prestress, material stretchability and dielectricity. Based
on these phase diagrams, we propose three methods to design
a type III dielectric by tuning material parameters and prestress.
The results demonstrate that material constants and prestress
significantly influence the non-linear response and snap-through
instability of the plate, and an optimal type of DE material with
maximal allowable actuation stretch can be designed by properly
tuning the material constants.

2. Governing equations

Consider an incompressible, isotropic DE plate with initial di-
mensions Ly, L; and H depicted in Fig. 2. The plate is coated on
the top and bottom faces with flexible electrodes (typically, by
brushing on carbon grease). Subjected to a combined action of
equi-biaxial nominal tensile stress P in the plate plane and voltage

V between the electrodes, the DE plate deforms homogeneously
from the undeformed configuration to the deformed configuration,
which is generally accompanied by the expansion in the area
and deduction in the thickness of the plate. The finite isochoric
deformation can be described by the mapping

X1 = AX1, X2 = AXa, X3 = A2X3, (1

where X1, X5, X3 and X1, X», X3 correspond respectively to Cartesian
coordinate systems of undeformed and deformed configurations,
while X is the principal stretch of lateral dimensions. Then, the
deformation gradient tensor is given by F = diag (%, A, 172).
Since the thickness of the plate is small compared with the lateral
dimensions L; and L, the fringe effect can be ignored and the true
(nominal) electric field is taken to be homogeneous across the plate
thickness E = V /h (Eg = V/H), where h = A72H is the thickness
of the deformed plate.

At this stage we note that the energy function has only two
independent variables. As an illustrative example, we consider the
following free-energy function

202424 =3 1 D?
f> +—=2 (2)

G
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where y is the shear modulus of the material, G = 2A2_ + A;2 — 3
is called the Gent constant that is related to the limiting chain
extensibility of incompressible rubber networks, Dy is the nominal
electric displacement, and ¢ denotes the electric permittivity of the
elastomer. In Eq. (2), the first term is the Gent energy function [34]
due to elastic deformation, which recovers the neo-Hookean model
that describes a solid with unlimited stretchability for G — oc.
The second term of the energy function stands for the contribution
of the polarization effect. Here we adopt a linear deformation-
dependent permittivity [35] which is proposed by calibrating the
experimental measurements [36], i.e.

& =keg[1+ 2¢c(A —1)], (3)

where g9 = 8.85 pF/m is the permittivity of vacuum, the constant
k = 4.68 is fitted from experimental data of VHB 4910 (an
acrylic elastomer produced by 3M) [36], and c is the coefficient
of electrostriction. For the case ¢ = 0, the dielectric permittivity
is deformation-independent and the energy function in Eq. (2)
reduces to the so-called ideal dielectric model [20].

Using the framework of nonlinear electroelasticity [37,38], the
constitutive equations of a biaxially stretched dielectric are ob-
tained as [39]

10W ow
P=—-—E = —. (4)
2 0 dDg

It should be noted that the in-plane boundary condition T1; =
T,, = P has been used, where Tj; is component of the nominal
stress tensor. Combining with the energy function (2) and the
permittivity (3), we get the constitutive relations as

5_ Dolc(4—51)—2] G2 — 1) -
2A5[1+2c(h — D A+2A27 —A5(G+3)’
S S
M[1+2cr =1
where the following dimensionless quantities have been employed

(6)

_ keo keo Do
P=— EO =E / Do = : (7)
A/ k/.L€0
Egs. (5) and (6) establish the correlations between the non-

dlmensmnal nommal electric field Eo, the non-dimensional nomi-
nal electric displacement Dy and the stretch A for a given applied
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Fig. 1. Three types of DEs [33]: (a) Electrical breakdown prior to the onset of snap-through instability (type I); (b) Electrical breakdown happens during the snap-through
instability process (type II); (c) The DE material survives the snap-through instability (type III).
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Fig. 2. A DE plate subjected to equi-biaxial stretch with a voltage normal to the major surfaces: (a) Undeformed configuration; (b) Deformed configuration.

non-dimensional mechanical load P. The two equations govern
the nonlinear behavior of the DE plate. Throughout this paper, we
focus on the so-called actuation stretch A /A of the plate, which is
more meaningful than the stretch A from industrial aspect. Here,
we designate Aq (i.e. A in Fig. 1) as the prestretch due to the
mechanical loads in the absence of applied voltage, which can be
determined through the equation

G(A8 —1)
A4+207 = 2A5(G+3)

Thermodynamic analysis shows that the snap-through instabil-
ity of the DE plate will occur when the determinant of the following
matrix, called the Hessian or generalized tangent modulus, is zero,

P= (8)

3w 2w
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which leads to
GA[1+ 2c(x — DP [5A%(G + 3) + A1%(G + 3) + 2412 — 194° — 1]
[207 = 24(G +3) + 1] (10)
D3 [1+ 2c(x — 1)][3 +2¢(51 — 3)] = 0,
with the help of Egs. (2) and (3).

3. Numerical results and discussions

Based on the above analysis, the nonlinear behavior and snap-
through instability of an ideal DE plate (¢ = 0) without applied
prestress (P = 0) is first studied for illustration. The dependences
of the nominal (true) electric field Eq (E) and the determinant of
the Hessian matrix det(H,) on the nominal electric displacement
log Dy are presented in Fig. 3(a) and (b), while the dependences
of the nominal electric displacement (field) log,,Do (Eo) and the
determinant of the Hessian matrix det(H,) on the principal stretch
A are depicted in Fig. 3(c) and (d). It can be seen that as the applied
voltage increases within a range of small magnitude, the stretch A
and all electrical relative quantities Eq, E, Do increase while det(H,)
decreases monotonically. At this stage the plate remains stable

since det(H,) > O is always satisfied until the voltage reaches a
peak value (stage A) at which det(H,) = 0. An ascending pertur-
bation in the applied voltage may drive the plate to the so-called
snap-through instability, jumping from stage A to stage C rather
than varying along the dotted A—B—C curve. As the applied voltage
further increases, the plate becomes stable again since det(H,) > 0
holds again. During this process, the nominal electric field Eq is
always continuous but there will be a sudden jump in E, Dy and
A.

In these calculations, we take G = 97.2, which indicates that the
limiting stretch of the material is A;;;, = 7.08 in elongation. This
limiting stretch was measured by Gent [34] for vulcanized rubber
and was recently used by Dorfmann and Ogden [40,41] to simulate
the nonlinear responses of dielectric materials. When the applied
voltage is small, the slopes of curves in Fig. 3(c) and (d) are large,
implying that the plate thins down slowly as the voltage increases
till A reaches a threshold value, surpassing which the snap-through
instability happens with a drastic increase in A. Consequently,
the polymer chains approach an extension limit A, =~ 7.08
and the snap-through stops. That is, the plate will experience a
post-stable state after the snap-through instability happens. This
should attribute to the strain-stiffening effect induced by the finite
stretchability of the material, which is absent in the neo-Hookean
material [20].

To further investigate the dependence of snap-through insta-
bility of the plate on material parameters (G, c) and prestress
(P) and to compare directly the snap-through instability with the
electrical breakdown, we extract E,4 and E. corresponding to the
critical values of onset and stop of snap-through instability in the
E ~ logyyDo plots for a continuous spectrum of G, P, ¢, and plot
respectively the loggE ~ log,G, log;ocE ~ P and log;oE ~ ¢
relations in Figs. 4, 8 and 13, which represent the phase diagrams
regarding the stability of a DE plate. B
_ Fig. 4 exhibits the dependences of E4 and E¢ of the plate with
P = 0,c = 0 on the stretchability G. The log,Ex ~ log;,G
curve is nearly horizontal and, together with the curves in Fig. 5,
we can conclude that the response of the DE plate to the electric
stimulus is independent of G before the snap-through instability is
triggered, while logyE is nearly linearly dependent on log,,G(<
2.35,i.e, G < 225). The log,oE — log,G plane is divided into two
regions corresponding to stable and snap-through domains by the
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Fig. 3. Nonlinear response of a DE plate with G = 97.2, P = 0, ¢ = 0: (a) Plots of Eq and det(H, ) versus log,,Dy; (b) Plots of E and det(H,) versus log,,Do; (c) Plots of log;,Do

and det(H, ) versus A; (d) Plots of Eq and det(H. ) versus A.
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Fig. 4. Phase diagram of stable and unstable domains of a DE plate withP = 0, ¢ =
0, with which the snap-through procedure of a DE with given material property G
can be specified. The type of the material can be determined with the prescribed
non-dimensional breakdown voltage Ez = 17.8.

log,oEa ~ log,,G and log,oEc ~ log,,G curves. It can be seen that
after reaching a threshold true electric field Ex(~ 1.29) which is
independent of G, the plate experiences a snap-through process
with dramatical decrease in thickness and eventually achieves
a larger true electric field Ec, which depends on G. Note that
the snap-through instability stops at a state close to the limiting
stretch for G < 225 due to the stiffening effect which is absent
in the neo-Hookean like material with G > 225. Once the snap-
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Fig. 5. Plots of E, ~ A for a range of G = 40, 70, 300 for a DE plate with

P = 0,c = 0. We can see that material with G = 40 belongs to type IIl while
material with G = 70 or 300 belongs to type II, and material with G = 300 behaves
like a neo-Hookean material.

through occurs, the thickness of plate with G > 225 will decrease
sequentially, leading to electrical breakdown.

It is well known that a DE plate may fail upon electrical
breakdown when subjected to a sufficiently large voltage. Pelrine
et al. [42] have measured and listed the dielectric strength of sev-
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log,,G

Fig. 6. Phase diagram of critical stretches of a DE plate with P = 0, c = 0. Based
on this diagram, the allowable maximal stretch of the DE plate with given material
property G can be determined.
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Fig. 7. Plot of Amax/Ao versus log,,G of a DE plate with P = 0, ¢ = 0. The maximal
actuation stretch of a DE plate with log,,G > 1.7 (or G > 50.2) is constrained by
electrical breakdown, which will occur first before the plate stops to be stable again
once the snap-through instability is activated.

eral specific dielectric materials (see Table 1 therein). Here, in our
calculations, the non-dimensional true breakdown electric field Eg
of a DE plate is assumed to be constant and independent of G, c, P
and is taken to be 17.8 according to the credible experimental
measurements [33,42]. Then the corresponding non-dimensional
nominal breakdown electric field can be obtained as Egg = Ez/A2.
It is seen from Fig. 4 that for G < 50.2, the plate behaves as a
type Il DE, i.e., it survives the snap-through instability and a larger
maximal stretch can be attained for material with larger G. While
plate with G > 50.2 will fail because of electrical breakdown
during the snap-through procedure. Thus the optimal material
constant is G = 50.2, with which the plate may acquire the largest
maximal stretch Apax A~ 5, utilizing the snap-through instability.
The allowable maximal stretch of type Il DE is considerably larger
than that of type I DE (Fig. 5). With the help of the log,,E ~ log,,G
phase diagram (Fig. 4), a reasonable polymeric extensibility G may
be chosen to acquire a type III DE.

20
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logloi

0.5

0.0

P
Fig. 8. Phase diagram of stable and unstable domains of a DE plate with G =

97.2, ¢ = 0. A large enough prestress may suppress the snap-through instability
of the plate.
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Fig. 9. Plots of Ey ~ A for P = 0.3, 1, 2.5 for a DE plate with G = 97.2,¢ = 0.
We can see that prestress can significantly influence the critical values of both the
onset and stop of snap-through instability.

To specify the allowable deformation of a DE plate, we then
further investigate some critical stretches of the plate. Here we
designate A4 and Ac as the critical stretches of the onset and stop of
snap-through instability, respectively, Ap as the stretch of the point
on Eg = 17.8 curve that has the same nominal electric field as
points A and C, while A as the stretch of the cross point of Eg ~ A
and Eg = 17.8 curves (see the curve of G = 70in Fig. 5). We extract
A4, Mg, Ac and Ap in the Eg ~ A plots for a continuous spectrum of
G to generate the phase diagram of critical stretch of a DE plate
(Fig. 6). For plates with G < 50.2, after snap-through deformation
from A4 to Ac, the plate can be further stretched by increasing the
applied voltage until it fails at Ap because of electrical breakdown.
In contrast, plates with G > 50.2 cannot be further stretched
after reaching A4, beyond which the plate will experience electrical
breakdown at Ap during the snap-through deformation. Utilizing
this phase diagram (Fig. 6), we can obtain the maximal allowable
actuation stretch Amax /Ao (Fig. 7, where Ao = 1) of the plate with a
specified G, here Ana is the allowable maximal stretch of the plate.
It can be seen from Fig. 7 that Apmax /Ao increases with G (<50.2) and
the plate with G = 50.2 performs the best.
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Fig. 10. Phase diagram of critical stretches of a DE plate with G = 97.2, ¢ = 0. The

optimal prestressis P = 0.87, larger than which the plate survives the snap-through
instability while the actuation stretch of the plate decreases as P increases.
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Anax/ho=5.4
P=0.87
4
<
£
<
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0
0 1 2

P
Fig. 11. Plot of Amax/Ag versus P of a DE plate with G = 97.2, ¢ = 0. To maximize
the actuation stretch, a prestress of P = 0.87 is needed.
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Fig. 8 displays the dependence of the snap-through instability
of the plate with G = 97.2, ¢ = 0 on the prestress P. The critical
value of the true electric field E4 to activate the snap-through
instability increases and the snap-through stops with a decreasing
Ec as the prestress increases, indicating that the prestress poses
a significant stabilizing effect on the snap-through instability of
the DE plate. Moreover, the snap-through instability of the plate
may be suppressed once the applied prestress reaches a sufficiently
large value (e.g. P > 2.05). After the application of voltage, the
prestressed DE plate deforms starting from A (Fig. 10). For plate
with P < 0.87, snap-through deformation occurs at A4, and the
plate fails due to electrical breakdown at A, rather than stops
at Ac. As the prestress increases and exceeds 0.87, the plate will
survive the snap-through instability and can be further deformed
until electrical breakdown at Ap. The optimal prestress is P = 0.87
(Fig. 11). At this stage the resulting stretch activated by snap-
through instability is giant while the driving voltage needed for the
awake of snap-through instability of the plate is relatively low. As
the applied force further increases, the applied voltage needed to
drive the snap-through increases while the snap-through induced
deformation decreases. For the plate subjected to P > 2.05, the
snap-through is suppressed and the plate always fails at a larger
stretch Amax = 6.58 due to the electrical breakdown (Fig. 9).
However, the maximal actuation stretch Anyax /Ao is relatively small
(e.g., for P = 2.5, Amax/*o ~ 2.85, while for P = 0.87, Amax/Ao =
5.4).

We further investigate the influences of the coefficient of elec-
trostriction ¢ and material stretchability G on the log;4E ~ P phase
diagram of a DE plate (Fig. 12). Decreasing c¢ or G will increase
E, and simultaneously decrease Ec. As a result, the DE plate may
always survive snap-through instability, independent of P (see
the areas enclosed by the dotted curves in Fig. 12, which always
beneath the non-dimensional true breakdown electric field Ez =
17.8).

Zhao and Suo [35] studied the nonlinear responses of dielectric
materials with various values of the coefficient of electrostriction
¢ (c = —0.053 corresponds particularly to the acrylic elastomer
VHB 4910 [36]). They pointed out that the Maxwell stress can
be partially removed by the effect of the deformation-dependent
permittivity for the case ¢ < 0, and moreover the snap-through
instability will be suppressed if c is sufficiently small. Their model
(e.e. ¢ = —10) can predict specific dielectrics which become
thicker under an applied voltage. The effects of the coefficient of
electrostriction ¢ (which is selected to be within the reasonable
range predicted by Zhao and Suo [35]) on the snap-through insta-

bility and allowable stretch of a DE plate with G = 97.2,P = 0

2.0

log,E

0.5

0.0

-0.5

P

Fig. 12. Phase diagram log,E ~ P of a DE plate with (a) constant G = 97.2 and various c; (b) constant ¢ = 0 and various G.
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C

Fig. 13. Phase diagram of stable and unstable domains of a DE plate with G =

97.2,P = 0. The snap-through instability of a plate with sufficiently small elec-
trostriction ¢ may be suppressed.
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Fig. 14. Plots of Eo ~ Afora range of c = —0.25, —0.15, —0.053, 0, 3.5 for a

DE plate with G = 97.2, P = 0. We can see that electrostriction can significantly
influence the critical values of both the onset and stop of snap-through instability.

are also examined in Figs. 13 and 15, respectively. For the case
¢ > —0.22, as c decreases, E, increases while E¢ changes non-
monotonically. Material with ¢ > 2.79 is a type Ill DE and
increasing of ¢ will result in the decreasing of both E, and Ec,
while with 14 and A¢ almost remain unchanged. As ¢ decreases, Ec
increases first and then falls but with E¢ always above Eg, implying
that the plate will fail by electrical breakdown during the snap-
through process. With continuously decreasing of ¢, Ec decreases
further and eventually the plate behaves like a type Il DE again.
It should be noted that the applied voltage needed to activate the
snap-through instability for plate with —0.22 < ¢ < —0.1is much
larger than that needed for plate with ¢ > 2.79 (see Fig. 13) and
that the acquired actuation stretch is much smaller (see Fig. 16).
Thus the optimal ¢ should lie in the region ¢ > 2.79 and material
with larger ¢ performs better. It should be noted that for plate with
¢ > 2.79, Ap is always a little larger than Ac, even though they
are very close (Fig. 15), indicating that the plate may survive the
snap-through instability at A and can be stretched a little further
to Ap, where electrical breakdown happens (see the curve of c =

8

Fig. 15. Phase diagram of critical stretches of a DE plate with G = 97.2, P = 0.
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»
Ao hg=7.07
6 c=2.79
S TN A he=4.96
< 4 c=-0.1
Type 111
1 2 3 4
C

Fig. 16. Plot of Ama /Ao versus c of a DE plate with G = 97.2, P = 0.

3.5 in Fig. 14). The snap-through instability of a DE plate with
¢ < —0.22 will be suppressed but a considerably large voltage is
needed to reach the maximal allowable stretch A,.x. Nevertheless,
the maximal allowable actuation stretch Anax/Ao is really small,
and this kind of DE is therefore not recommended.

Fig. 17 displays the influences of prestress P and material
stretchability G on the logwE ~ ¢ phase diagram of a DE plate It
can be seen that increasing P or decreasing G may decrease Ec,and
the plate subjected to a sufficiently large P or with a sufficiently
small G will always survive the snap-through instability for any
given c.

4. Conclusions

DEs show great potential for applications in smart devices. A
critical issue related to their development is the prediction of
instabilities that may occur in practical applications. Of particular
attention is the so-called snap-through instability, with which
giant actuation deformation can be gained. Based on the nonlinear
electroelasticity and the Hessian method, the nonlinear response
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Fig. 17. Phase diagram log;oE ~ c of a DE plate with (a) constant G = 97.2 and various P; (b) constant P = 0 and various G.

and snap-through stability of an incompressible Gent DE plate sub-
jected to the combination of voltage and prestress are investigated.
Results show that the plate deforms dramatically when the snap-
through instability happens and this procedure can be effectively
tuned by properly selecting the coefficient of electrostriction, ul-
timate material stretchability and prestress. Due to the strain-
stiffening effect, Gent material will stop at a post-stable state after
the snap-through instability happens, which is different from the
neo-Hookean material. There exists a minimal coefficient of elec-
trostriction (or maximal prestress), smaller (or larger) than which
the snap-through instability may be suppressed. By calculating the
threshold values of the onset and stop of snap-through instability
of the plate, three kinds of phase diagrams are constructed, upon
which a type Il DE can be designed by properly tuning the elec-
trostriction, material stretchability and/or prestress.

Most known dielectric elastomers belong to type I dielectric,
i.e., with relatively small maximum actuation stretch (<100%, see
Table 1inRef. [43]). It seems that a natural (i.e. without prestretch-
ing) type III dielectric elastomer with snap-through deformation
completed prior to electrical breakdown has not been synthe-
sized yet. Although experimental observations have suggested that
applying prestress could improve the snap-through behavior of
dielectric elastomers (see Fig. 12 in Huang et al. [44] who demon-
strated that the prestressed circular disc of VHB 4905 could reach
a giant voltage-induced strain before electric breakdown), the re-
sults in Figs. 10-12 of the current paper indicate that the actua-
tion stretch induced by snap-through instability of a prestressed
dielectric elastomer will be greatly reduced, or in other words, the
snap-through behavior will be suppressed once a sufficiently large
prestress is applied. Our calculations suggest from a theoretical
standing point that tuning material constants (material stiffness
and/or dielectricity) be the most effective way to achieve giant
actuation stretch (or deformation in general). For example, we
can design a type III dielectric material by choosing G = 50.2 or
¢ = 2.79 to achieve a relatively large actuation stretch (>500%,
see Figs. 7 and 16) without pre-stretching. Note that a bigger G or ¢
does not mean a better performance. Thus, the material parameters
should be optimized for a practical application. To the authors’
best knowledge, this fact has never been noticed, and hence no
experimental results could be found in the literature.

In summary, we studied in this work the effects of material
stretchability and electrostriction on the snap-through instability
of an incompressible Gent DE plate. The results indicated that
material constants should be properly selected when designing
a type III dielectric elastomer in its natural state (i.e. without

pre-stretching). Such elastomers are very much desired in many
practical applications where large electrically activated stretch or
deformation is required. The present work provides a complete
guidance to the design of natural type III dielectric elastomers.
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