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a b s t r a c t 

In this paper, we investigate the formation of two-dimensional surface wrinkles in a pre- 

deformed compressible soft electroactive (SEA) plate. Two common electrical loading pro- 

tocols are considered: one is the so-called voltage-control where the plate is applied with 

a constant voltage across the thickness; the other is named as charge-control where the 

plate is activated by uniformly spraying electrical charges on its main faces. By develop- 

ing the surface impedance matrix method with the Stroh formulation for compressible SEA 

materials, we decouple the resulting dispersion equations into symmetric and antisymmet- 

ric modes and obtain the associated closed-form expressions, respectively. These analytical 

expressions of the critical stretch are crucial to the quantitative understanding of wrin- 

kling in the SEA plate. For illustration, we treat examples of compressible Gent and neo- 

Hookean ideal dielectric elastomers. Results show that the symmetric wrinkles may appear 

prior to the antisymmetric ones in a sufficiently stretched compressible SEA plate. This 

phenomenon is in principle caused by the release of incompressibility constraint, upon 

which the variation of the material chain extension limit only mildly affects the magni- 

tude of the critical stretch. Especially, for charge-controlled plates, a compressibility-driven 

competition mechanism is revealed that with the increase of compressibility, the symmet- 

ric wrinkling is promoted while the antisymmetric one is suppressed. Moreover, enhanc- 

ing compressibility significantly stabilizes the intrinsic instability of charge-controlled plate 

while makes the voltage-controlled plate more unstable. These findings, for the first time , 

systematically demonstrate the great significance of material compressibility on the non- 

linear response and stability performance of SEA elastomers and can serve a quantitative 

guidance for the industrial design of new-generation SEA-based devices by exploring the 

material compressibility. 

© 2021 Elsevier Ltd. All rights reserved. 

 

 

1. Introduction 

Soft electroactive (SEA) materials, e.g., dielectric elastomers (DEs), are smart materials capable of undergoing reversible 

large deformations when subject to electric stimuli ( Pelrine, Kornbluh, Pei, & Joseph, 20 0 0 ). The coexistence of strong non-

linearity and intrinsic electromechanical coupling makes them ideal candidates for fabricating flexible electronic devices, 

such as soft robotics, sensors, actuators, and energy harvesters ( Acome et al., 2018 ; Bauer et al., 2014 ; Lee et al., 2020 ;
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Fig. 1. Experimental observations of various instability patterns of SEA films/plates: (a) the coexistence of two regions, i.e., flat and wrinkled, when applied 

with a critical voltage ( Plante & Dubowsky, 2006 ); (b) the evolution of wrinkle growth in a fixedly pre-stretched film charged by corona discharge from two 

needle electrodes ( Keplinger et al., 2010 ); (c) the appearance of wrinkles is almost immediately followed by the pull-in instability in electrically actuated 

VHB4905 membrane under equi-biaxial dead loads ( Greaney et al., 2019 ); (d) common brittle failures after electrical breakdown ( Mateiu et al., 2017 ). 

 

 

 

 

 

 

 

 

 

 

 

 

Mengüç et al., 2014 ; Mirvakili & Hunter, 2018 ; Rus & Tolley, 2015 ). Among rich application circumstances, two electrical

loading protocols are commonly employed to generate actuation. One is the so-called voltage-control where a constant volt- 

age is applied through compliant electrodes uniformly coated on the top and bottom faces (main faces) of the elastomer 

( Bortot, Springhetti, & Gei, 2015 ; Koh et al., 2011 ; Zurlo, Destrade, & Lu, 2018 ). Alternatively, charge-control generally actives

the plate into a deformable capacitor by directly spraying constant electric charges on its main faces ( Keplinger, Kaltenbrun-

ner, Arnold, & Bauer, 2010 ; Li, Zhou, & Chen, 2011 ; Lu, Keplinger, Arnold, Bauer, & Suo, 2014 ). 

The fantastic performance of SEA devices is however accompanied by the high risk of multiple failure modes, includ- 

ing wrinkling, pull-in, and electrical breakdown ( Blok & LeGrand, 1969 ; Díaz-Calleja, Llovera-Segovia, Dominguez, Rosique, 

& Lopez, 2013 ; Mateiu, Yu, & Skov, 2017 ; Plante & Dubowsky, 2006 ; Stark & Garton, 1955 ). When subject to an increas-

ing voltage, an originally flat electroactive film thins down gradually, yielding the further increase of interior true electric 

field. The film first collapses into complex three-dimensional (3D) wrinkles somewhere and then incurs a dramatic thinning 

deformation ( Plante & Dubowsky, 2006 ). It is suggested that the wrinkling formation attributes to the out-of-plane buck- 

ling induced by relaxation of the in-plane compressive stress ( Greaney, Meere, & Zurlo, 2019 ). And the subsequent thinning

phenomenon, also identified as “pull-in” ( Stark & Garton, 1955 ), is due to the positive feedback between the contraction of

thickness and the increase of true electric field. It usually results in an irreversible electrical breakdown ( Zhao & Suo, 2007 ).

But one should note that the electrical breakdown does not necessarily occur after the pull-in. In fact, the priority essen-

tially depends on the constitutive relation of the specific material ( Colonnelli, Saccomandi, & Zurlo, 2015 ; Su, 2020 ). All these

failures, as depicted in Fig. 1 , have long been recognized to pose clear limitations on the development of SEA-based devices.

Many effort s have been devoted to harnessing the pull-in instability and prediction of the electrical breakdown in SEA 

materials ( An, Wang, Cheng, Lu, & Wang, 2015 ; Bertoldi & Gei, 2011 ; De Tommasi, Puglisi, Saccomandi, & Zurlo, 2010 ;

Rudykh, Bhattacharya, & deBotton, 2012 ; Zhao & Suo, 2007 ; Zhou, Hong, Zhao, Zhang, & Suo, 2008 , 2020 ). Readers may
2 
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Fig. 2. An SEA plate activated by either a constant voltage (left column) where compliant electrodes (gray) are attached to the top and bottom faces or 

prescribed charges (right column) where the electrical biasing field is induced by uniformly spraying electric charges on the main faces: (a) an undeformed 

isotropic compressible SEA plate; (b) and (e) the plate is pre-stressed by in-plane dead loads, i.e. P 1 and P 2 ; (c) and (f) the plate is constrained to maintain 

fixed in-plane stretches, i.e. λ1 and λ2 ; (d) and (g) the plate is pre-stressed by the dead load along one in-plane direction ( x 1(2) ) and constrained with a 

fixed stretch in the other direction ( x 2(1) ); (h) loss of stability leads to two patterns of wrinkling: antisymmetric and symmetric. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

be referred to two recent reviews by Zhu, Zhang, Qian, and Chen (2016) and Lu, Cheng, and Wang (2020) for more details.

For example, Zhao and Suo (2007) proposed the so-called Hessian approach to resolve the mechanism of pull- in a voltage-

controlled DE plate. They showed that the pull-in instability occurs in the elastomer when the Hessian matrix ceases to be

positive definite. This criterion is quite useful for studying the homogeneous instability in SEA materials, yet fails for pre- 

dicting the inhomogeneous wrinkling instability ( Dorfmann & Ogden, 2014 ; Huang et al., 2012 ; Su, 2020 , 2018a ). Unlike the

voltage-controlled plate, experimental observations show that no pull-in instability occurs in the SEA actuator operated in 

a charge-controlled mode, because in this case no positive feedback mechanism increases the true electric field in the elas- 

tomer ( Keplinger et al., 2010 ). It is shown that the Hessian matrix of charge-controlled SEA plates has a different form from

that of voltage-controlled case and is always positive definite ( Conroy Broderick, Righi, Destrade, & Ogden, 2020 ; Li et al.,

2011 ; Su, Chen, & Destrade, 2019 ). 

In contrast to pull-in and electrical breakdown failures, wrinkles in SEA solids can be controlled and even completely 

restrained through external electrical loading ( Greaney et al., 2019 ; Keplinger et al., 2010 ; Liu, Li, Chen, Jia, & Zhou, 2016 ).

This feature has motivated many of the recent theoretical developments in this field. The pioneering work was conducted 

by Dorfmann and Ogden (2014) , investigating the diffuse modes of inhomogeneous wrinkling in incompressible DE plates 

using the linearized incremental theory. Similar problems were then treated by Díaz-Calleja, Llovera-Segovia, and Quijano- 

López (2017) , Su, Conroy Broderick, Chen, and Destrade (2018b) , Yang, Zhao, and Sharma (2017) , and Conroy Broderick

et al. (2020) from different theoretical aspects. It is of interest that the last two works employed the so-called surface

impedance matrix method and the Stroh formulation ( Destrade, 2015 ) so that all the results were obtained in a fully an-

alytical manner. The theoretical analysis for incompressible voltage-controlled plates agrees well with the experimental 

observation ( Plante & Dubowsky, 2006 ; Su et al., 2018b ), while it looks not that apparent for the charge-controlled ones

( Conroy Broderick et al., 2020 ; Keplinger et al., 2010 ). This conflict is actually due to the application of different mechani-

cal loading protocols: (i) no wrinkle occurs when the plate is loaded by biaxial dead loads, because the monotonic loading

curves never enter the unstable region ( Conroy Broderick et al., 2020 ); (ii) When constrained by fixed in-plane stretches, e.g.,

radially pre-stretched first and then fixed on a rigid frame ( Keplinger et al., 2010 ), the plate naturally wrinkles once the elec-

tric stimulus reaches a certain threshold value, which is actually consistent with the theoretical prediction ( Conroy Broderick 

et al., 2020 ). 

Although the electric-induced instability of incompressible SEA materials has been fairly well described, the effect of 

compressibility is usually ignored and less understood. To our best knowledge, the only work concerning this aspect was 

devoted by Liu, Liu, Leng, and Lau (2011) , suggesting that the Poisson’s ratio be positively correlated to the critical nominal

electric field for the onset of pull- in tri-axially stretched Varga type DEs. On the contrary, when electric stimuli are absent,
3 
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it has been extensively shown that the variation of compressibility significantly impacts the physical behaviors of soft ma- 

terials, such as nonlinear response ( Levinson & Burgess, 1971 ; Ogden, 1972 ; Rogovoy, 2001 ), wave propagation ( Destrade &

Saccomandi, 2005 ; Dowaikh & Ogden, 1991 ; Ogden & Sotiropoulos, 1998 ), Euler buckling ( Burgess & Levinson, 1972 ; Murphy

& Destrade, 2009 ). In addition, fabrication of compressible SEA-based devices is recently emerging as an exciting and promis- 

ing field in research communities ( Carrara et al., 2020 ; Cheng et al., 2020 ; Lee et al., 2020 ; Loeb, Amert, & Whites, 2014 ;

Wan et al., 2018 ; Yang et al., 2020 ). Thus, a comprehensive study on the role of compressibility in electric-induced insta-

bility is of considerable theoretical and practical significances, especially for understanding the failure mechanism and the 

performance optimization of such SEA-based devices. 

Encouraged by the significant compressibility of emerging SEA materials and the lack of theoretical research on the cor- 

responding problems, this paper mainly pursues a general analysis for the surface/wrinkling instability of a pre-deformed 

compressible SEA plate. This plate is subject to in-plane mechanical and transverse electrical biasing fields, which is per- 

formed through one of several common loading protocols as shown in Fig. 2 . Upon the finitely deformed configuration, an

arbitrary but infinitesimal perturbation is superimposed. The onset of wrinkling can be seen by that equilibrium equations 

for the perturbation exist more than one non-trivial solution. It is noted that with a given electrical actuation, either voltage-

control or charge-control, and no dissipative effect, the wrinkling instability of an SEA plate should essentially depend only 

on the deformation state rather than the mechanical loading paths or methods. 

This paper, for the first time , systematically investigates the role of material compressibility on the nonlinear response 

and instability of SEA materials, thus can provide solid reference for design and fabrication of SEA-based devices using a 

much wider range of material candidates. The paper is structured as follows. 

In Section 2 , we investigate the instability behaviors of a compressible voltage-controlled SEA plate under biasing fields. 

First, the nonlinear response of the plate under finite deformation is proposed when subject to in-plane equi-biaxial 

stretches and a transverse voltage. Then, we establish analytical dispersion relations for the symmetric and antisymmet- 

ric wrinkling instabilities, respectively. The explicit expressions for the thin-plate (long-wave) and thick-plate (short-wave) 

limits are also provided, with which we can define the global and wavelength-independent instability domains for plates 

with specific dimensions. 

In Section 3 , we present parallel results for a compressible charge-controlled plate in a similar fashion in Section 2 . Unlike

the voltage-controlled scenario where the nominal electric field is concerned, all the results in this case are correlated to 

the nominal electric displacement. 

In the above two sections we only present simplified expressions for SEA plates of specified energy functions, full details 

of the derivation for a general energy function are given in Appendices A and B , including the theory of nonlinear elec-

troelasticity ( Dorfmann & Ogden, 2010b ; Toupin, 1956 ), the linearized incremental theory ( Bertoldi & Gei, 2011 ; Bortot &

Shmuel, 2018 ; Dorfmann & Ogden, 2010a ; Rudykh & deBotton, 2011 ; Su et al., 2019 ; Xia, Huang, Su, & Chen, 2020 ), and the

surface impedance matrix method first proposed for compressible SEA materials. 

For illustration, we specialize in equi-biaxially stretched plates and numerical calculations are given in case of Gent ideal 

dielectric, which accounts the strain stiffening effect of most polymers, and also in case of neo-Hookean ideal dielectric, re- 

ferred to as a special Gent material with infinite extensibility. It should be highlighted that, in contrast to the incompressible

case, the symmetric wrinkling in compressible plates may appear prior to the antisymmetric one regardless of the electrical 

loading protocols. 

In Section 4 , we further compare the surface instability between voltage- and charge-controlled cases using thin-plate 

and short-wave limits. All the critical curves are plotted in terms of true electric displacement in an intrinsic way. Most

interestingly, the increase of compressibility shows a stabilization effect for the charge-controlled plate while makes the 

voltage-controlled plate more susceptible to wrinkling. While the intrinsic instability is independent of the electrical loading 

protocols in the incompressible case, a compressible SEA plate is always more stable under the charge-controlled actuation 

if the effective true electric loading keeps unchanged. 

Finally, we draw conclusions and outlooks in Section 5 . 

2. Voltage-controlled compressible SEA plate 

In this section, we consider the instability of a compressible voltage-controlled SEA plate originally in the natural state, 

see, Fig. 2 (a), with an initial size of L 1 × L 2 × H (length × width × thickness). With a constant voltage, V , applied across

its thickness, the plate deforms into a new configuration of l 1 × l 2 × h through different mechanical loading protocols as 

shown in Figs. 2 (b-d). Such a homogeneous deformation can be described by the principal stretches in three dimensions, 

i.e., λ1 = l 1 / L 1 , λ2 = l 2 / L 2 and χ= h/H, respectively. For convenience, we here replace the voltage equivalently by a transverse 

nominal electric field: E 0 = V/H. 

For the wrinkling formation, the technical procedures of generalized instability analysis are conducted in the appen- 

dices for a general free energy density function, �. In the main text, we specialize the discussion to the compressible Gent

ideal dielectric, governed by �G = W G (I 1 , I 3 ) + I 5 / (2 εI 1 / 2 
3 

) , and the compressible neo-Hookean ideal dielectric, described by

�nH = W nH (I 1 , I 3 ) + I 5 / (2 εI 1 / 2 
3 

) . The definitions of W G , W nH , I 1 , I 3 , I 5 , and ε can be found in Appendix A . Here the material

compressibility is considered by assuming the energy density function is dependent on I 3 = J 2 , with J being the local vol-

ume change ratio. Note that the corresponding energy density function for the incompressible elastomer can be obtained by 

taking I = 1 ( Gent, 1996 ; Holzapfel, 20 0 0 ; Horgan & Saccomandi, 2004 ; Xia et al., 2020 ). In particular, we treat the example
3 

4 
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of equi-biaxial deformation (i.e., λ1 = λ2 = λ) for illustration. One may note that the mixed-boundary problem as shown in 

Fig. 2 (d) is in general not equi-biaxial, yet its instability behaviors can be resolved in a similar way without any difficulty. 

2.1. Nonlinear response 

The nonlinear response of SEA materials can be well captured by the theory of nonlinear electroelasticity ( Dorfmann 

& Ogden, 2010b ; Toupin, 1956 ). For the considered problem, we regard E 0 as the prescribed variable, i.e., E l 3 defined in

Appendix A.1 . The only nonzero component of the true electric displacement in the thickness direction then adjusts accord- 

ing to the formula D 3 = ε E 0 /χ . 

In view of Eq. (A13) , for an equi-biaxially deformed SEA plate subject to nominal in-plane stress, we have the following

non-dimensional nonlinear response for the Gent ideal dielectric type 

s̄ = 

λ
(
1 − χ2 / λ2 

)
1 − ( I 1 − 3 ) / J m 

− Ē 2 0 λ/χ, (1) 

where J m 

is the chain extension limit, also called dimensionless stiffening parameter, ̄s = s/μ and Ē 0 = E 0 / 
√ 

μ/ε are the non- 

dimensional measures of the nominal in-plane stress and nominal electric field, with μ and ε being the initial shear mod- 

ulus and the permittivity of the material, respectively. 

The corresponding neo-Hookean version can also be easily obtained as J m 

→ ∞ in Eq. (1) : 

s̄ = λ
(
1 − χ2 / λ2 

)
− Ē 2 0 λ/χ. (2) 

Hereinafter, the overbar is always used to indicate the nondimensional quantities unless otherwise stated. 

2.2. Inhomogeneous and small-amplitude wrinkling 

We now focus on the formation of small-amplitude two-dimensional (2D) wrinkles appearing on the mechanically-free 

faces of the plate. Without loss of generality, the wrinkles are assumed harmonic in the x 1 -direction, and the induced

incremental fields has a plane-strain character only existing in the x 1 − x 3 plane. The solving routine is briefly described as 

follows (readers may be referred to Appendix B for complete details): 

1) Rely on the linearized incremental theory to derive the governing equations; 

2) Formulate the boundary value problem in the Stroh form; 

3) Solve the incremental boundary value problem using the surface impedance matrix method to obtain the dispersion 

relations. 

In our analysis, the traction-free condition always holds in the free-standing plate, while the incremental electrical 

boundary condition is implied by the given electrical actuation. That is, the incremental electric potential automatically 

vanishes on the main faces of the voltage-controlled plate. To be highlighted, the equations of Stroh form derived for the

compressible SEA materials perfectly recover the incompressible case when the incompressible limit is applied, as in the 

purely elastic problem ( Destrade, Martin, & Ting, 2002 ). 

As an illustration, we present analytical expressions for the neo-Hookean ideal dielectric plate. Working with Eqs. (B24), 

(B26) and (B40) , we have a simple dispersion relation for the wrinkling: 

(r 2 2 + 1) 
2 

(r 2 
2 

− 1) r 2 r 3 

[
tanh ( r 3 χπH/ L ) 

tanh (χπH/ L ) 

]±1 

− 4 

r 2 
2 

− 1 

[
tanh ( r 2 χπH/ L ) 

tanh (χπH/ L ) 

]±1 

= λD̄ 

2 
3 , (3) 

where r 2 = λ/χ , and r 3 = 

√ 

1 − (χ−1 − λ−2 χ) / [2( D 

2 

3 − 2 J 3 �33 )] with J = λ2 χ , �33 = ∂ 2 (�nH /μ) /∂ I 2 
3 

and L is the “wave- 

length” of wrinkles. Here and below, the + 1 ( −1) exponent corresponds to the anti-symmetric (symmetric) wrinkling. 

Then we substitute the relationship D̄ 3 = Ē 0 /χ into Eq. (3) to get the version in terms of the nominal electric field 

(r 2 2 + 1) 
2 

(r 2 
2 

− 1) r 2 r 3 

[
tanh ( r 3 χπH/ L ) 

tanh ( r 1 χπH/ L ) 

]±1 

− 4 

r 2 
2 

− 1 

[
tanh ( r 2 χπH/ L ) 

tanh ( r 1 χπH/ L ) 

]±1 

= λχ−2 Ē 2 0 , (4) 

where r 3 = 

√ 

1 − (χ−1 − λ−2 χ) / [2(χ−2 E 
2 

0 − 2 J 3 �33 )] accordingly. 

By replacing the terms of “tanh ( ∗)” with 1 in Eq. (4) , we get the so-called short-wave limit (SWL) of dispersion equation

as 

(r 2 2 + 1) 
2 

(r 2 
2 

− 1) r 2 r 3 
− 4 

r 2 
2 

− 1 

= λχ−2 Ē 2 0 . (5) 

Note that the results of Su et al. (2018b) can also be reproduced from Eq. (4) as ν → 0 . 5 , i.e., 

(1 + λ6 ) 
2 

4 λ3 
+ 

λ5 (1 − λ6 ) 

4 

Ē 2 0 = 

[ 

tanh ( λπH/ L ) 

tanh 

(
λ−2 πH/ L 

)
] ±1 

, (6) 
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Fig. 3. Phase diagrams of wrinkling instability for equi-biaxially stretched voltage-controlled neo-Hookean ideal SEA plates, where the black solid and 

dashed lines are the dispersion curves for the antisymmetric and symmetric wrinkles, respectively, and the red horizontal dashed lines correspond to the 

onset of pull-in instability: (a) ν = 0 . 4 and Ē 0 = 0 . 2 ; (b) ν = 0 . 3 and Ē 0 = 0 . 2 ; (c) ν = 0 . 4 and Ē 0 = 0 . 4 ; (d) ν = 0 . 3 and Ē 0 = 0 . 4 . The lower dispersion curves 

correspond to the wrinkling in contraction, and the upper ones, if exist, are for that in extension. The stable and wrinkled regions are clearly clarified by 

colors and/or notes. Hereinafter, “Antisym. Wrin. ”, “Sym. Wrin. ” are the abbreviations of “antisymmetric wrinkling” and “symmetric wrinkling”, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and the purely elastic criterion of buckling can be reduced by taking Ē 0 = 0 ( Ogden & Roxburgh, 1993 ). 

For the extremely thin plate, instead of the substitution of H/ L → 0 into Eq. (4) , we employ a more general way as done

in the incompressible case ( Su et al., 2018b ) to give the expressions in Eqs. (B30) and (B33) for the so-called thin-plate limit

(TPL) of symmetric and antisymmetric modes, respectively. 

2.2.1. Example: neo-Hookean ideal SEA plate 

We plot the phase diagrams of wrinkling instability for the neo-Hookean ideal SEA plates of different compressibility 

applied with sequential bias voltages in Fig. 3 , of which three sets of complete cases are shown in Figs. C1 –C3 . 

As seen in Figs. 3 (a, b), for Ē 0 = 0 . 2 (low voltage) and (c, d) for Ē 0 = 0 . 4 (high voltage), both the slightly compressible

( ν = 0 . 4 ) and moderately compressible ( ν = 0 . 3 ) plates can wrinkle in contraction or in extension. The general existence of

such two modes of wrinkling can be verified by the fact in Figs. C4 (a, b) that the thin-plate and short-wave dispersion

curves have two critical values at a fixed voltage, where the smaller one corresponds to the contractile wrinkling and the

larger one is for the extensional wrinkling. 

Moreover, the stable region of the moderately compressible plate has a lower upper bound but a bit higher lower bound

than that of the slightly compressible one. It suggests that the plate with higher compressibility is more apt to wrinkle.

This is quite reasonable, because the constraint of incompressibility may to some extent provide a stabilizing effect when 

confining the deformation. More interestingly, unlike the incompressible case, the symmetric wrinkles here may appear 

prior to the antisymmetric ones in extension, while the antisymmetric mode keeps dominant in contraction. 

With the pull-in instability further considered, as highlighted by red dashed horizontal lines in Fig. 3 , we can see that the

critical stretch for the pull-in, λpull −in , is smaller than that for the wrinkling in extension. However, it should be mentioned

that the priority of instability can be significantly tuned by the loading protocol ( Su et al., 2019 ). One typical example is

that pull-in never emerges in a voltage-controlled SEA plate constrained by fixed stretches. Besides, for the cases that pull- 

in indeed occurs, the plate with a smaller Poisson’s ratio possesses a smaller λpull −in at the low voltage ( ̄E 0 = 0 . 2 ) while

the result reverses when subject to the high voltage ( ̄E 0 = 0 . 4 ). A global view of such a non-monotonic phenomenon can be

found in Figs. C4 (c, d). 

2.2.2. Example: Gent ideal dielectric plate 

It should be noted that actual SEA materials may suffer irreversible strain-induced crystallization when overly stretched 

( Nah et al., 2010 ), which is usually explained by the strain stiffening effect. Hence, it may be also necessary to examine the

effect of chain extension limit on wrinkling behaviors. In Fig. 4 , we plot dispersion curves for the wrinkling in incompressible
6 
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Fig. 4. Dispersion curves for incompressible and moderately compressible Gent ideal SEA plates with different chain extension limits ( J m = 46 . 3 , 97 . 2 , 10 4 ) 

subject to an equi-biaxial stretch and a constant bias voltage ( ̄E 0 = 0 . 6 ): (a) ν = 0 . 5 ; (b) ν = 0 . 3 . (c) and (d) provide locally enlarged details around the 

critical stretches of extensile wrinkling in (a) and (b), respectively. It shows that variation of the chain extension limit does not make a significant change 

in wrinkling in contraction, yet obvious influence on extensional wrinkling can be seen when the critical stretch is sufficiently close to the stiffening limit 

of tensile stretch. Here and below, “Ext. ”, “Con. ” are used as the abbreviations of “extension” and “contraction”, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(in the left column) and moderately compressible (in the right column) Gent ideal SEA plates with different chain extension 

limits, at a constant voltage Ē 0 = 0 . 6 for illustration. 

As expected, since the stiffening effect should only work in extension, the variations of chain extension limit do not make

visible changes in contractile wrinkling where the critical stretches almost lie in the compressive regime, see, Figs. 4 (a, b).

For the wrinkling in extension, as seen in Figs. 4 (c, d), the critical stretches increase as the chain extension limit decreases,

indicating that the material stability can be enhanced by decreasing the stiffening parameter. 

With the magnitude of critical stretches accounted, the results indicate that the effect of stiffening parameter monotoni- 

cally decays as the critical stretches locate away from the stiffening limit of tensile stretch, or tensile limit for shorthand. It

can thus explain why such effect is relatively obvious in incompressible SEA plates. 

When referred to Fig. C5 or C6 , one may note that significant variations in the critical stretches take place for symmetric

wrinkling in contraction, which seems not consistent with the results above. Actually, it is because in this case the out-of- 

plane critical stretch, χcr , is very close to its tensile limit, thus the effect and mechanism revealed above also work well. In

other words, the variations in-plane compressive critical stretches are due to the effect working on the out-of-plane tensile 

critical stretches. 

2.3. Thin-plate and short-wave instabilities 

In many scenarios, we may only concern the first encounter of wrinkling rather than specific wrinkling behaviors. When 

again referred to Figs. C1 –C3 , one may find that the stable region of the voltage-controlled plate is always located in between

either the TPL or the SWL. Thus, an economic and efficient strategy based on the two extreme cases: thin-plate and short-

wave instabilities is quite worthy of looking into. To this end, by virtue of Eqs. (1) , (5) and (B33), we plot Ē 0 − λ curves in

Fig. C7 to show the thin-plate and short-wave instabilities, together with a series of nonlinear loading curves and the onset

of pull-in/snap-through, of the Gent ideal dielectric plates. 

In the main text, we demonstrate the case of ν = 0.3 as shown in Fig 5 (a) with the unnecessary lines omitted. The black

solid line corresponds to the short-wave instability. The thin-plate instability (blue solid line) is piecewise established, where 

the part between points C and D corresponds to the symmetric TPL while the rest belongs to the antisymmetric one. In this

way, the stable region can be easily captured as the light green area. 

Based on this, we can see that all the loading curves never enter the wrinkling region before the onset of pull-in insta-

bility (dotted line). Nevertheless, the critical value of the applied voltage for the onset of pull-in (marked by a black cross)
7 
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Fig. 5. Wrinkling emerges during the activation of pull-in: (a) thin-plate and short-wave instabilities along with loading curves of various pre-stresses 

( ̄s = 0, 0.8, 1.5, 2.5 and 4.5) for moderately compressible Gent ( ν = 0 . 3 , J m = 97 . 2 ) ideal SEA plates; (b) partial magnification of (a) shows that the onset of 

snap-through is quite close to the occurrence of thin-plate instability; phase diagrams of wrinkling instability for such SEA plates under diverse voltages: 

(c) Ē 0 = 0 . 68959 ; and (d) Ē 0 = 0 . 6 . Note that the abbreviation of “Antisym. & Sym. Wrin. ” is used to mark the range of stretch where wrinkling possibly 

occurs in either antisymmetric or symmetric mode. 

 

 

 

 

 

 

 

is quite close to that for the thin-plate instability. Through a rescaled version as shown in Fig. 5 (b), we can see that for the

fixedly pre-stressed plate, the pull-in induced rapid expansion along the main faces is immediately followed by the occur- 

rence of wrinkling. It can thus be used to explain the observation of wrinkles along with the pull-in as shown in Fig. 1 (c),

which has ever been implied in the incompressible problem ( Su et al., 2018b ). 

We also reveal the role of compressibility in the correlation between these two types of instability. Taking the case of

s̄ = 0 for example, the critical electric field for pull-in is approximately 0.69, of which the wrinkling behavior during the

pull-in is established in Fig. 5 (c). Unlike the incompressible plate where only one wrinkling mode, either symmetric or 

symmetric, can occur, both the two wrinkling modes can theoretically coexist in the compressible plate. 

First, the wrinkling behaves in the antisymmetric mode at λ ∈ [ ∼ 1 . 25 , ∼ 1 . 35 ] with a unique wave-length. 

Then, it can be seen that the solid and dashed lines coexist in the highlighted red area, once the stretch reaches a

critical value λ ∈ [ ∼ 1 . 35 , ∼ 1 . 37 ] , i.e., either symmetric or antisymmetric wrinkling may occur. Generally speaking, only one 

of them actually occurs in practice, which depends on the initial imperfection of the specific plate. 

Finally, as the stretch rises beyond ~1.37, the plate simply wrinkles in the antisymmetric mode, which is almost imme- 

diately followed by electrical break-down (not displayed here). 

Such pattern should hold for cases where the critical electric field of pull-in is located in the area above point C ( ̄E 0 = ∼
0 . 66 ). For those where the critical electric field is located in the area between C and D, e.g., s̄ = 0.8, 1.5, 2.5, and 4.5, the

cases get much simpler that the expanded plate first wrinkles symmetrically and then anti-symmetrically as the stretch 

increases, see, e.g., Fig. 5 (d) for Ē 0 = ∼ 0 . 6 . The reader may be referred to Figs. C7 and C8 for more details. 

3. Charge-controlled compressible SEA plate 

In this section, we examine the instability behaviors of compressible SEA plates actuated through spraying electric 

charges Q on the main faces, as shown in the right column of Fig. 2 . It is so-called charge-controlled plate where the

transverse nominal electric displacement can be obtained as D 0 = Q/ ( L 1 L 2 ) . 

3.1. Nonlinear response 

According to Eq. (A15) , the nonlinear responses of Gent and neo-Hookean ideal SEA plates read 

s̄ = 

λ
(
1 − χ2 / λ2 

)
1 − ( I 1 − 3 ) / J m 

− D̄ 

2 
0 χ/ λ3 , ̄s = λ

(
1 − χ2 / λ2 

)
− D̄ 

2 
0 χ/ λ3 , (7) 
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respectively, where D̄ 0 = D 0 / 
√ 

με is a non-dimensional measure of D 0 . It should be noted that no pull-in occurs in the 

current case for the lack of positive feedback mechanism as found in the voltage-controlled case. 

3.2. Inhomogeneous and small-amplitude wrinkling 

As the incremental boundary conditions adjust in the present problem, the Stroh vector becomes slightly different from 

that for the voltage-controlled case, resulting in a modified Stroh matrix as described in Appendix B.3 . 

We also consider the example of a neo-Hookean ideal SEA plate, for which the dispersion equation reads (
D̄ 

2 
3 + 

r 2 + r −1 
2 

λ

)2 

(1 − r 2 
2 
) /λ

[
coth ( r 2 χπH/ L ) 

coth (χπH/ L ) 

]±1 

−
r 3 
(
D̄ 

2 
3 + 

2 
r 2 λ

)2 

(r −1 
2 

− r 2 ) /λ

[
coth ( r 3 χπH/ L ) 

coth (χπH/ L ) 

]±1 

= D̄ 

2 
3 , (8) 

where the definitions of r 2 , and r 3 follow Eq. (3) . 

With the electrical actuation considered, the dispersion relation in terms of the prescribed nominal electric displacement 

is given as [
D̄ 

2 
0 + λ3 ( r 2 + r −1 

2 
) 
]2 

λ3 (1 − r 2 
2 
) 

[
coth ( r 2 χπH/ L ) 

coth (χπH/ L ) 

]±1 

−
r 3 ( ̄D 

2 
0 + 

2 λ3 

r 2 
) 

2 

λ3 (r −1 
2 

− r 2 ) 

[
coth ( r 3 χπH/ L ) 

coth (χπH/ L ) 

]±1 

= D̄ 

2 
0 , (9) 

where r 3 = 

√ 

1 − (χ−1 − λ−2 χ) / [2(λ−4 D 

2 

0 − 2 J 3 �33 )] . 

Accordingly, the equation for the short-wave limit reads [
D̄ 

2 
0 + λ3 ( r 2 + r −1 

2 
) 
]2 

1 − r 2 
2 

− ( ̄D 

2 
0 + 2 λ3 r −1 

2 
) 

2 
r 3 

r −1 
2 

− r 2 
= λ3 D̄ 

2 
0 . (10) 

The dispersion equations for the incompressible case can be obtained as [
tanh (λπH/ L ) 

tanh ( λ−2 πH/ L ) 

]±1 

= 

( ̄D 

2 
0 + λ6 + 1) 

2 

D̄ 

2 
0 
λ3 (1 − λ6 ) + λ3 ( ̄D 

2 
0 

+ 2) 
2 
. (11) 

All these general relations have never been reported before; only some special cases have been discussed by Conroy Brod-

erick et al. (2020) . 

3.2.1. Example: neo-Hookean ideal SEA plate 

Our attention is now restricted to the slightly and moderately compressible neo-Hookean ideal SEA plates for studying 

their wrinkling behaviors, as shown in Fig. 6 . For ease of discussion, we zoom in on the area around the border between

the stable and wrinkled regions. Two considered plates are both sufficiently stretched to be stable originally, which can only 

wrinkles in contraction with the release of stretch. 

For plates subject to a low electric displacement ( ̄D 0 = 4 . 0 ), see, Figs. 6 (a, b), antisymmetric wrinkling always occurs

prior to the symmetric one, regardless of the compressibility of the material. Specifically, the moderately compressible plate 

begins to wrinkle at the critical stretch of λcr = ∼ 1 . 56 and the antisymmetric wrinkling vanishes once λ < ∼ 1 . 42 , while

the antisymmetric wrinkling of the slightly compressible one emerges among λ ∈ [ ∼ 1 . 58 , ∼ 1 . 41] . It means that, stronger

compressibility can not only suppress the onset of antisymmetric wrinkling but also compress its active region, which is 

quite in opposite to the voltage-controlled case as seen in Figs. C1 –C3 . When further referred to Figs. C9 –C11 , we find this

feature is independent of the magnitude of electric stimuli. 

Moreover, one may note that the symmetric dispersion curve in Fig. 6 (b) mildly overlaps the antisymmetric one, thus 

generating an extremely narrow area, marked by a red band as enlarged in the inset of Fig. 6 (b), between the regions

of purely antisymmetric and symmetric wrinkling. In this band, the wrinkling of plate may occur in either antisymmetric 

or symmetric mode, and each mode possibly corresponds to more than one wave-length. It is similar to but even more

complex than that shown in Fig. 5 (c) for λ ∈ [ ∼ 1 . 35 , ∼ 1 . 37 ] . However, as this band is so narrow and not found in both

incompressible and slightly compressible cases, a question rises that whether it is surely induced by the enhancement of 

compressibility. 

We thus increase the biasing electric displacement up to 12.0 so as to further check the wrinkling behavior. As seen

in Fig. 6 (c) for the slightly compressible case, a similar but even wider band area emerges at λ ∈ [ ∼ 2 . 16 , ∼ 2 . 18 ] as the

symmetric dispersion curve also overlaps the antisymmetric one. For the moderately compressible case as shown in Fig. 6 (d),

the band shifts upward to be located in λ ∈ [ ∼ 2 . 08 , ∼ 2 . 15 ] and becomes much wider than that in Fig. 6 (c) for D̄ 0 = 4 . 0 .

In consideration of the fact that this band is absent in the incompressible case (e.g., Fig. C9 ), we can make sure that high

electric biasing field cannot independently induce such phenomenon. Hence, the occurrence of such band area should only 

attribute to the promotion of symmetric wrinkling by the enhancing compressibility, upon which the increasing electric 

displacement strengthens it significantly. 
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Fig. 6. Phase diagrams of wrinkling instability for equi-biaxially stretched charge-controlled neo-Hookean ideal SEA plates, where the black solid and 

dashed lines are the dispersion curves for the antisymmetric and symmetric wrinkles, respectively: (a) ν = 0 . 4 and D̄ 0 = 4 . 0 ; (b) ν = 0 . 3 and D̄ 0 = 4 . 0 ; (c) 

ν = 0 . 4 and D̄ 0 = 12 . 0 ; (d) ν = 0 . 3 and D̄ 0 = 12 . 0 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is worth noting that the antisymmetric mode is in general the prior failure mode and dispersion curves are always

monotonous in the incompressible case ( Su et al., 2018b ). However, for the considered problem, the purely antisymmetric 

wrinkling eventually vanishes in Fig. 6 (d) due to the significant promotion of symmetric wrinkling and the critical stretch 

for the first encounter of wrinkling is ~2.23, even not at its TPL or SWL. Interestingly, though the antisymmetric wrinkling

is much suppressed, see, λcr = ∼ 2 . 21 in Fig. 6 (c) and λcr = ∼ 2 . 15 in Fig. 6 (d), the moderately compressible plate is actu-

ally more susceptible to wrinkling than the slightly compressible one. In this sense, a competitive mechanism is proposed 

that the enhancement of compressibility facilitates the onset of symmetric wrinkling while suppresses the occurrence of 

antisymmetric one, which in principle determines the apparent wrinkling behavior of charge-controlled compressible SEA 

plates. 

3.2.2. Example: Gent ideal dielectric plate 

We then examine the effect of chain extension limit on the wrinkling of the charge-controlled plates. Fig. 7 presents

the dispersion curves for the equi-biaxially stretched incompressible and moderately compressible plates with various chain 

extension limits. In the left column, we omit the curves for the symmetric mode since the incompressible plate always first

wrinkles in the antisymmetric mode. The reader may be referred to Fig. C12 for complete plots. As seen in Fig. 7 (a, b) for

D̄ 0 = 4 . 0 , the differences between these dispersion curves are tiny but not that negligible as ever shown in Fig. 4 . The effect

of chain extension limit on wrinkling is monotonic that the plate with a smaller J m 

always has a smaller critical stretch

for any fixed H/ L , either in the antisymmetric or symmetric mode. When the electric displacement increases as shown in

Fig. 7 (c, d) up to 12.0, it is found this effect gets more visible as the critical stretches gradually approach the tensile limit. It

again verifies that the role of chain extension limit in wrinkling is localized and independent of electrical loading protocols. 

3.3. Thin-plate and short-wave instabilities 

Recalling Figs. C9 and C10 , either charge-controlled incompressible or slightly compressible plate wrinkles first at either 

TPL or SWL. This rule only holds for moderately compressible plate under low electric biasing field, see, e.g., Fig. 6 (b), yet

a mild misestimation may occur for a high electric displacement, see, e.g., Fig. 6 (d). Even so, we can see that the deviation

for the latter case is located in a reasonable range, see, e.g., only ~−1.76% and ~−3.5% in Figs. C11 (c, d), respectively. Thus,

thin-plate and short-wave instabilities are still of great significance for predicting the critical onset of wrinkling with a small 

allowance applied in practical use. 

With the help of Eqs. (7) , (10) and (B33) , we plot the D̄ 0 − λ curves for thin-plate and short-wave instabilities along with

a series of loading curves for the neo-Hookean ideal SEA plates of different compressibility in Fig C13 . Note that in this case

these two instabilities are given by antisymmetric TPL and SWL, respectively. 
10 
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Fig. 7. Dispersion curves for equi-biaxially stretched incompressible and moderately compressible Gent ideal SEA plates of different chain extension limits 

( J m = 46.3, 97.2, 10 4 ) subject to constant charges sprayed on the main faces ( ̄D 0 = 4.0, and 12.0). 

Fig. 8. How the wrinkling instability emerges in equi-biaxially loaded charge-controlled plates: (a) Thin-plate and short-wave instabilities along with 

loading curves of various pre-stresses ( ̄s = 0, 0.8, 1.5, 2.5 and 4.5) for moderately compressible ( ν = 0 . 3 ) neo-Hookean ideal SEA plates; (b) the loading 

curve for s̄ = 0 . 8 get crossed with the curve for the SWLs when D̄ 0 reaches a sufficiently large value ( > ~36.08) and wrinkles rise if D̄ 0 keeps increasing. 

 

 

 

 

 

 

 

 

First, it is reconfirmed in Fig. C13 (a) for ν = 0 . 5 that, no loading curve crosses the gray area between the TPL and SWL,

which means wrinkling in extension does not take place ( Conroy Broderick et al., 2020 ). 

We then move to the slightly ( ν = 0 . 4 ) and moderately ( ν = 0 . 3 ) compressible cases in Figs. C13 (b, c). In contrast to

the incompressible case, the TPL gets crossed with the SWL as soon as D̄ 0 reaches a certain value. That is, a compressible

charge-controlled SEA plate, such as the SEA plate considered here, without in-plane pre-stress is not always geometrically 

stable. 

Finally, we focus on the moderately compressible case with Fig. C13 (c) rearranged in Fig. 8 . As shown in Fig. 8 (a), when

D̄ 0 is located in a small scale, all the loading curves do not cross the gray region between the TPL and SWL. As the pre-stress

increases, the loading curve successively gets away from this region, which suggests that the stability may be significantly 

improved by increasing the in-plane pre-stress. 

Nevertheless, for a sufficiently large D̄ 0 , see, e.g., the insert of Fig. C13 (c), the loading curve for s̄ = 0 . 8 (in olive) will

eventually cross the SWL. In Fig. 8 (b) we provide an enlarged version of the area around the intersection, denoted by A. It

is noted that the actual onset of instability in this case should be a bit larger than the SWL as underlined above, thus this

slightly pre-stressed plate wrinkles a bit prior to A. 
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Fig. 9. Comparison of wrinkling instability between equi-biaxially stretched voltage- and charge-controlled neo-Hookean ideal SEA plates. The moder- 

ately compressible plate under the charge-controlled condition is much more stable than that under the voltage-controlled condition while the intrinsic 

instability of the incompressible plate is independent of the electric loading protocol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Electric-induced intrinsic instability 

In the above sections, wrinkling instability is expressed by the critical stretch with either nominal electric field or nom- 

inal electric displacement. These nominal quantities are usually easy to measure and thus preferred in practical situations. 

However, one critical issue emerges that how the wrinkling behaves during the switch between different electrical actu- 

ations. Here, we introduce the so-called intrinsic instability as ever done in the problem of half-space ( Dorfmann & Og-

den, 2014 ; Xia et al., 2020 ). The word “intrinsic” reflects the fact that the onset of instability is only correlated to the true

electric variables. If the whole theoretical framework is constructed in terms of the true electric displacement, then it can 

be specifically applied with respect to the nominal electrical variables by using a pull-back operation. 

As illustration, we compare the intrinsic TPL and SWL of the incompressible and moderately compressible neo-Hookean 

ideal SEA plates in Fig. 9 , where the black and blue lines correspond to short-wave and thin-plate instabilities, respectively.

We first see in Fig. 9 (a, b) that the short-wave instability of the charge-controlled incompressible plate is located above

that of the voltage-controlled plate, which is exactly in line with the results for the electroactive half-space (i.e., H → ∞ )

( Xia et al., 2020 ). It means that the charge-controlled plate is more stable than the voltage-controlled one when the initial

thickness is very large. As H → 0 , the critical curve for either case approaches the thin-plate instability, which corresponds

to the antisymmetric mode governed by Eq. (B33) . One may note that, as the stable regions (colored in light green) here are

solely determined by such thin-plate instability, the intrinsic instability of the incompressible SEA plate with finite thickness 

is actually independent of the electrical loading protocol. It is also supported by a direct comparison in Fig. C13 (a), and as

expected, all these extreme cases become essentially identical when D̄ is sufficiently large, see, Fig. C13 (b). 

For the moderately compressible plate, when compared with the incompressible case, as seen in Fig. 9 (c, d), while the

thick plate (or half-space) is also more liable to loss of stability subject to the voltage-controlled actuation, the intrinsic 

instability for the case of finite thickness does not only depend on the antisymmetric TPL. 

For a voltage-controlled extremely thin plate, see Fig. 9 (c) or C.14 (e), the wrinkling first occurs in the antisymmetric

mode when the critical stretch is located between 1 and ~1.37 and then mutates into symmetric mode as soon as the

critical stretch increases beyond ~1.37. In Fig. 9 (d) for the charge-controlled plate, the thin-plate instability may enter the 

area above the short-wave instability with an intersection of (~1.92, ~2.35). As so, the wrinkling is first encountered at the

antisymmetric TPL when 0 ≤ D̄ < ∼ 2 . 35 and then at the SWL once D̄ > ∼ 2 . 35 . 

Through a direct comparison between the stable regions as presented in Fig. 9 (c, d), we can see that, the charge-

controlled case has a much larger stable region thus possessing much better intrinsic stability than the voltage-controlled 

case. When further considering Fig. C14 , we find that, as the compressibility gradually increases ( ν : 0 . 5 → 0 . 4 → 0 . 3 ), the
12 
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stable region of the voltage-controlled plate shrinks, see, Figs. C14 (a, c, e), while that of the charge-controlled plate expands,

see, Figs. C14 (a, d, f) instead. Since the real SEA materials are always to some extent compressible, we may well tune their

wrinkling instability by switching the electrical loading protocols, similar to the case of pull-in instability. Zhang, Zhao, 

Wang, Chen, and Li (2017) recently proposed that a combination of voltage- and charge-control is feasible for guaranteeing 

a large deformation of DE without electromechanical instability. In this sense, such way may also be useful for realizing

large deformations of SEA materials with a low risk of wrinkling instability. 

5. Conclusions 

We propose a general analysis for surface instability of compressible soft electroactive plates by using the surface 

impedance matrix method with Stroh formulation. As an illustration, a series of analytical dispersion relations are derived 

for the electric-induced wrinkling of equi-biaxially stretched generalized ideal SEA plates. The expressions are given in ma- 

trix forms thus are easy for programming in commercial algebraic software, such as MATLAB, Mathematica, etc. 

The results reveal some unique and significant effects of material compressibility on the wrinkling behaviors: 

(1) For the voltage-controlled problem, the stability of plate gets monotonically deteriorated with the increase of com- 

pressibility, where the wrinkling in extension (if exists) may appear in the symmetric mode prior to the antisymmetric 

mode; 

(2) For the charge-controlled problem, an interesting competition mechanism accounting for the encounter of wrinkling 

is revealed that the antisymmetric wrinkling is suppressed while the symmetric one is promoted by the release of 

incompressibility constraint; 

(3) the electric biasing field always plays a role of positive gain factor for facilitating the effects stated in (1) and (2). 

On the other hand, in both cases, the plate with a smaller chain extension limit always poses better stability. In particular,

with the decrease of Poisson’s ratio, this negative correlation is gradually impaired in the voltage-controlled plate while no 

visible variation is found in the charge-controlled one. It can be uniformly explained by that such effect is localized and

quickly decays as the critical stretches get far away from the stiffening limit of tensile stretch of the plate. 

The thin-plate and short-wave limits can be utilized to exactly define the stability of the voltage-controlled plate while 

proper (usually small) modification is required for the use in the charge-controlled plate. Moreover, for the latter case, the 

plate under dead-loads may not always keep geometrically stable as its compressibility increases. 

Most interestingly, with the electrical independence of the intrinsic instability understood in the incompressible case, 

such instability of the charge-controlled plate is found improved with the increase of compressibility while that of the 

voltage-controlled plate worsens instead. It indeed indicates a better electrical safety of the charge-controlled actuation. 

As such, the analysis provides a pragmatic and maneuverable strategy to predict the surface instability among a wide 

range of SEA-based devices. Surely, there are other causes, such as lateral boundary conditions, possible dissipation and 

actual electrical inhomogeneity, also responsible for the actual loss of stability. They should be interesting and will be dis- 

cussed in the near future. 

Finally, it is pointed out that, although the numerical calculations are performed for the voltage- and charge-controlled 

plates in cases of Gent and neo-Hookean ideal dielectrics, the method can be easily extended to the case of an SEA material

characterized by the Mooney-Rivlin, Ogden or Arruda–Boyce model ( Boyce & Arruda, 20 0 0 ). 
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Appendix A. Preliminaries of the theoretical framework 

In this part, we briefly recall the nonlinear continuum theory for SEA materials and its incremental version. The appendix 

is self-contained and some equations from the main text will be repeated. 

A.1. Theory of nonlinear electroelasticity 

An SEA body is assumed to originally occupy a region, B 0 , with boundary, ∂B 0 , in the undistorted reference configuration,

where any material point in B is denoted by its position vector, X . Subject to mechanical stretches and electrical stimuli,
0 
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the material points in the body will move to a new position, x , such that the body occupies a new region, B , with new

boundary, ∂B , referred to as the current configuration. This process may be described by a deformation gradient, F = ∂ x/ ∂X ,

and the variation of local volume reads J = det F . We may thus write the left and right Cauchy-Green tensors as b = F F T 

and c = F T F , respectively, where the superscript T denotes transpose. 

We now introduce a free energy density function, �(F , D 1 ) , satisfying �(I, 0 ) = 0 . In this function, I is the identity tensor

for undeformed state, and D l is the nominal electric displacement. Then, the nonlinear constitutive relations read 

T = 

∂�

∂F 
, E 1 = 

∂�

∂D 1 

, (A1) 

where the nominal stress tensor T = J F −1 τ and the nominal electric field E l = F T E are the pull-back versions of the total

Cauchy stress τ and the true electric field E . 

For general isotropic SEA materials, we have 

Jτ= 2�1 b + 2�2 

(
I 1 b − b 

2 
)

+ 2 I 3 �3 I + 2 J 2 �5 D � D 

+ 2�6 J 
2 ( D � bD + bD � D ) , 

Jτji = 2�1 b ji + 2�2 

(
I 1 b ji − b jk b ki 

)
+ 2�3 I 3 δji + 2 J 2 �5 D j D i 

+ 2�6 J 
2 
(
D j b ik D k + b jk D k D i 

)
, 

E = 2 J 
(
�4 b 

−1 D + �5 D + �6 bD 

)
, 

E k = 2 J 
(
�4 b 

−1 
ki 

D i + �5 D k + �6 b ik D i 

)
, 

(A2) 

where i, j, k = 1, 2, 3, �m 

= ∂ �/∂ I m 

(m = 1 , 2 , . . . , 6) , the true electric displacement, D , is correlated with the nominal

one by D = J −1 F D 1 , and I 1 = tr c, I 2 = [ ( tr c) 2 − tr (c 2 )] / 2 , I 3 = det c, I 4 = D 1 · D 1 , I 5 = D 1 · ( c D 1 ) , I 6 = D 1 · ( c 2 D 1 ) are the six

independent invariants for isotropic SEA materials. 

The general constitutive relations in Eq. (A2) are rather lengthy, but it can be simplified quite a lot for some special

forms of the free energy density. Hence, we further introduce the so-called generalized ideal dielectrics with the free energy 

density in the form 

� = W ( I 1 , I 3 ) + 

I 5 

2 ε 
√ 

I 3 
, (A3) 

where W is an arbitrary purely elastic energy density function, only correlated to I 1 and I 3 , and ε is the dielectric permittivity

(in F/m). Especially, for the well-known compressible Gent ( Gent, 1996 ; Horgan & Saccomandi, 2004 ) and neo-Hookean

( Holzapfel, 20 0 0 ; Xia et al., 2020 ) ideal dielectrics, we have { 

W G = −μ
{ 

J m 

ln [ 1 − ( I 1 − 3 ) /J m 

] −
(

I 
−β
3 

− 1 

)
/β

} 

/ 2 , 

W nH = μ
[
( I 1 − 3 ) + 

(
I −κ
3 

− 1 

)
/κ

]
/ 2 , 

(A4) 

where β = ν/ (1 − 2 ν) − 1 / J m 

, κ = ν/ ( 1 − 2 ν) , μ and ν are the initial shear modulus (in Pa) and Poisson’s ratio (dimension-

less) of the material, respectively, and J m 

is the maximum allowed for I 1 − 3 , which is also referred to as the dimensionless

stiffening parameter or chain extension limit. One may note that, as J m 

→ ∞ , the Gent model reduces to the neo-Hookean

model, where κ = lim 

J m 

→∞ 

β . 

As shown in Fig. 2 (a), we then consider an SEA plate initially with thickness of H and length of L 1 and L 2 in the x 1 -

and x 2 -directions, respectively. When applied with an arbitrary loading protocol described in Figs. 2 (b-g), the homogenous 

deformation and true electric displacement of the plate read 

F = diag ( λ1 , λ2 , χ) , D = [ 0 , 0 , D 3 ] 
T 
, (A5) 

where λ1 and λ2 are the principal stretches along the x 1 - and x 2 - directions, respectively, and χ and D 3 are the principal 

stretch and the only nonzero component of the true electric displacement across the thickness, respectively. Note that we 

take λ1 = λ2 = λ for the equi-biaxially stretched plate in the main text, yet λ1 and λ2 is in fact not necessarily identical in

our general analysis. 

Combining Eqs. (A2) and ( A3 ), we obtain the following simplified expressions for the nonlinear responses and electric 

field of the material in the push-forward versions as 

τ11 = 

2 λ1 �1 

λ2 χ
+ 2 J�3 , τ22 = 

2 λ2 �1 

λ1 χ
+ 2 J�3 , 

τ33 = 

2 χ�1 

λ1 λ2 

+ 2 J�3 + D 

2 
3 /ε, E 3 = D 3 /ε, 

(A6) 

where E 3 is the only nonzero component of the true electric field. Note that the relationship between the nominal electric 

field and the electric displacement can be established as D 3 = ε E l 3 /χ . 
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For the plate with no mechanical traction applied on the main faces ( x 3 = ±h/ 2 ), as shown in Figs. 2 (b-g), we find the

following compact expression for the in-plane stress components required to maintain the deformation as 

τii = 2 

(
λ2 

i − χ2 
)
�1 /J − D 

2 
3 /ε, ( i = 1 , 2 , and no sum over i ) (A7) 

with the corresponding pull-back versions: 

T αi = 2 

(
λ2 

i − χ2 
)
�1 /λi − JD 

2 
3 / ( ελi ) , (A8) 

where the Roman and Greek subscripts correspond to the current and reference configurations, respectively. 

For simplicity, we employ the following nondimensional quantities: 

W̄ = W/μ, ̄τ = τ/μ, ̄D = D / 
√ 

με , ̄E = E/ 
√ 

μ/ε , 

Ī 5 = I 5 / ( με ) , ̄T = T /μ, ̄D l = D l / 
√ 

με , ̄E l = E l / 
√ 

μ/ε . (A9) 

Then we can rewrite Eqs. (A7) and ( A8 ) in their nondimensional forms: 

τ̄ii = 2 

(
λ2 

i − χ2 
)
W̄ 1 /J − D̄ 

2 
3 , (A10) 

and 

T̄ αi = 2 

(
λ2 

i − χ2 
)
W̄ 1 / λi − J ̄D 

2 
3 / λi , (A11) 

where W̄ 1 
�= ∂ W̄ /∂ I 1 and D̄ 3 = D 3 / 

√ 

με is a non-dimensional measurement of D 3 . 

For given nominal electric field ( voltage-controlled problem ), we rewrite Eqs. (A10) and (A11) by using the relationship

D̄ 3 = ̄E l 3 /χ as 

τ̄ii = 2 

(
λ2 

i − χ2 
)
W̄ 1 /J − Ē 2 

l 3 
/ χ2 , (A12) 

and 

T̄ αi = 2 

(
λ2 

i − χ2 
)
W̄ 1 / λi − J ̄E 2 

l 3 
/ 
(
λi χ

2 
)
. (A13) 

For given nominal electric displacement ( charge-controlled problem ), we rewrite Eqs. (A10) and (A11) by using the rela- 

tionship D̄ 3 = J −1 χ D̄ l 3 as 

τ̄ii = 2 

(
λ2 

i − χ2 
)
W̄ 1 /J − J −2 χ2 D̄ 

2 
l 3 

, (A14) 

and 

T̄ αi = 2 

(
λ2 

i − χ2 
)
W̄ 1 / λi − J −1 χ2 D̄ 

2 
l 3 

/ λi . (A15) 

A.2. Linearized incremental theory 

Upon the deformed configuration, we superpose an arbitrary infinitesimal perturbation to produce an incremental field. 

Hereinafter, all incremental quantities will be represented by the dotted variables. In this manner, we write the Eulerian 

forms of equilibrium equations of the incremental motion as 

div ˙ T 0 = 0 , div ˙ D 10 = 0 , curl ˙ E 10 = 0 , (A16) 

where ˙ T 0 , ˙ D 10 and 

˙ E 10 are the push-forward versions of the incremental stress, electric displacement, and electric field, 

respectively. The incremental constitutive relations read 

˙ T 0 = A 0 H + �0 
˙ D 10 , ˙ E 10 = �T 

0 H + K 0 
˙ D 10 , (A17) 

where H = grad u is the displacement gradient with respect to x , u is the incremental displacement vector, and A 0 , �0 and

K 0 are the fourth-, third-, and second-order effective material tensors, respectively, with the following component forms 

A 0 jilk = A 

( 0 ) 
0 jilk 

+ A 

( 1 ) 
0 jilk 

+ A 

( 2 ) 
0 jilk 

+ A 

( 3 ) 
0 jilk 

+ A 

( 4 ) 
0 jilk 

= A 0 lkji , 

A 

( 0 ) 
0 jilk 

= 4 J −1 
[
�11 b ji b lk + �22 

(
I 1 b ji − b jm 

b im 

)
( I 1 b lk − b ln b kn ) 

]
+ 4 J 3 

[
�33 δji δlk + �55 D j D i D l D k + �66 

(
b jm 

D m 

D i + D j b im 

D m 

)
( b ln D n D k + D l b kn D n ) 

]
, 

A 

( 1 ) 
0 jilk 

= 4 J −1 �12 

[
b ji ( I 1 b lk − b ln b kn ) + b lk 

(
I 1 b ji − b jm 

b im 

)]
+ 4 J 

{
�13 

(
b ji δlk + b lk δji 

)
+ �15 

(
b ji D l D k + b lk D j D i 

)
+�16 

[
b ji ( b ln D n D k + D l b kn D n ) + b lk 

(
b jm 

D m 

D i + D j b im 

D m 

)]}, 

A 

( 2 ) 
0 jilk 

= 4 J 

⎧ ⎨ 

⎩ 

�23 

[(
I 1 b ji − b jm 

b im 

)
δlk + ( I 1 b lk − b ln b kn ) δji 

]
+�25 

[
D j D i ( I 1 b lk − b ln b kn ) + D l D k 

(
I 1 b ji − b jm 

b im 

)]
+�26 

[(
I 1 b ji − b jm 

b im 

)
( b ln D n D k + D l b kn D n ) + 

(
b jm 

D m 

D i + D j b im 

D m 

)
( I 1 b lk − b ln b kn ) 

]
⎫ ⎬ 

⎭ 

, 
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A 

( 3 ) 
0 jilk 

= 4 J 3 
⎨ 

⎩ 

�35 

(
δji D l D k + δlk D j D i 

)
+�36 

[
δji ( b ln D n D k + D l b kn D n ) + δlk 

(
b jm 

D m 

D i + D j b im 

D m 

)]
+�56 

[
D j D i ( b ln D n D k + D l b kn D n ) + D l D k 

(
b jm 

D m 

D i + D j b im 

D m 

)]
⎬ 

⎭ 

, 

A 

( 4 ) 
0 jilk 

= 2 J −1 
[
�1 b jl δik + �2 

(
2 b ji b lk − b jl b ik − b jk b li + I 1 b jl δik − b jm 

b lm 

δik 

)]
+ 2 J 

⎡ 

⎣ 

�3 

(
2 δji δlk − δjk δli 

)
+ �5 D j D l δik 

+�6 

(
b jk D l D i + b li D j D k + b jl D i D k 

+ b ik D j D l + b jm 

D m 

δik D l + b ln D n δik D j 

)⎤ 

⎦ , (A18) 

�0 jik = �( 1 ) 
0 jik 

+ �( 2 ) 
0 jik 

+ �( 3 ) 
0 jik 

+ �( 4 ) 
0 jik 

+ �( 5 ) 
0 jik 

+ �( 6 ) 
0 jik 

= �0 ijk , 

�( 1 ) 
0 jik 

= 4 Jb ji 
(
�14 b 

−1 
kn 

D n + �15 D k + �16 b kn D n 

)
, 

�( 2 ) 
0 jik 

= 4 J 
(
I 1 b ji − b jm 

b mi 

)(
�24 b 

−1 
kn 

D n + �25 D k + �26 b kn D n 

)
, 

�( 3 ) 
0 jik 

= 4 J 3 δji 

(
�34 b 

−1 
kn 

D n + �35 D k + �36 b kn D n 

)
, 

�( 4 ) 
0 jik 

= 4 J 3 
{

b −1 
kn 

D n 

[
�45 D j D i + �46 

(
b jm 

D m 

D i + b im 

D m 

D j 

)]
+�56 

[
D j D i b kn D n + 

(
b jm 

D m 

D i + b im 

D m 

D j 

)
D k 

]}, 

�( 5 ) 
0 jik 

= 4 J 3 
[
�55 D j D i D k + �66 

(
b jm 

D m 

D i + b im 

D m 

D j 

)
b kn D n 

]
, 

�( 6 ) 
0 jik 

= 2 J �5 

(
D i δjk + D j δik 

)
+ 2 J �6 

(
b jk D i + b ik D j + b jm 

D m 

δik + b im 

D m 

δjk 

)
, (A19) 

K 0 jk = K 

( 0 ) 
0 jk 

+ K 

( 1 ) 
0 jk 

+ K 

( 2 ) 
0 jk 

= K 0 kj , 

K 

( 0 ) 
0 jk 

= 4 J 3 
(
�44 b 

−1 
jm 

D m 

b −1 
kn 

D n + �55 D j D k + �66 b jn D n b km 

D m 

)
, 

K 

( 1 ) 
0 jk 

= 4 J 3 
[
�45 

(
b −1 

jm 

D m 

D k + b −1 
kn 

D n D j 

)
+ �46 

(
b −1 

jm 

D m 

b kn D n + b −1 
kn 

D n b jm 

D m 

)
+�56 

(
b jm 

D m 

D k + b kn D n D j 

) ]
, 

K 

( 2 ) 
0 jk 

= 2 J 
(
�4 b 

−1 
jk 

+ �5 δjk + �6 b jk 
)
, ( i, j, k, l = 1 , 2 , 3 ) (A20) 

where b ji , b lk , … are components of the left Cauchy-Green tensor, �mn = ∂ 2 �/ (∂ I m 

∂ I n ) , ( m, n = 1 , 2 , ..., 6 ). Hereinafter, the

Einstein summation convention always holds unless otherwise stated. 

One may note that the following non-zero derivations of invariants with respect to the deformation gradient, F , and to

the nominal electric displacement, D 1 , are applied impliedly 

∂ I 1 
∂F 

= 2 F T ;
(

∂ I 1 
∂F 

)
αi 

= 2 F iα, 
∂ I 2 
∂F 

= 2 I 1 F 
T − 2 F T b;

(
∂ I 2 
∂F 

)
αi 

= 2 I 1 F iα − 2 F mαb mi , 

∂ I 3 
∂F 

= 2 I 3 F 
−1 ;

(
∂ I 3 
∂F 

)
αi 

= 2 I 3 F 
−1 
αi 

, 
∂ I 5 
∂F 

= 2 I 3 F 
−1 D � D ;

(
∂ I 5 
∂F 

)
αi 

= 2 I 3 F 
−1 
αm 

D m 

D i , 

∂ I 6 
∂F 

= 2 J 
(
J F T D � D + D l � bD 

)
;
(

∂ I 6 
∂F 

)
αi 

= 2 J ( J F mαD m 

D i + D lαB im 

D m 

) , (A21) 

∂ I 4 
∂ D l 

= 2 D l ;
(

∂ I 4 
∂ D l 

)
α

= 2 D l α, 
∂ I 5 
∂ D l 

= 2 J F T D ;
(

∂ I 5 
∂ D l 

)
α

= 2 J F mαD m 

, 

∂ I 6 
∂ D l 

= 2 J F T bD ;
(

∂ I 6 
∂ D l 

)
α

= 2 J F mαb mn D n , (A22) 

∂ 2 I 1 
∂ F 2 

= 2 δik δαβ�
 e α � �

 e i � �
 e β � �

 e k , 

∂ 2 I 2 
∂ F 2 

= 2 

(
2 F kβF iα + I 1 δik δαβ − δik c αβ − δαβb ik − F iβF kα

)
�
 e α � �

 e i � �
 e β � �

 e k , 

∂ 2 I 3 
∂ F 2 

= 2 I 3 

(
2 F −1 

αi 
F −1 
βk 

− F −1 
αk 

F −1 
βi 

)
�
 e α � �

 e i � �
 e β � �

 e k , 
∂ 2 I 5 
∂ F 2 

= 2 D l αD l βδik � e α � �
 e i � �

 e β � �
 e k , 

∂ 2 I 6 
∂ F 2 

= 2 

(
J F kαD l βD i + J F iβD l αD k + c αγ D l γ D l βδik 

+ c βγ D l γ D l αδik + J 2 D i D k δαβ + B ik D l αD l β

)
�
 e α � �

 e i � �
 e β � �

 e k , (A23) 
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∂ 2 I 5 
∂ F ∂ D l 

= 2 

(
J D i δαβ + D l αF iβ

)
�
 e α � �

 e i � �
 e β, 

∂ 2 I 6 
∂ F ∂ D l 

= 2 

(
J c αβD i + c αγ D l γ F iβ + J b im 

D m 

δαβ + D l αb im 

F mβ

)
�
 e α � �

 e i � �
 e β, (A24) 

∂ 2 I 4 
∂D 

2 
l 

= 2 δαβ�
 e α � �

 e β, 
∂ 2 I 5 
∂D 

2 
l 

= 2 c αβ�
 e α � �

 e β, 
∂ 2 I 6 
∂D 

2 
l 

= 2 c αγ c γ β�
 e α � �

 e β, ( α, β, γ = 1 , 2 , 3 ) (A25) 

where c αβ , c αγ ,…, F ia , F iβ ,…, D l α , D l β ,… are components of the right Cauchy-Green tensor, c, deformation gradient, F , the 

nominal electric displacement, D 1 , respectively, and 

�
 e i , � e k , � e α , � e β are the basis vectors. 

In the following, we consider equi-biaxially stretched generalized ideal dielectrics (A3) with λ1 = λ2 = λ, such that Eqs. 

(A18-A20) reduce to more compact forms with the following nonzero components 

A 01111 = A 02222 = 2 

[
�1 + 2 λ2 �11 + λ2 χ2 

(
�3 + 4 λ2 �13 + 2 λ4 χ2 �33 

)]
/χ, 

A 01122 = A 02211 = 4 

(
�11 + χ2 �3 + 2 λ2 χ2 �13 + λ4 χ4 �33 

)
λ2 /χ, 

A 01133 = A 03311 = A 02233 = A 03322 = 4 

{
χ�11 + λ2 χ

[
�3 + 

(
λ2 + χ2 

)
�13 + λ4 χ2 �33 

]}
+ 2 D 

2 
3 /ε, 

A 01212 = A 01313 = A 02121 = A 02323 = 2�1 /χ, 

A 01221 = A 02112 = A 01331 = A 02332 = A 03113 = A 03223 = −2 λ2 χ�3 , 

A 03131 = A 03232 = 2 χ�1 /λ
2 + D 

2 
3 /ε, 

A 03333 = 2 

[
�1 + 2 χ2 �11 + λ4 

(
�3 + 4 χ2 �13 + 2 λ4 χ2 �33 

)]
χ/λ2 + 5 D 

2 
3 /ε, (A26) 

�0113 = �0223 = 2 D 3 /ε, �0131 = �0232 = �0311 = �0322 = D 3 /ε, �0333 = 4 D 3 /ε, (A27) 

K 011 = K 022 = K 033 = 1 /ε. (A28) 

For convenience, we hereinafter use the following shorthand notations 

ε 11 = 1 / K 011 = ε, ε 33 = 1 / K 033 = ε, 

e 15 = −ε 11 �0131 = −D 3 , e 31 = −ε 33 �0113 = −2 D 3 , e 33 = −ε 33 �0333 = −4 D 3 , 

c 11 = A 01111 + �0113 e 31 , c 12 = A 01122 + �0113 e 31 , c 13 = A 01133 + �0113 e 33 , 

c 33 = A 03333 + �0333 e 33 , c 58 = A 01331 + �0131 e 15 , c 55 = A 01313 + �0131 e 15 , 

c 88 = A 03131 + �0131 e 15 , c 69 = A 01221 , c 66 = A 01212 . (A29) 

Appendix B. In-plane wrinkles under out-of-plane electrical stimulus 

B.1. Two-dimensional (2D) wrinkles under a transverse electric field/displacement 

We look for 2D solutions to the incremental equations such that u = u ( x 1 , x 3 ) and ˙ ϕ = ˙ ϕ ( x 1 , x 3 ) , where we introduce the

incremental potential ˙ ϕ via ˙ E l 0 = −grad ˙ ϕ such that (A16) 3 is satisfied automatically. 

For the considered 2D motion, the incremental governing equations (A16) reduce to 

∂ ˙ T 011 

∂ x 1 
+ 

∂ ˙ T 031 

∂ x 3 
= 0 , 

∂ ˙ T 013 

∂ x 1 
+ 

∂ ˙ T 033 

∂ x 3 
= 0 , 

∂ ˙ D l 01 

∂ x 1 
+ 

∂ ˙ D l 03 

∂ x 3 
= 0 , (B1) 

where 

˙ T 011 = c 11 
∂ u 1 

∂ x 1 
+ c 13 

∂ u 3 

∂ x 3 
+ e 31 

∂ ˙ ϕ 

∂ x 3 
, ˙ T 031 = c 88 

∂ u 1 

∂ x 3 
+ c 58 

∂ u 3 

∂ x 1 
+ e 15 

∂ ˙ ϕ 

∂ x 1 
, 

˙ T 013 = c 58 
∂ u 1 

∂ x 3 
+ c 55 

∂ u 3 

∂ x 1 
+ e 15 

∂ ˙ ϕ 

∂ x 1 
, ˙ T 033 = c 13 

∂ u 1 

∂ x 1 
+ c 33 

∂ u 3 

∂ x 3 
+ e 33 

∂ ˙ ϕ 

∂ x 3 
, (B2) 

˙ D l 01 = e 15 

(
∂ u 1 + 

∂ u 3 

)
− ε 11 

∂ ˙ ϕ 

, ˙ D l 03 = e 31 
∂ u 1 + e 33 

∂ u 3 − ε 33 
∂ ˙ ϕ 

. (B3) 

∂ x 3 ∂ x 1 ∂ x 1 ∂ x 1 ∂ x 3 ∂ x 3 
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B.2. Stroh formulation 

We assume that solutions are harmonic in the direction of x 1 : {
u 1 , u 3 , ˙ D l 03 , ˙ T 031 , ˙ T 033 , ˙ ϕ 

}
= e i k x 1 

{
k −1 U 1 , k 

−1 U 3 , i �, i �31 , i �33 , k 
−1 �

}
, (B4) 

where U i , �3 i (i = 1 , 3) , � and � are functions of k x 3 only, k = 2 π/ L is the positive ‘wavenumber’ and L is the ‘wave-

length’ of wrinkles. Here we introduce the so-called Stroh vector as η = [ U S ] T , where U = [ U 1 U 3 � ] T , S =
[ �31 �33 � ] T are the generalized displacement and traction vectors. 

Then the full problem can be rewritten in Stroh form 

η′ = i Nη, (B5) 

where the prime denotes differentiation with respect to k x 3 , and N is the Stroh matrix, which can be partitioned as 

N = 

[
N 1 N 2 

N 3 N 

† 
1 

]
, (B6) 

where † denotes the Hermitian operator. 

For equi-biaxial stretched plates, we define the following shorthand notation, 

a 1 = c 88 , a 2 = A 03333 , a 3 = A 01133 , a 4 = A 03131 ε 11 , a 5 = A 01111 , 

b 1 = e 15 , c 1 = �0333 , c 2 = �0113 , d 1 = ε −1 
33 = K 033 , (B7) 

so that the partitions of the Stroh matrix, N 1 , N 2 , and N 3 read in compact forms as 

N 1 = 

[ 

0 τ33 / a 1 − 1 0 

−a 3 / a 2 0 −c 1 / a 2 
0 −b 1 τ33 / a 1 0 

] 

, N 2 = 

[ 

1 / a 1 0 −b 1 / a 1 
0 1 / a 2 0 

−b 1 / a 1 0 a 4 / a 1 

] 

, 

N 3 = 

[ 

a 2 3 / a 2 − a 5 0 a 3 c 1 / a 2 − c 2 
0 τ 2 

33 / a 1 − τ33 − τ11 0 

a 3 c 1 / a 2 − c 2 0 c 2 1 / a 2 − d 1 

] 

. (B8) 

In particular, for the present work, there is no electric field external to the material and out-of-plane mechanical traction, 

thus τ33 ≡ 0 . 

Using the following dimensionless moduli, 

ā 1 = a 1 /μ, ā 2 = a 2 /μ, ā 3 = a 3 /μ, ā 4 = a 4 / (εμ) , 

ā 5 = a 5 /μ, τ̄33 = τ33 /μ, τ̄11 = τ11 /μ, ̄b 1 = b 1 / 
√ 

με , 

c̄ 1 = c 1 
√ 

ε/μ, ̄c 2 = c 2 
√ 

ε/μ, d̄ 1 = ε d 1 , (B9) 

and fields, 

Ū i = U i , �̄3 i = �3 i /μ, �̄= �/ 
√ 

με , �̄ = �
√ 

ε/μ, (B10) 

for i = 1 , 3 , where X̄ denotes a nondimensional measure of X , we normalize Eq. (B5) as 

η̄′ = i ̄N ̄η (B11) 

where 

η̄ = 

[ 
Ū 1 Ū 3 �̄

. . . �̄31 �̄33 �̄

] T 
= 

[
Ū 

. . . ̄S 

]T 

, N̄ = 

[
N̄ 1 N̄ 2 

N̄ 3 N̄ 

† 
1 

]
, 

N̄ 1 = 

[ 

0 −1 0 

−ā 3 / ̄a 2 0 −c̄ 1 / ̄a 2 
0 0 0 

] 

, N̄ 2 = 

⎡ 

⎣ 

1 / ̄a 1 0 −b̄ 1 / ̄a 1 
0 1 / ̄a 2 0 

−b̄ 1 / ̄a 1 0 ā 4 / ̄a 1 

⎤ 

⎦ , 

N̄ 3 = 

[ 

ā 2 3 / ̄a 2 − ā 5 0 c̄ 1 ̄a 3 / ̄a 2 − c̄ 2 
0 −τ̄11 0 

c̄ 1 ̄a 3 / ̄a 2 − c̄ 2 0 c̄ 2 1 / ̄a 2 − d̄ 1 

] 

. 

(B12) 

B.3. Solutions for free-standing plates by the extended surface impedance matrix method 

As all entries of N are constant, we may expect the solution to Eq. (B5) reads 

η̄( k x 3 ) = η̄0 e i sk x 3 , (B13) 

which carries out an eigen-problem of the eigenvalues, s , and eigenvectors, η̄0 , of the Stroh matrix, (
N̄ − s I 

)
η̄0 = 0 . (B14) 
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For Eq. (B14) to yield non-trivial solutions, the determinant of the coefficients matrix must vanish, i.e., det ( ̄N − s I ) = 0 ,

which can be expanded and rearranged as 

ā 2 1 ̄a 2 s 
6 − ā 1 

[ (
ā 3 − b̄ 1 ̄c 1 

)2 − ā 1 ( ̄τ11 − 2 ̄a 3 ) + 

(
ā 4 − b̄ 2 1 

)
c 2 1 

+ ̄a 2 
(
2 ̄b 1 ̄c 2 − ā 4 d̄ 1 − ā 5 ) 

)]
s 4 + 

{ 

ā 5 
(
ā 1 − b̄ 1 ̄c 1 

)2 

−ā 3 
(
ā 4 − b̄ 2 1 

)(
ā 3 d̄ 1 − 2 ̄c 1 ̄c 2 

)
− ā 1 

(
2 ̄b 1 ̄c 2 − ā 4 d̄ 1 − ā 5 

)
τ̄11 

+ ̄a 1 
[
ā 4 
(
c̄ 1 ̄c 2 − ā 3 d̄ 1 

)
+ ̄c 2 

(
ā 4 ̄c 1 + ā 3 ̄b 1 

)
− ā 3 

(
ā 4 d̄ 1 − b̄ 1 ̄c 2 

)]
− ā 4 ̄a 5 ̄c 

2 
1 

+ ̄a 2 
(
ā 4 − b̄ 2 1 

)(
ā 5 d̄ 1 − c̄ 2 2 

)}
s 2 + 

(
ā 5 d̄ 1 − c̄ 2 2 

)[
ā 1 ̄a 4 + 

(
ā 4 − b̄ 2 1 

)
() ̄τ11 

]
= 0 . (B15) 

This bicubic equation indicates in principle that there are six sets of eigenvectors η̄( j) , j = 1 , 2 , ..., 6 , of which the general

expressions can be derived through linear manipulations of matrix as 

η̄( j ) = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

s j 

{ 

s 2 
j 
b̄ 1 

ā 1 
+ 

( ̄b 2 1 − ā 4 )( ̄a 3 ̄c 1 − ā 2 ̄c 2 ) − ā 1 
[
b̄ 1 ( ̄a 3 − τ̄11 ) + ā 4 ̄c 1 

]
ā 2 

1 ̄
a 2 

} 

+ 

ā 4 ̄c 2 
s j ̄a 1 ̄a 2 

− ( ̄b 2 1 − ā 4 ) ̄τ11 

s j ̄a 
2 
1 ̄
a 2 / ̄c 2 

−
[ 

s 2 
j 
( ̄a 3 ̄b 1 − ā 4 ̄c 1 ) 

ā 1 ̄a 2 
+ 

( ̄b 2 1 − ā 4 )( ̄a 5 ̄c 1 − ā 3 ̄c 2 ) 

ā 2 
1 ̄
a 2 

+ 

ā 4 ̄c 2 − ā 5 ̄b 1 
ā 1 ̄a 2 

] 

− ā 4 
ā 1 

s 3 j + s j 

[
( ̄b 2 1 − ā 4 )( ̄a 2 ̄a 5 − ā 2 3 ) 

ā 2 
1 ̄
a 2 

+ 

a 4 (2 ̄a 3 − τ̄11 ) 

ā 1 ̄a 2 

]
+ 

1 

s j 

[
( ̄a 2 1 − ā 4 ) ̄a 5 ̄τ11 

ā 2 
1 ̄
a 2 

− ā 4 ̄a 5 
ā 1 ̄a 2 

]

s 2 
j 

[
ā 4 ̄c 2 − ā 5 ̄b 1 

ā 1 
+ 

( ̄a 3 ̄b 1 − ā 4 ̄c 1 ) ̄a 3 
ā 1 ̄a 2 

]
+ 

ā 4 ( ̄a 5 ̄c 1 − ā 3 ̄c 2 ) 

ā 1 ̄a 2 
+ 

( ̄a 4 ̄c 2 − ā 5 ̄b 1 ) ̄τ11 

ā 1 ̄a 2 

−s j 

[
( ̄a 3 ̄b 1 − ā 4 ̄c 1 )( ̄a 3 − τ̄11 ) 

ā 1 ̄a 2 
+ 

ā 4 ̄c 2 − ā 5 ̄b 1 
ā 1 

]
+ 

( ̄a 5 ̄c 1 − ā 3 ̄c 2 ) 
[
( ̄b 2 1 − ā 4 ) ̄τ11 − ā 1 ̄a 4 

]
s j ̄a 

2 
1 ̄
a 2 

−s 4 
j 
− s 2 

j 

ā 3 ( ̄b 1 ̄c 1 − ā 3 ) + ā 2 ( ̄a 5 − b̄ 1 ̄c 2 ) − ā 1 (2 ̄a 3 − τ̄11 ) 

ā 1 ̄a 2 
− c̄ 2 ( ̄a 3 − τ̄11 ) 

ā 1 ̄a 2 / ̄b 1 
− ā 1 − b̄ 1 ̄c 1 + τ̄11 

ā 1 ̄a 2 / ̄a 5 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

. (B16) 

After calculating the eigenvalues s j and eigenvectors η̄( j) , j = 1 , 2 , ..., 6 , we can construct the full solution to Eq. (B5) for

an SEA plate as 

η̄( k x 3 ) = 

[
Ū ( k x 3 ) 
S̄ ( k x 3 ) 

]
= 

6 ∑ 

j=1 

h j ̄η
( j ) e i s j k x 3 , (B17) 

where h j for j = 1 , 2 , ..., 6 are arbitrary constants to be determined from the boundary conditions. 

For the considered energy functions, the eigenvalues come in conjugate pairs and are pure imaginary. So we may write 

them as s j = i r j and s j+3 = −i r j for j = 1 , 2 , 3 , where r 1 , r 2 , r 3 are real. Accordingly, the eigenvectors of conjugate pairs come

as η̄( j) = η̄( j+3 ) for j = 1 , 2 , 3 . 

The above analysis will turn out to be the most efficient for the voltage-controlled SEA plates. While for the charge-

controlled boundary value problem, the Stroh vector should be modified properly, by exchanging the third and sixth compo- 

nents of η̄( k x 3 ) . That is, the modified Stroh vector for the charge-controlled plates reads η̄∗( k x 3 ) = [ Ū 

∗( k x 3 ) S̄ ∗( k x 3 ) ] T ,

where Ū 

∗ = [ Ū 1 Ū 3 �̄ ] T , S̄ ∗ = [ �̄31 �̄33 �̄ ] T . In this paper, the variables for the charge-controlled problem 

are distinguished by a superscript of “∗”. Then the corresponding eigenvalues and eigenvectors can be easily obtained by 

following the standard procedure presented above. 

The incremental equations are solved subject to the mechanical traction-free condition as well as the prescribed electric 

condition (either electric potential or charges) on the top and bottom faces of the plate, i.e., 

(I) S̄ ( kh/ 2 ) = S̄ ( −kh/ 2 ) = 0 , (B18) 

( II ) S̄ ∗( kh/ 2 ) = S̄ ∗( −kh/ 2 ) = 0 , (B19) 

for the voltage- and charge-controlled scenarios, respectively. 

Eqs. (B18) and (B19) can be expanded using Eq. (B17) as 

( I ) 

[
S̄ ( kh/ 2 ) 
S̄ ( −kh/ 2 ) 

]
= 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

F 1 E 
−
1 

F 2 E 
−
2 

F 3 E 
−
3 

F 4 E 
+ 
1 

F 5 E 
+ 
2 

F 6 E 
+ 
3 

G 1 E 
−
1 

G 2 E 
−
2 

G 3 E 
−
3 

G 4 E 
+ 
1 

G 5 E 
+ 
2 

G 6 E 
+ 
3 

H 1 E 
−
1 

H 2 E 
−
2 

H 3 E 
−
3 

H 4 E 
+ 
1 

H 5 E 
+ 
2 

H 6 E 
+ 
3 

F 1 E 
+ 
1 

F 2 E 
+ 
2 

F 3 E 
+ 
3 

F 4 E 
−
1 

F 5 E 
−
2 

F 6 E 
−
3 

G 1 E 
+ 
1 

G 2 E 
+ 
2 

G 3 E 
+ 
3 

G 4 E 
−
1 

G 5 E 
−
2 

G 6 E 
−
3 

H 1 E 
+ H 2 E 

+ H 3 E 
+ H 4 E 

− H 5 E 
− H 6 E 

−

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

h 1 

h 2 

h 3 

h 4 

h 5 

h 6 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

= 0 , (B20) 
1 2 3 1 2 3 
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( II ) 

[
S̄ ∗( kh/ 2 ) 
S̄ ∗( −kh/ 2 ) 

]
= 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

F 1 E 
−
1 

F 2 E 
−
2 

F 3 E 
−
3 

F 4 E 
+ 
1 

F 5 E 
+ 
2 

F 6 E 
+ 
3 

G 1 E 
−
1 

G 2 E 
−
2 

G 3 E 
−
3 

G 4 E 
+ 
1 

G 5 E 
+ 
2 

G 6 E 
+ 
3 

L 1 E 
−
1 

L 2 E 
−
2 

L 3 E 
−
3 

L 4 E 
+ 
1 

L 5 E 
+ 
2 

L 6 E 
+ 
3 

F 1 E 
+ 
1 

F 2 E 
+ 
2 

F 3 E 
+ 
3 

F 4 E 
−
1 

F 5 E 
−
2 

F 6 E 
−
3 

G 1 E 
+ 
1 

G 2 E 
+ 
2 

G 3 E 
+ 
3 

G 4 E 
−
1 

G 5 E 
−
2 

G 6 E 
−
3 

L 1 E 
+ 
1 

L 2 E 
+ 
2 

L 3 E 
+ 
3 

L 4 E 
−
1 

L 5 E 
−
2 

L 6 E 
−
3 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

h 1 

h 2 

h 3 

h 4 

h 5 

h 6 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

= 0 , (B21) 

where L j = η̄( j) 
3 

, F j = η̄( j) 
4 

, G j = η̄( j) 
5 

, and H j = η̄( j) 
6 

are the third to the sixth components of the eigenvector η̄( j) , and E ±
j 

=
e ±r j kh/ 2 , for j = 1 , 2 , ..., 6 . Since the eigenvalues are conjugate, we have E ±

j+3 
= E ∓

j 
, for j = 1 , 2 , 3 . For our choices of free

energy densities, once giving F j+3 = F j , it follows that G j+3 = −G j , H j+3 = H j , and L j+3 = −L j , for j = 1 , 2 , 3 . Then, two 3 ×
3 blocks for the antisymmetric and symmetric modes can be decoupled from Eqs. (B20) and (B21) through some linear 

manipulations ( Nayfeh, 1995 ), as 

( I ) 

∣∣∣∣∣
F 1 C 1 F 2 C 2 F 3 C 3 
G 1 S 1 G 2 S 2 G 3 S 3 
H 1 C 1 H 2 C 2 H 3 C 3 

∣∣∣∣∣×
∣∣∣∣∣

F 1 S 1 F 2 S 2 F 3 S 3 
G 1 C 1 G 2 C 2 G 3 C 3 
H 1 S 1 H 2 S 2 H 3 S 3 

∣∣∣∣∣ = 0 , (B22) 

( II ) 

∣∣∣∣∣
L 1 S 1 L 2 S 2 L 3 S 3 
F 1 C 1 F 2 C 2 F 3 C 3 
G 1 S 1 G 2 S 2 G 3 S 3 

∣∣∣∣∣×
∣∣∣∣∣
L 1 C 1 L 2 C 2 L 3 C 3 
F 1 S 1 F 2 S 2 F 3 S 3 
G 1 C 1 G 2 C 2 G 3 C 3 

∣∣∣∣∣ = 0 , (B23) 

where C j = cosh ( r j kh/ 2 ) and S j = sinh ( r j kh/ 2 ) . Here the antisymmetric mode is described by the left determinant and the

symmetric mode by the right one. The expressions for the dispersions are thus deduced in general, 

( I ) 

G 1 ( F 3 H 2 − F 2 H 3 ) tanh ( r 1 kh/ 2 ) 
+ G 2 ( F 1 H 3 − F 3 H 1 ) tanh ( r 2 kh/ 2 ) 
+ G 3 ( F 2 H 1 − F 1 H 2 ) tanh ( r 3 kh/ 2 ) = 0 , 

(B24) 

( II ) 

F 1 ( G 2 L 3 − G 3 L 2 ) coth ( r 1 kh/ 2 ) 
+ F 2 ( G 3 L 1 − G 1 L 3 ) coth ( r 2 kh/ 2 ) 
+ F 3 ( G 1 L 2 − G 2 L 1 ) coth ( r 3 kh/ 2 ) = 0 , 

(B25) 

for the antisymmetric mode and, 

( I ) 

G 1 ( F 3 H 2 − F 2 H 3 ) coth ( r 1 kh/ 2 ) 
+ G 2 ( F 1 H 3 − F 3 H 1 ) coth ( r 2 kh/ 2 ) 
+ G 3 ( F 2 H 1 − F 1 H 2 ) coth ( r 3 kh/ 2 ) = 0 , 

(B26) 

( II ) 

F 1 ( G 2 L 3 − G 3 L 2 ) tanh ( r 1 kh/ 2 ) 
+ F 2 ( G 3 L 1 − G 1 L 3 ) tanh ( r 2 kh/ 2 ) 
+ F 3 ( G 1 L 2 − G 2 L 1 ) tanh ( r 3 kh/ 2 ) = 0 , 

(B27) 

for the symmetric mode. The kh is determined by the initial thickness of the plate and the wavelength of wrinkles: kh =
2 πχH/ L , which are easy to measure in experiments. 

B.4. Thin-plate/long-wave and thick-plate/short-wave instabilities 

In this section, our insights are shed into two extreme cases: the thin-plate (long-wave) limit (TPL) as H/ L → 0 and the

thick-plate (short-wave) limit (SWL) as H/ L → ∞ . 

First, we give the TPL using det [ ̄N 3 ] = 0 and det [ ̄N 

∗
3 ] = 0 ( Shuvalov, 20 0 0 ), which may factorize as follows (

τ̄ 2 
33 / ̄a 1 − τ̄33 − τ̄11 

)[(
ā 2 3 − ā 2 ̄a 5 

)(
c̄ 2 1 − ā 2 d̄ 1 

)
− ( ̄a 3 ̄c 1 − ā 2 ̄c 2 ) 

2 
]
ā −2 

2 = 0 , (B28) 

for the voltage-controlled plates and (
ā 2 3 / ̄a 2 − ā 5 

)[ (
τ̄ 2 

33 / ̄a 1 − τ̄33 − τ̄11 

)
ā 4 / ̄a 1 −

(
τ̄33 ̄b 1 / ̄a 1 

)2 
] 

= 0 , (B29) 

for the charged-controlled plates, respectively. 

With the surface traction-free condition applied, the buckling condition of the symmetric mode reduces to (
ā 2 3 − ā 2 ̄a 5 

)(
c̄ 2 1 − ā 2 d̄ 1 

)
− ( ̄a 3 ̄c 1 − ā 2 ̄c 2 ) 

2 = 0 , (B30) 

for the voltage-controlled plates and 

ā 2 3 / ̄a 2 − ā 5 = 0 , (B31) 
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for the charge-controlled plates, respectively. Note that Eq. (B31) , i.e., 

A 

2 
01133 = A 01111 A 03333 , (B32) 

is in general not true. It means that this case does not have non-trivial TPL, which is also supported by the numerical re-

sults as shown in Figs. C9 –C11 . Furthermore, independent of the electrical boundary conditions, the antisymmetric buckling 

condition is given as 

τ̄11 = 0 . (B33) 

Next, the SWL is found from the dispersion equations (B24 and B25) by replacing the terms of “tanh ( ∗)/coth ( ∗)” with 1

as H/ L → ∞ . They read 

G 1 ( F 3 H 2 − F 2 H 3 ) + G 2 ( F 1 H 3 − F 3 H 1 ) + G 3 ( F 2 H 1 − F 1 H 2 ) = 0 , (B34) 

for the voltage-controlled plates and 

F 1 ( G 2 L 3 − G 3 L 2 ) + F 2 ( G 3 L 1 − G 1 L 3 ) + F 3 ( G 1 L 2 − G 2 L 1 ) = 0 , (B35) 

for the charge-controlled plates, respectively. 

B.5. Explicit expressions of eigenvalues and eigenvectors for special energy densities 

One key point of our method is to obtain the eigenvector so that the decoupled dispersion equations can be solved in an

explicit way, of which the difficulty mainly comes from solving the characteristic Eq. (B15) . Obviously, it is quite cumbersome

to get analytical roots from such a tedious bicubic equation in the most general sense. Consider the ideal SEA materials (A3)

with the constraint: ∂ 2 W̄ /∂ I 1 ∂ I 3 
�= W̄ 13 = 0 , for which Eq. (B15) can be written as 

( s 2 + 1) 
[
n 0 s 

4 − ( n 0 − n 1 ) s 
2 + n 3 

]
= 0 , (B36) 

where 

n 0 = χ2 W 1 

[ 
−D 

2 

3 J 
−1 + 2 χ2 

(
λ−4 W 11 + λ4 �33 

)] 
, 

n 0 − n 1 = 

(
D 

2 

3 J 
−1 − 2 J 2 �33 

)[ (
λ2 + χ2 

)
W 1 + 2 

(
λ2 − χ2 

)2 
W 11 

] 
−λ−4 W 1 

[(
λ2 − χ2 

)
W 1 + 2 χ2 

(
3 λ2 − χ2 

)
W 11 

]
, 

n 3 = W 1 

[ (
χ−2 − λ−2 

)
W 1 + 2 λ2 

(
χ−2 W 11 + J 2 �33 

)
− D 

2 

3 χ
−1 
] 
. (B37) 

Here we have � = �/μ, ∂ 2 W /∂ I 2 1 
�
= W 11 and the six eigenvalues are solved as 

s 1 = i , s 4 = −s 1 = −i , 

s 2 , 3 = i 

√ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

(
D 

2 

3 − 2 J 3 �33 

)[ (
λ2 + χ2 

)
+ 2 

(
λ2 − χ2 

)2 
W 11 / W 1 

] 
−λ−2 χW 1 

[(
λ2 − χ2 

)
+ 2 χ2 

(
3 λ2 − χ2 

)
W 11 / W 1 

]
2 χ2 

[ 
D 

2 

3 − 2 Jχ2 
(
λ−4 W 11 + λ4 �33 

)] 

±

( λ + χ) | λ − χ | 

√ √ √ √ √ √ √ √ √ √ 

{ (
D 

2 

3 − 2 J 3 �33 

)[
1 + 2 ( λ − χ) 

2 
W 11 / W 1 

]
+ λ−2 χW 1 

[
1 + 2 χ( −2 λ + χ) W 11 / W 1 

]}
{ (

D 

2 

3 − 2 J 3 �33 

)[
1 + 2 ( λ + χ) 

2 
W 11 / W 1 

]
+ λ−2 χW 1 

[
1 + 2 χ( 2 λ + χ) W 11 / W 1 

]}
2 χ2 

[ 
D 

2 

3 − 2 Jχ2 
(
λ−4 W 11 + λ4 �33 

)] 
s 5 = −s 2 , s 6 = −s 3 . 

(B38) 
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In particular, for a generalized neo-Hookean ideal dielectric, we have W̄ 11 = 0 . Thus Eq. (B38) reduces to 

s 1 = i , s 4 = −s 1 = −i , 

s 2 , 3 = i 

√ √ √ √ √ √ √ √ √ √ √ √ 

(
D 

2 

3 − 2 J 3 �33 

)(
λ2 + χ2 

)
− λ−2 χ

(
λ2 − χ2 

)
W 1 

2 χ2 

[ 
D 

2 

3 − 2 Jχ2 
(
λ4 �33 

)] 

±
( λ + χ) | λ − χ | 

∣∣∣D 

2 

3 − 2 J 3 �33 + λ−2 χW 1 

∣∣∣
2 χ2 

[ 
D 

2 

3 − 2 Jχ2 
(
λ4 �33 

)] 
, 

s 5 = −s 2 , s 6 = −s 3 . 

(B39) 

or 

s 1 = i , s 4 = −s 1 = −i , 

s 2 , 3 = i 

{ 

λ

χ
, 

√ 

1 − ( χ−1 − λ−2 χ) W̄ 1 

D̄ 

2 
3 

− 2 J χ2 ( λ4 �̄33 ) 

} 

, 

s 5 = −s 2 , s 6 = −s 3 . (B40) 

The associated eigenvectors can be obtained by substitution of Eq. (B40) into Eq. (B16) as 

η̄( 1 ) = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 

0 

i 

D̄ 3 

i ̄D 3 

−1 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

s 1 = i 

, η̄( 2 ) = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

−i 

χ

λ
−i ̄D 3 

D̄ 

2 
3 λ

−1 χ + 2( λ−1 + λ−3 χ2 ) W̄ 1 

4 i λ−2 χW̄ 1 

−D̄ 3 λ
−1 χ

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

s 2 = i 
λ

χ

, 

η̄( 3 ) = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

−i √ 

1 − ( χ−1 − λ−2 χ) W̄ 1 

D̄ 

2 
3 

− 2 J χ2 ( λ4 �̄33 ) 

−i ̄D 3 

(
D̄ 

2 
3 + 4 λ−2 χW̄ 1 

)√ 

1 − ( χ−1 − λ−2 χ) W̄ 1 

D̄ 

2 
3 

− 2 J χ2 ( λ4 �̄33 ) 

2 i ( χ−1 + λ−2 χ) W̄ 1 

−D̄ 3 

√ 

1 − ( χ−1 − λ−2 χ) W̄ 1 

D̄ 

2 
3 

− 2 J χ2 ( λ4 �̄33 ) 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

s 3 = i 

√ √ √ √ 1 −
( χ−1 − λ−2 χ) / 2 

D̄ 

2 
3 

− 2 J χ2 ( λ4 �̄33 ) 

, 

η̄( 4 ) = η̄( 1 ) , η̄( 5 ) = η̄( 2 ) , η̄( 6 ) = η̄( 3 ) . 

(B41) 

All these results reduce to that of the incompressible problem ( Su et al., 2018b ) once making χ = λ−2 , J = 1 and

lim 

ν→ 0 . 5 
�33 = ∞ . 
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Appendix C. Complementary figures 

Fig. C1. Phase diagrams of wrinkling instability for equi-biaxially stretched incompressible neo-Hookean ideal SEA plates subject to sequential bias voltages

( ̄E 0 = 0.0, 0.2, 0.4, 0.6), where the solid and dashed lines correspond to the antisymmetric and symmetric wrinkles, respectively. 

Fig. C2. Phase diagrams of wrinkling instability for equi-biaxially stretched slightly compressible neo-Hookean ideal SEA plates subject to sequential bias

voltages ( ̄E 0 = 0.0, 0.2, 0.4, 0.6), where the solid and dashed lines correspond to the antisymmetric and symmetric wrinkles, respectively. 
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Fig. C3. Phase diagrams of wrinkling instability for equi-biaxially stretched moderately compressible neo-Hookean ideal SEA plates subject to sequential 

bias voltages ( ̄E 0 = 0.0, 0.2, 0.4, 0.6), where the solid and dashed lines correspond to the antisymmetric and symmetric wrinkles, respectively. 

Fig. C4. Thin-plate limits, short-wave instability, and pull-in instability of equi-biaxially stretched neo-Hookean ideal SEA plates of different com pressibility 

( ν = 0.5, 0.4, 0.3). 
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Fig. C5. Dispersion curves for equi-biaxially stretched incompressible ideal SEA plates of different chain extension limit ( J m = 46.3, 97.2, 10 4 , and 

infinity/neo-Hookean) subject to sequential constant bias voltages ( ̄E 0 = 0.0, 0.3, 0.6), where the solid and dashed lines correspond to the antisymmet- 

ric and symmetric wrinkles, respectively. 
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Fig. C6. Dispersion curves for equi-biaxially stretched moderately compressible ideal SEA plates of different chain extension limit ( J m = 46.3, 97.2, 10 4 , and 

infinity/neo-Hookean) subject to sequential constant bias voltages ( ̄E 0 = 0.0, 0.3, 0.6), where the solid and dashed lines correspond to the antisymmetric 

and symmetric wrinkles, respectively. 
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Fig. C7. Thin-plate and short-wave limits along with loading curves of various pre-stresses ( ̄s = 0, 0.8, 1.5, 2.5 and 4.5) and critical curves for onset of 

pull-in for equi-biaxially stretched and voltage-controlled Gent ( J m = 97 . 2 ) ideal SEA plates with three kinds of compressibility ( ν = 0.5, 0.4, 0.3). 

Fig. C8. Dispersion curves for ideal SEA plates of different chain extension limit ( J m = 46.3, 97.2, and infinity/neo-Hookean) subject to equi-biaxial stretches 

and a constant voltage: (a) ν = 0 . 5 ; (b) ν = 0 . 4 ; (c) ν = 0 . 3 ; (d) distribution of the stable and wrinkled regions for a Gent ideal SEA plate ( ν = 0 . 3 , J m = 97.2) 

at Ē 0 = 0 . 68959 . 
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Fig. C9. Phase diagrams of wrinkling instability for equi-biaxially stretched incompressible neo-Hookean ideal SEA plates subject to sequential electrical 

charges on both sides ( ̄D 0 = 2.0, 4.0, 8.0, 12.0), where the solid lines and the dashed lines correspond to the antisymmetric wrinkles and the symmetric 

wrinkles, respectively. Note that the case of D̄ 0 = 0 may be identically referred to Figs. C.1 (a) for Ē 0 = 0 . 

Fig. C10. Phase diagrams of wrinkling instability for equi-biaxially stretched slightly compressible neo-Hookean ideal SEA plates subject to sequential 

electrical charges on both sides ( ̄D 0 = 2.0, 4.0, 8.0, 12.0), where the solid lines and the dashed lines correspond to the antisymmetric wrinkles and the 

symmetric wrinkles, respectively. Note that the case of D̄ 0 = 0 may be identically referred to Figs. C.2 (a) for Ē 0 = 0 . 
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Fig. C11. Phase diagrams of wrinkling instability for equi-biaxially stretched moderately compressible neo-Hookean ideal SEA plates subject to sequential 

electrical charges on both sides ( ̄D 0 = 2.0, 4.0, 8.0, 12.0), where the solid lines and the dashed lines correspond to the antisymmetric and symmetric 

wrinkles, respectively. Note that the case of D̄ 0 = 0 may be identically referred to Figs. C.3 (a) for Ē 0 = 0 . 
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Fig. C12. Dispersion curves for equi-biaxially stretched incompressible and moderately compressible ideal SEA plates of different chain extension limit 

( J m = 46.3, 97.2, 10 4 , and infinity/neo-Hookean) subject to constant charges sprayed on main faces ( ̄D 0 = 4.0, 8.0, 12.0). 
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Fig. C13. Thin-plate and short-wave limits along with loading curves at various pre-stresses ( ̄s = 0, 0.8, 1.5, 2.5 and 4.5) for equi-biaxially stretched and 

charge-controlled neo-Hookean ideal SEA plates with three types of compressibility ( ν = 0.5, 0.4, 0.3). 
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Fig. C14. Comparison of wrinkling instability between equi-biaxially stretched voltage- and charge-controlled neo-Hookean ideal SEA plates: true electric 

displacement, D̄ 3 , versus stretch, λ. Here the “VC” and “CC” are abbreviations for voltage- and charge-controlled cases, respectively. 
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