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ARTICLE INFO ABSTRACT
Keywords: This paper investigates issues that have arisen in experimental and theoretical studies of the
Diele;tlric elastomer stability of a dielectric elastomeric layer bonded to a stiff substrate and subject to a voltage
Instability

difference across the top and bottom conducting surfaces of the layer. The role of equi-biaxial pre-
stretch of the layer prior to bonding to the substrate is a central factor in the investigation. The
focus is the competition between wrinkling and creasing and how this competition is affected by
pre-stretch. A finite element model of the system is employed to generate wrinkling bifurcation
and advanced post-bifurcation solutions in the form of localized modes, either crease-like or
groove-like depending on the pre-stretch. The constitutive model includes elastic compressibility,
but the formulation produces accurate solutions for nearly incompressible materials which
coincide with the neo-Hookean solid in the incompressible limit. The numerical simulations
reveal that localized crease solutions exist at voltages below the critical voltage for wrinkling
bifurcation for equi-biaxial pre- stretches below about 2.4. In this range, the wrinkling bifurcation
is highly unstable, creasing rather than wrinkling can be expected, and a discontinuous transition
is predicted with a finite energy barrier that may be overcome due to the presence of surface
defects. With an equi-biaxial pre-stretch greater than 2.4, a continuous transition is predicted
with no energy barrier, forming a localized groove due to nonlinear interactions among the un-
stable wrinkling modes.

Bifurcation
Numerical analysis

1. Introduction

Electromechanical instability has been recognized as a mode of failure for dielectric elastomer membranes subject to increasing
voltage (Stark & Garton 1955; Plante & Dubowsky 2006), which limits the amount of energy conversion by dielectric elastomers in
practical applications (Zhao and Suo 2007; Koh et al., 2011). A series of groundbreaking experiments on pre-stretched dielectric
elastomeric layers bonded to stiff substrates and subject to a voltage difference across top and bottom conducting surfaces revealed that
the uniformity of the layers gave way to localized creasing-like instabilities as the voltage difference was increased (Kofod et al., 2003;
Wang et al. 2011a, 2011b; Wang and Zhao, 2013). These observations occurred only a few years after a clear understanding of the
competition between wrinkling and localized creasing had emerged for elastomeric layers subject to compression. Hohlfeld (2008) and
Hohlfeld and Mahadevan (2011), followed up by Hong et al. (2009), showed that localized surface crease solutions existed at

* Corresponding author.
E-mail address: landis@utexas.edu (C.M. Landis).

https://doi.org/10.1016/j.jmps.2022.105023

Received 8 March 2022; Received in revised form 2 July 2022; Accepted 5 August 2022
Available online 6 August 2022

0022-5096/© 2022 Elsevier Ltd. All rights reserved.


mailto:landis@utexas.edu
www.sciencedirect.com/science/journal/00225096
https://www.elsevier.com/locate/jmps
https://doi.org/10.1016/j.jmps.2022.105023
https://doi.org/10.1016/j.jmps.2022.105023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmps.2022.105023&domain=pdf
https://doi.org/10.1016/j.jmps.2022.105023

C.M. Landis et al. Journal of the Mechanics and Physics of Solids 167 (2022) 105023

compression levels lower than Biot (1963) critical compression for bifurcation into sinusoidal surface wrinkles. Moreover, the finite
strain crease solutions existed at arbitrarily small sizes, assuming scale effects such as surface tension could be ignored, implying that
the surface imperfections required to trigger the creasing instabilities could similarly be arbitrarily small. This new understanding
finally explained the observation that creasing, not wrinkling, was the dominant mode of surface instability for compressed elasto-
meric materials (Tanaka et al. 1987; Gent and Cho, 1999). Many others have also contributed to the understanding of the competition
between wrinkling and creasing in elastomers subject to mechanical compression (Cao and Hutchinson, 2011; Cai et al, 2012; Diab
et al., 2013).

The initial theoretical work on the electromechanical surface instabilities mainly focused on the localized creasing solutions and
the creasing threshold voltage, i.e., the lowest imposed voltage difference at which the crease solutions exist (Wang et al. 2011a; Park
et al. 2013). The numerical analysis of the finite strain creasing solution is challenging for several reasons, especially because the
wavelength of the wrinkling mode is indeterminate and the solution path from the uniform state to the creased state is highly nonlinear
and unstable. The present paper addresses these issues in the investigation of the competition between wrinkling and creasing.
Confusion exists in the literature surrounding the critical voltage at which bifurcation into surface wrinkling modes occurs. A recent
paper by Hutchinson (2021) presenting the voltage at wrinkling bifurcation as a function of pre-stretch for neo-Hookean layers was in
error and has been corrected by Hutchinson et. al (2022). For an incompressible neo-Hookean layer with ground state shear modulus,
u, dielectric permittivity, €, and an equi-biaxial pre-stretch, 4o, the critical voltage difference across the layer, Vi, at the onset of short
wavelength sinusoidal, plane-strain wrinkling modes is given by

5<ﬂ>7 /13+/13+3/13—17/1
) N E Gy

where h is the thickness of the incompressible layer in the pre-stretched state prior to bifurcation. With no pre-stretch, 4 = 1, this
reduces to Vi /h = /2u/e, in agreement with an early result of Huang (2005). At a pre-compression of 1o = 0.6662, Eq. (1.1) is
satisfied with, Vi = 0, corresponding to Biot’s prediction for surface wrinkling under equi-biaxial compression (Biot, 1963). The
surface wrinkling condition (1.1) underpins the crease analysis in that it provides an upper bound to the voltage at which unstable
crease formation is expected and because wrinkling bifurcations from the uniform state can evolve to creases.

The objective of the present study is to uncover creasing solutions as a function of pre-stretch and to provide numerically accurate
results for the threshold voltage above which stable creases can exist. The highly nonlinear behavior of crease formation is discussed.
The primary emphasis is on the behavior of imperfection-free layers. However, limited results for one class of imperfections are
provided revealing the strong sensitivity to small imperfections of the critical voltage required to trigger a crease. It will be seen that
the difference between the crease threshold and the wrinkling bifurcation diminishes with increasing pre-stretch and appears to vanish
at pre-stretches above about 4 = 2.4. With an equi-biaxial pre-stretch greater than 2.4, nonlinear interactions among the unstable
wrinkling modes lead to groove-like localization.

1.1)

(a) Reference configuration (c) Wrinkling deformation
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Fig. 1. (a) The reference configuration of a dielectric elastomer film of thickness hg, prior to the application of pre-stretch or electrical loading. (b)
Homogeneous deformation by an equi-biaxial pre-stretch Ay. After the film is pre-stretched, it is then bonded to a rigid conducting substrate such
that upon the application of electrical loading it is constrained from lateral expansion/contraction along the bottom surface. During electrical
loading a voltage drop V is applied across the top and bottom conducting surfaces of the film, and a resulting charge Q is exchanged. Above a critical
electromechanical loading, the homogeneous deformation becomes unstable and bifurcation takes place to form either (c) periodic surface wrinkles
or (d) periodic creases.
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2. Critical condition for the onset of surface wrinkling

Fig. 1 illustrates the reference and deformed configurations of a dielectric elastomer layer. Coordinates in the reference configu-
ration (Fig. 1a) are denoted X;, and those in the current configuration are denoted x;. Note that the coordinates in the current

configuration can also be written in terms of the displacement as x; = 5;;X; + u;. The deformation gradient is F;; = ”7"] =Xij =0y +
u; 5, and the nominal electric field is E; = — g—g = — ¢, where ¢ is the electric potential and §;; is the Kronecker delta relating the

current configuration to the reference configuration. The dielectric elastomer is assumed to be nearly incompressible, modeled by a
compressible form of the free energy function. Two forms of the free energy functions are used in this work:

1 2 :
W(F,E) :g(F,-,F,-, —3—2m)) +5 (w%‘) J—1) 7% Fol Fo EEy, 2.1)
or
K 2 K n 2N € i
W(F,E) = E(J 3 ,.,F,-,—3) +Z(J —1-1nJ?) —EJFKi F.'EE;. (2.2)

Here, y and « are the usual shear modulus and bulk modulus when the material is subjected to infinitesimal deformation, ¢ is the
dielectric permittivity, and J = det(F;y) is the determinant of the deformation gradient. Note that the elastic parts of both of these
model free energies reduce to the neo-Hookean model in the incompressible limit as &= co. The governing equations of mechanical

equilibrium and charge balance, i.e. Gauss’ law, are given as,

Pji;+bi =0 inVy andP;N; =1; onSp (2.3)
D;;=¢q inVy, andD,N, = —@w onS, 2.4)

where Pj; = (‘,’F—V,‘J’ is the first Piola-Kirchhoff stress, D; = 7‘3%’ is the nominal electric displacement, ¢; is the surface traction, b; is the body

force, w is the surface charge density and q is the body charge density. Vo and Sy denote the volume and bounding surface of the
domain in the reference configuration. Note that the constitutive equations for the stress and electric displacement are provided above
in the identifications of these quantities.

Fig. 1b illustrates a homogeneous deformation of the dielectric elastomer layer subject to an equi-biaxial pre-stretch 1y but no
electrical loading. This in-plane stretch also causes a change in the film thickness from hy to h. Electrical loading by voltage (V) or
charge (Q) is then applied to this state of the layer. The in-plane equi-biaxial stretch provides a relationship between an in-plane length
[ in the deformed configuration and that in the reference configuration Iy as [ = Agly. The electrical loading will cause an additional
homogeneous deformation of the film for the compressible case (but not for the incompressible case). The homogeneous deformation
becomes unstable at a critical loading and bifurcates to inhomogeneous deformations in form of either wrinkling or creasing, as
illustrated by Fig. 1c and d. A linear perturbation analysis was conducted recently by Hutchinson (2021) to predict the critical con-
dition for the onset of the wrinkling bifurcation for an incompressible neo-Hookean layer. A subtle error in the analysis has been
identified and corrected by Hutchinson et al. (2022). Here, we briefly review the derivation of the critical electromechanical conditions
to cause wrinkling of the dielectric elastomer film, assuming a compressible form of the free energy function in Eq. (2.1) or (2.2).
Wrinkling is defined in this work as a periodic sinusoidal deformation that extends over the entire surface (Fig. 1c), as opposed to the
highly localized deformations that are associated with creasing (Fig. 1d). The critical conditions for creasing will be determined
numerically in Section 4.

Here, the entire analysis is carried out in the reference configuration prior to the application of the pre-stretch or electrical loading.
Analytical solutions for both forms of the free energy functions given in Eqs. (2.1) and (2.2) have been obtained for arbitrary bulk to
shear modulus ratios, «/p, and arbitrary levels of the equi-biaxial pre-stretch, 1o. The general procedure for generating these solutions
follows that described in Egs. (2.1)-(2.19) but with the perturbed solutions for the current coordinates taking the form, x; = 106yX; +
(A2 — 20)6i2X2 + au;(X1,X2), instead of the simpler form shown in Eq. (2.5) for 49 = 1. The details of Eqs. (2.7)-(2.19) are then altered
accordingly. For simplicity, we present the analytical result for the free energy function from Eq. (2.1) and for the case of no pre-stretch
(Ao =1). The effect of pre-stretch on the critical condition has been discussed in previous works (Hutchinson, 2021; Hutchinson et al.,
2022) for the case of an incompressible neo-Hookean material.

We look for perturbed solutions about a homogeneous state given by,

X = 6uX; + (A — 1)6p X, + au; (X1, X3) (2.5)
|4

¢ :h—(xz +ho) + ap(Xi, Xz) (2.6)
o

where V is the voltage applied to the top surface at Xo = 0, A, is the homogeneous stretch in the normal direction, au;(X7,X>2) is the
perturbed displacement field, a@(X1,Xz) is the perturbed electric potential field, and @ is a dimensionless small parameter. Before
perturbation, the traction-free condition on the top surface governs the homogeneous deformation state which satisfies the equation,
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e(vy’ 2 ) 20— 1) + iy (2 —1) =0 @.7)
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The equilibrium equations and Gauss’ law are expanded to order a! and yield equations governing the perturbed fields,

|4 \%4 1
A _ _ [ = 2.
lzhouz'“ Jr/l;houz"zz @1 /ﬁ(/’,zz 0 2.8)
2 1 2
|:<K'—§ﬂ) +,u(1 +7>} U + pin 1y + {12 (K—*ﬂ) +ﬁ} uip =0 (2.9
A5 3 A2
2 2
{/1% (K—gll) +2/4} U+ py o + [22 (K - §ll> +ﬂﬁ} Uy =0 (2.10)
2

These equations are subject to the voltage and traction-free boundary conditions on the surface of the film,

#(X1,0) = 0 (2.11)
u 2 eV?

o (k=Zu)(ha—1) =y (X1,0 X,,0)=0 2.12
le (K 3”)( == 1) 2022 uz1(X1,0) + py 2(X,,0) (2.12)
ev 2 uoop(Aa—17 ev? 2

= 0,(X,0 -z sy 2w, (X,0 —Zu)(1+2 X,,0)=0 2.13
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Taking the wavenumber of the wrinkling solution to be unity, and the wavelength of the wrinkle to be much smaller than h, the
solution to these equations is,

P(X1, %) = K‘;z{uz(xl,xz) — Us(1 = A)explaXa] cos(X1)} (2.14)
Mz(Xl,Xz) = Uz{CXp[Xz] 7ACXPLDX2]} COS(X]) (2.15)
0 (X1, %) = 7U2{%exp[X2] f%exp[sz]}sin(Xl) (2.16)

where
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Fig. 2. The critical voltage Vi for the onset of wrinkling. The solid and dashed black lines are the analytical solutions for the two different forms of
the free energy function as shown. The red dotted line (e) is the analytic solution by Huang (2005) given in Eq. (2.24). The green squares (m) are the
finite element solutions for the Q1EI4 element (bottom free energy function only), and the blue diamonds (¢ and ¢) are the finite element solutions
for the Q1PO0 element that is detailed in this work and is used for the creasing simulations.
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2u + (K - —/4)/12
=l [T 32 2.17
p 2 P (K T 3//!)/1% ( )
e * 2 [ha(y — 1) (k — 20) — 24]
A= ° (2.18)

.e(%) + 20 [(2e — 1) (k= $p) + (22 — 1)*(k — 2p) — 2]

The critical condition for the onset of the wrinkling instability results from an eigenvalue problem required to satisfy the boundary
conditions (2.11-2.13), yielding

V =hy —b— Vb —4ac (2.19)
2a
where
(1 —pi; (2.20)
*z( —piy’) .

N 2 2 2 —1
b= e{lz(/lz -1) <K*§ﬂ) —2udy —p(la—1) (K7§y> +p(B5+A—1+4; )/4} (2.21)

2 2 ? 2 2 ?
c=12 {12(1271)<K7§u> 724 7p{12(1271)(1<7§ﬂ> — (lz+1)4 (2.22)

The critical voltage is then obtained by combining Eq. (2.19) with Eq. (2.7). The results of this calculation for the critical voltage for
an elastomer film with no pre-stretch (1o = 1) are shown in Fig. 2 as the solid black line. In the limit of an incompressible material, we
have k - co,p— 1, a — 0, b — 2epu, c —» — 4u?, and the critical condition becomes,

% /2
h—(): :asx/ﬂ—mn (2.23)

In addition to the solution for this free energy function, the analytic solution for the second free energy function of Eq. (2.2) is
shown in Fig. 2 as the dashed black line for comparison. The red dots (e) on Fig. 2 are the analytical solution from the early work of
Huang (2005), who assumed a linearly elastic material (see Appendix B for details) and obtained a closed form expression for the
critical voltage as a function of Poisson’s ratio, v = (3x — 2u)/(6x + 2u):

V. 3—6v+42
V_3-6uidy \/E (2.24)
hy 4(1 —v)y 3

Note that this result is closest to the full finite deformation analytic result that uses the free energy function of Eq. (2.1). For a nearly

incompressible material (i.e., x/u > 1000), the critical voltage for wrinkling is well predicted by Eq. (2.23), regardless of the free
energy function.

3. Finite element methods for wrinkling and creasing

The weak form of the boundary value problem is derived from variations of the functional in Eq. (3.1) as outlined by Simo and
Armero (1992). Furthermore, we will focus on the implementation of the Q1P0 element, which is an isoparametric quadrilateral
element that uses linear interpolations for the displacement fields and piecewise constants for the pressure p, and dilatational 9 fields.
The functional is defined as,

(ui, ¢, 0, p) :/W(fihEI)dVOJ"/
Vo

Vo

p(J —0)dV, — / biu; — qpdVy — / tiu; — wPdSy (3.1)
Vo So

Note the introduction of a new deformation gradient F;;, which is defined as, F;; = 6%?” where E, = J5F,;. It will be shown in the
following that the variation of IT with respect to p dictates that the dilatational variable 6 takes on the average of J within a given
element. Hence F;; replaces the point-wise distribution of J within the element uniformly with its average for the Q1PO0 element. W(F;;,
E;) is then simply the free energy of one of the forms defined previously in Eq. (2.1) or (2.2) evaluated at F;;. However, when taking
derivatives of the free energy we must recognize that F;; depends on both 6 and ;. Setting the first variations of I1 to zero results in the
following consequences for the Q1P0 element (recall that both p and 6 are constant within a given element). The variation with respect
to p yields

op / (J —0)dVy=0 (3.2)
Vo
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which then provides the result that 6 is the volume average of J within each element, namely

0= i/ JdV, (3.3)
0Jv,

Variation with respect to 6 then provides the determination of p as,
1 [1dWFy,

50: p=—[ 2 2 gy, 3.4
P=vo )3 0F, 0" 3.4

However, this information is not needed for the solution of the system and a reduced variational principle can be formulated solely
in terms of the displacements and electrical potential by recognizing that the variation with respect to # can be written in terms of the
variations of the displacement gradient as,

1
50 = — / JF};' Su; ,dV, (3.5)
Vov,

The reduced variational principle is then

/) /— )
ST=0: / L Fy + o SEdVy = / bidu; — gspdVe + / 16, — wSPdS,. (3.6)
voOF iy OE; Vo So

Details of the derivation of the residual vector and tangent stiffness based on this variational principle are given in Appendix A. The
creasing problem exhibits strongly unstable behavior and so we also note that in some cases additional viscous and inertial terms were
added to the formulation with the sole purpose of allowing the system to evolve towards equilibrium. Once the system was sufficiently
close to equilibrium these extra terms were removed, i.e. set to zero, and the equilibrium solutions satisfying the formulation outlined
above and in Appendix A were then obtained.

In addition to the Q1PO0 element that was developed by Simo and Armero (1992), we also studied finite element formulations based
on the standard displacement-electric potential formulation, and interestingly, a two-dimensional Hu-Washizu Q1EI4 mixed element
that has been studied by Auricchio et al. (2013) for the mechanical problem. Mueller-Hoeppe et al. (2009) provide an excellent
presentation of the analogous three-dimensional element, which can be simplified for the two-dimensional case. For this work, the
element was enhanced to include standard electromechanical coupling. For mechanical loading only, Auricchio et al. (2013) showed
that this element shows promise for nearly incompressible materials. Unfortunately, we found that with the standard electrome-
chanical enhancement, this element exhibited hourglassing instabilities for the electrically induced creasing problem. We believe that
additional non-standard electromechanical enhancements of this element may prove to be valuable, but such investigations are beyond
the scope of this work. Results for the wrinkling problem using the Q1EI4 mixed element will be included in the results that follow, but
for the sake of brevity the details of the formulation are not given here and the reader is referred to Mueller-Hoeppe et al. (2009) for
additional details.

4. Numerical results and discussion
4.1. Wrinkling

The blue diamonds (e) and green squares (m) in Fig. 2 are the finite element results for the onset of wrinkling using the Q1P0 and
QI1EI4 elements, respectively. Note that the wrinkling solution decays exponentially from the deformed surface in the X5 direction with
a length-scale proportional to the wavelength. As noted previously (Hutchinson, 2021; Hutchinson et al., 2022), the critical voltage for
wrinkling becomes nearly a constant for [/h < 1 as the short-wave limit. As in the Biot problem, all wrinkling wavelengths (I /h < 1)
become critical at the same loading level. Hence, for these calculations, a rectangular domain of height h and half-wavelength 1 /2 =h
/10 was simulated. The displacements and electric potential of the bottom surface of the domain are fixed to zero. The vertical sides of
the domain are restricted from horizontal displacement, traction-free tangentially, and charge-free, i.e. the normal component of the
nominal electric displacement is zero. Electrically the top surface is loaded under charge-control, by enforcing the uniform voltage
using multi-point constraints. All of the electric potential degrees of freedom on the top surface are tied to the lead node located at (0,
h). A generalized electrical force is then applied to this lead node which is equivalent to the opposite of the total charge residing on the
entire top surface. The mechanical boundary conditions on the top surface are more complex than simply traction-free. To be able to
simulate wrinkling, the creasing mode of deformation must be suppressed. To accomplish this the following multi-point constraint is
applied to the vertical component of the mechanical displacements on the top surface nodes, u}:

L R L _ R 27X
uy :7'42‘;”2 y2=% 5 ) COS< ”l l> “4.1)

where u} is the vertical displacement of the leader node at (0, h) and uf is the vertical displacement of the other leader node at (1 /2,h).
The first term must be included to allow the compressible film to change thickness freely as voltage is applied to the surface. The second
term is then used along with equal magnitude and oppositely directed forces on the two leader nodes to probe the generalized applied
moment as a function of the deformation amplitude, (1 — uf)/2, for the surface. Note that no imperfection is used in these calcu-
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lations. Instead, charge (or equivalently voltage) is applied to the top surface up to a fixed level and then the generalized moment is
applied. The critical voltage for the onset of wrinkling is then determined at the charge/voltage when the slope of the moment-
amplitude response goes to zero. The slope is positive below the critical voltage and is negative above the critical voltage.

The results of this simulation process are shown in Fig. 2 for both the Q1P0 elements and the Q1EI4 elements. We note that both
element types perform reasonably well up to x/u ~ 1000. This corresponds to a Poisson’s ratio of v = 0.4995. However, beyond « /
u ~ 1000 the Q1P0 element begins to yield results that are significantly above the analytical prediction of the critical voltage. On the
other hand, the results for the Q1EI4 elements begin to decrease below the analytical result for larger values of x /u, but to a much
milder extent than the increase seen for the Q1PO element. This suggests that the Q1EI4 element may be superior. However, for
creasing simulations the Q1EI4 element exhibited an hourglassing instability at the critical load when creasing was not suppressed.
Hence, the Q1P0 elements are used in the simulations of creasing, with a bulk to shear modulus ratio of k/u = 1000. This value is taken
for the rest of this work focusing on the nearly incompressible behavior, for which the numerical results from the Q1P0 elements are
reasonably close to the analytical results for the onset of wrinkling.

4.2. Creasing

Park et al. (2013) have previously studied the creasing problem with similar numerical methods. The distinction in this work is on a
more detailed study of the equilibrium states, both stable and unstable, associated with creasing. Additionally, the effects of
pre-stretch, distance between creases, and conducting defects are also studied. Fig. 3 shows a solution for a creased state along with the
quantities that are used to study creasing. The downward displacement of the crease tip is denoted by u and the downward force on the
crease tip, which is used to study the unstable branch of the creasing response, is denoted by F. The area of the surface of the periodic
domain is A = It, where t is the out-of-plane thickness, and Q is the total charge residing on the surface of one periodic domain. Note
that for the wrinkling simulations the wrinkling wavelength and the length of the periodic domain are equal and are both denoted by
the length L After the presentation of results for perfect films, a small conducting channel of length a that is not able to open me-
chanically is introduced within the calculations. As with the wrinkling calculations, only a half-periodic domain is modeled in the
creasing calculations, with symmetry boundary conditions on the left (x; = 0) and the right (x; = [/2). We first study the cases with a
relatively small domain having an aspect ratio of [/h = 2, where the pre-stretch 19 = I/, varies. The effects of the domain size on the
creasing behavior are discussed afterwards. The choice of this periodic domain size was motivated by the work of Park et al. (2013).
The results to be presented utilize a mesh density that is doubled in both directions with respect to that shown in Fig. 3. The boundary
conditions for the creasing problem without the conducting channel are similar to those for the wrinkling problem aside from the
multi-point constraints on the vertical displacement of the top surface. They are repeated here for clarity: the displacements and
electric potential of the bottom surface of the domain are fixed to zero, the vertical sides of the domain are restricted from horizontal
displacement, tangentially traction-free, and charge-free, the top surface is loaded electrically under charge-control by enforcing the
uniform voltage using multi-point constraints, i.e. all of the electric potential degrees of freedom on the top surface are tied to the lead
node located at (0,h). Additionally, the top surface is traction-free except for the cases where a single nodal force F is applied to induce

u, F A=1lt

il 'l'lII=III’IIIIIIIIIIIIIIIIllliliillliliilliilllliliJ i i lillllllillIlIIIIIIIIIIIHllllllllll

I lMmmmmu‘u|||q‘||g||||||||m| LT T
i T 1

l

Fig. 3. Features of the creasing problem showing a result (color contours are for electric potential) with a lower mesh density (for viewing clarity)
near the crease than what was used to report the results in Figs. 4-12. Those results utilize a mesh density that was doubled in both directions with
respect to this figure. In addition to the parameters shown in Fig. 1, also shown are the nodal displacement and nodal force on the node at the crease
tip, and a small non-opening conducting channel/crack of length a under the crease. This is the imperfection that is studied and argued to trigger
creasing at voltage levels below the critical levels required for wrinkling. Note that the dimensions h and [ are the film thickness and periodic domain
size as measured with respect to the pre-stretched state and prior to the application of the voltage/charge.
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the crease.
Fig. 4 shows the fundamental behaviors uncovered by these calculations for a film with I/h =2, x/u = 1000, and no pre-stretch (4o
= 1). Fig. 4a shows the downward displacement of the crease tip versus the applied charge and 4b shows the voltage versus charge

response. Note that the critical voltage or charge for wrinkling is \/;% = A% = /2, as predicted by Eq. (2.23) for the incompressible
limit. For these calculations the film has no imperfections and the stable equilibrium solution for the system is the flat state up to the
critical wrinkling voltage, with a constant slope for the V-Q curve (nearly incompressible). Even with a small perturbing force F the
film remains stable in the flat state until the critical voltage or charge. At the critical charge level, the surface instability can be
triggered by the force, forming a localized crease at the stable equilibrium state. This equilibrium state is sufficiently removed from the
flat state such that special methods must be used to compute it. We have found two methods. The first, which has been used by Park and
co-workers, is to allow the system to evolve dynamically (Park et al., 2012 & 2013; Park and Nguyen, 2013). For this method we
include inertial terms as well as viscous terms to damp the vibrations. Once the vibrations have settled then the inertial and viscous
terms can be “turned off” and converged solutions for the creased state can be found. Here we note that the creased state as shown in
Fig. 3 does not necessarily involve self-contact of the surface, as will be discussed in more detail later. In contrast, the creases formed by
compression with no electric fields always involve contact (Hohlfeld, 2008; Hohlfeld and Mahadevan, 2011; Hong et al., 2009).
Once the system reaches the stable equilibrium branch of the creased state, the charge can be increased/decreased to probe the full
extent of this branch. The upper solid blue branch of the displacement-charge response in Fig. 4a and the lower curved blue branch on
the voltage-charge response in Fig. 4b constitute this stable creased branch. Upon exploring the lower limit for the charge on the
creased branch we find another critical point at Q/A ~ 1.16,/ei and V/h ~ 1.14,/u/e. Below this level of applied charge the only
equilibrium state is the flat film. A third branch of interest residing between 1.16 < #ﬁ < /2 is shown as the dotted red lines on

Fig. 4a and b; This branch connects the two stable branches and represents an unstable equilibrium solution. The method for obtaining
this branch also offers a second approach for locating the stable creased branch. The procedure is as follows. Apply charge to the flat

film up to a value in the range 1.16 < #ﬁ < /2. Hold the charge fixed at this level and then increase the downward displacement of

the crease, u, while computing the force F required to maintain this node in position. The force-displacement responses for three such
excursions are shown in Fig. 5, with the associated zero-force points, open circles for the unstable equilibria and filled circles for the
stable equilibria, also indicated on Fig. 6a and b. Once a point on the stable branch is found, then this can be used to probe the
remainder of the stable branch without any force applied. Note that the unstable branch is very close to the first stable branch for the
flat state in the charge-voltage plane (Figs. 4b and 6b), because a small local deformation does not cause a significant change in the
overall capacitance of the dielectric elastomer.

When considering the results in Fig. 5 we must recognize that the force F is not a concentrated point force, but rather a consistent
nodal finite element force. Hence, it is more appropriate to regard it as a load distributed over the length of two elements, which for
these calculations is 2hy = h/100. Given this caveat, it is interesting to note that the flat state is stable against small perturbations at
the charge/voltage levels shown in Fig. 5 and there is a finite barrier that must be overcome to evolve to the equilibrium creased state.
It will be shown that conducting defects are effective at overcoming this barrier between the flat and creased states. The magnitude of

0.8 16
[ [
07 1" / 144 /.
do=1 / do=1 / :
0.6 / 1.2 L — E—
0.5 / 1
LA / Ve
h . ' | 0.8
0.3 / 0.6 /
0.2 { 04 //
0.1 \ 0.2
0 0
0.5 1 15 0.5 1 15 2
@ Q
AvJeu AvJeu

(@

(b)

Fig. 4. Fundamental behaviors of creasing by the finite element calculations for a dielectric elastomer film with I/h = 2, x /u = 1000, and no pre-
stretch (19 = 1). (a) The downward displacement of the crease versus the applied charge. (b) The applied voltage versus the charge. The solid blue
lines are stable equilibrium solutions. The dashed red lines are unstable equilibrium solutions. The dotted black line is an unstable non-equilibrium

path at fixed charge between the flat equilibrium state and the creased state at the critical voltage of V/h = \/2u/e.
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Fig. 6. A detailed view of Fig. 4a and b, with the stable (filled circles) and unstable (open circles) equilibrium points corresponding to those shown
on Fig. 5.

this barrier decreases as the applied charge increases. At the critical charge for wrinkling, Q/A = /2é, the barrier disappears, as the
slope of the force-displacement curve becomes zero at u = 0. However, the calculation diverges before reaching the equilibrium
creased state at the critical charge level, because of severely distorted elements at the crease tip. Nevertheless, the stability of the flat
state (against small perturbations) is determined by the initial slope of the force-displacement curve. Moreover, by integrating the
force-displacement curve in Fig. 5, we can calculate the energy difference between the flat state and the creased state. Evidently, the
stable equilibrium creased state has a higher energy at Q/A = 1.16,/ep, but has a lower energy at Q/A = 1.2, /ei (see Fig. 5). At a
charge level slightly above Q/A = 1.16,/€ i, the two stable equilibrium states have the same energy. Denote this charge level as Qu.
Then, for Qu/A < Q/A < \/2¢u, the equilibrium creased state has a lower energy than the flat state. Thus, while both the flat and

creased states are stable against small perturbations in the range Qu/A < Q/A < \/2 ¢y, the creased state is the global energy min-
imum. It is found that Qu/A is slightly larger than 1.16,/e in this calculation with I/h = 2 but approaches a value of 1.14, /e when
the computational domain size I/h increases (see Fig. 10).

It must be disclosed that there are no contact constraints enforced in any of the calculations in this work and interpenetration of the
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creased surface is numerically allowed and does occur in several regimes of the electromechanical loading. For example, for the present
case under discussion here, while there is no interpenetration or contact at the critical creasing charge Q/A = 1.16, /e, self-contact
does occur if the electrical loading is increased to a charge level of Q/A = 1.196,/ey, and the contact area increases further with
additional electrical loading. Fig. 7a shows the deformed shape of the crease at the critical charge Q/A =1.16,/£y, and Fig. 7b shows
the state where self-contact first occurs at Q/A = 1.196,/eji. For Q/A = 1.196, /ey, interpenetration occurs in the crease and thus the
crease solution is no longer physically meaningful. Nevertheless, the critical condition for the onset of the creasing instability can be
determined from these calculations.

Another observation of note from Fig. 7 is that upon formation, the crease extends to a finite depth of approximately 0.13h for the
case shown. This is in apparent contrast to the mechanically induced creasing problem where it is accepted that there is no length scale
controlling the crease depth (Hohlfeld, 2008; Hohlfeld and Mahadevan, 2011; Hong et al., 2009). For the electromechanical problem
here, the formation of a crease creates a concentration of charge along the crease tip. This acts like a line of charge that is attracted to
the bottom electrode at the depth h. Thereafter the crease deepens to minimize the combination of elastic and electrical energy in the
film. In this problem the film thickness plays a critical role as a length scale in the post-bifurcation behavior.

We now identify two critical voltages of interest. The maximum voltage where the flat state is stable (against small perturbations) is
called the wrinkling voltage, Vi, since this corresponds to the analytical result for the onset of wrinkling discussed in Section 2, and the
minimum threshold voltage where the creased state is stable is called the creasing voltage, V¢. For the case with no pre-stretch dis-
cussed above, Viy/h = \/2u/ e and V¢ /h = 1414\/;% (see Fig. 6a). For V < Vg, the flat state is the only equilibrium state and is thus
stable against all perturbations (small or large). For V. < V < Vy, the flat state is stable against small perturbations, but nucleation of
creases is possible with a barrier that may be overcome due to the presence of surface defects. For V > Vy, the flat state becomes
unstable against small perturbations, and nucleation of creases can occur with no barrier. Therefore, the two critical voltages, Vi, and
V¢, set the upper and lower theoretical bounds for the critical voltages in experiments where surface defects are commonly expected.
Theoretically, it is possible to determine another critical voltage Vj; between the two bounds, for which the flat state and the equi-
librium creased state have the same energy. This corresponds to a Maxwell condition at which a crease can extend with no change in
voltage. Then, for V¢ < V < Vy, the creased state has a higher energy than the flat state; for Viy < V < Vy, the creased state has a lower
energy than the flat state, so that the creased state is the stable state with the global minimum energy whereas the flat state is
metastable. It is found, that Vy;/h is slightly larger than 1.14+/y/e in this calculation with I/h = 2 but approaches 1.14, /e when the
computational domain size I/h increases (see Fig. 10).

Next we discuss the effects of pre-stretch on the critical voltages. Fig. 8 shows the two critical voltages for a range of equi-biaxial
pre-stretch, 0.666 < 1o < 3. First note that the critical wrinkling voltage from the finite element simulations with x /u = 1000 is
practically identical to the analytic solution given in Eq. (1.1) for an incompressible neo-Hookean material. Additionally, the critical
voltage for wrinkling drops to zero at an equi-biaxial stretch level of 1y = 0.666, which is the critical equi-biaxial stretch for
compression induced surface wrinkling first derived by Biot (1963). In contrast, the critical voltage for creasing drops to zero at an
equi-biaxial stretch level of 1o = 0.736, which is nearly identical to the critical equi-biaxial stretch for compression induced creasing
obtained previously (Hohlfeld and Mahadevan, 2008 and 2011; Hong et al., 2009). Again, self-contact was not prohibited in the
creasing calculations and interpenetration of surfaces does occur in a range of loading cases. The absence of contact constraints does
not affect the critical voltage for creasing since the initial transition to creasing does not involve self-contact. However, after a finite
level of creasing develops, self-contact can occur, as shown in Fig. 7b. On Fig. 8, self-contact occurs for the finite crease at the critical
creasing voltage for equi-biaxial pre-stretches in the range of 0.736 < A9 < 0.9. For 49 > 0.9 self-contact does not occur at the critical
creasing voltage, but it may occur upon increased electrical loading to higher voltages. Furthermore, the critical creasing behavior can
also be separated by the character of the transition from the flat state to the creased state at the critical voltage V. Here we identify a
discontinuous transition, which is characterized by a jump in the crease displacement at V¢ (see Figs. 4 and 6), versus a continuous
transition, which is characterized by no jump in the crease displacement at V¢ (see Fig. 9). The finite element calculations establish the
change from the discontinuous to continuous transition at an equi-biaxial stretch level of 1o ~ 2.4. However, note that the wrinkling

(a) (b)

Fig. 7. The deformed shapes of the crease for the film with no pre-stretch, 1o = 1, as reported in Figs. 4 and 6: (a) at the critical charge for creasing
Q/A = 1.16,/el, and (b) at the charge level Q/A = 1.196,/eu when self-contact first occurs in the crease. The color contours represent the elec-
tric potential.
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Fig. 8. The critical voltages for wrinkling (red curve), creasing (blue curve), Eq. (4.2) (green dotted line) and experimental measurements (purple
markers) from Wang et al. (2011a). The curve for the creasing voltage is divided into three regions. For 0.736 < 1y < 0.9 the transition to creasing
results in self-contact. This region also has a jump in the transition from the flat to the creased state, similar to the behavior shown in Figs. 4 and 6.
For 0.9 < A¢ < 2.4 the initial transition to creasing does not result in self-contact, but the transition to creasing is discontinuous. Finally, for 1o > 2.4
the transition does not result in self-contact and is continuous with behavior similar to that shown in Fig. 9.

voltage Vi and the creasing voltage V¢ are nearly indistinguishable for a biaxial stretch level of 1o > 2 in Fig. 8.

We compare the critical voltages to the experiments by Wang et al. (2011a), also shown as the purple markers in Fig. 8. The
measured critical voltages for the creasing instability in Ecoflex (a silicone elastomer) films increased with increasing pre-stretch,
similar to the critical creasing voltage (V¢) in Fig. 8. For the case of no pre-stretch (19 = 1), the critical voltage was measured to
be around Vc/h = 1.03+/u/e, which is slightly lower than the numerical result of 1.14+/u/e (by ~10%). With an equi-biaxial pre--
stretch (1o > 1), the data was more scattered, with an average value of V¢/h~ 2.\/u/ €Vc/h~ 2\/;% for 4o =2 and
~ 3y// €~ 3+/jfe for 49 = 3, both in close agreement with the numerical results in Fig. 8 for V¢. A theoretical model was also
presented by Wang et al. (2011a), which predicted the critical voltage as

Ve U _
W 1/;(1.06-5-/1(2,—/104) (4.2)

where the value of 1.06 was obtained by fitting to the experiments for the case of no pre-stretch (1o = 1). As shown in Fig. 8, Eq. (4.2) is
fairly close to the numerical result for 1o > 1, but it under-predicts the critical voltage for 1o < 1. In particular, Eq. (4.2) predicts a zero
critical voltage for 4o = 0.863, considerably larger than the critical equi-biaxial stretch for compression induced creasing (Hohlfeld
and Mahadevan, 2008 and 2011; Hong et al., 2009). In addition, Wang et al. (2011a) calculated the critical electric field for the
creasing instability, following the method by Hong et al. (2009). However, their numerical results appear to have considerably
overestimated the critical voltage, as noted by Hutchinson (2021). One possible cause may be their assumption of self-contact in
calculating the potential energy of the creased state, which is not the case for 1o > 0.9 at the critical voltage.

Fig. 9 shows the continuous transition from the flat state to a periodically groove-like (shallow, smooth-bottomed, and localized)
undulated surface for the case with an equi-biaxial pre-stretch 1o = 3 and with periodic domain sizes of [/h = 2 and [ /h = 28. Unlike
the discontinuous transition shown in Fig. 4 for 4o = 1, the voltage and undulation displacement increases continuously with the
applied charge near the bifurcation, similar to the classical buckling of elastic plates under compression. The critical voltage, V¢ /h =
3y/u/e, is nearly identical to that predicted for onset of wrinkling by Eq. (1.1), independent of the domain size. Thus, the onset of
bifurcation with the continuous transition can be well predicted by the linear perturbation analysis as detailed in Hutchinson (2021)
and Hutchinson et al. (2022). Beyond the critical electrical load, the flat state is unstable and surface undulations develop with no
barrier. The post-bifurcation behavior involves nonlinear interactions among simultaneously unstable wrinkle modes of short
wavelengths, forming a downward groove-like undulation (Fig. 9c and d). In contrast, the onset of bifurcation with a discontinuous
transition (Fig. 4) has a critical voltage lower than that for onset of wrinkling, and there exists an energy barrier between the flat state
and the creased state with a highly localized deformation. Therefore, with increasing pre-stretch, the bifurcation mode transitions from
discontinuous creasing-like (1o < 2.4) to continuous groove-like (1o > 2.4). A similar creasing-wrinkling transition was observed
previously in elastomer films under electric fields by varying the ratio between surface energy and shear modulus of the elastomer
(Wang and Zhao, 2013).

Fig. 9c, for 49 = 3, raises the issue of the effect of the periodic domain size I/h. First note that the depth of the groove increases
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Fig. 9. The groove-like response for I/h = 2 and [/h = 28. (a) The groove-like surface displacement-voltage behavior, (b) the voltage-charge behavior, and (c) and (d) deformed surface shapes at
multiple charge levels for the dielectric elastomer film with an equi-biaxial pre-stretch 1o = 3. The critical voltage for creasing for this case is, Vc/h = 34/u/¢e. A continuous transition is observed, in
contrast to the discontinuous shown in Fig. 4 for 29 = 1. The case with I/h = 2 is not long enough to allow the localized groove geometry to fully develop without interacting with a neighboring groove.
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continuously from zero starting at the critical voltage/charge, % \/,% = A\%—” = 3. Furthermore, the shape of the deformed surface is not

of the functional form of that found in the analytical wrinkling analysis, i.e. uy ~ cosx; and u; ~ sinx;. A shape such as this can form as
a superposition of the multiple simultaneous sinusoidal eigenmodes associated with the critical wrinkling voltage in the short
wavelength limit, as shown by Hutchinson (2021). However, the deformed surface shape clearly does not appear as localized as in the
creasing case with 1o = 1 (see Fig. 7). These observations motivated the need to study the effects of the periodic domain size [ /h.
Fig. 9d shows the deformed surface shape for the case with 4o = 3 and [/h = 28. The more localized groove-like deformation pattern of
the surface now becomes evident. Additionally, to the precision that can be expected from the finite element calculations, the critical
voltage for bifurcation does not change for I/h = 28 from that for I[/h = 2. This feature of the critical voltage was verified over the
entire range of pre-stretch that was studied. While the critical voltage for bifurcation is unaffected by the periodic domain size, the
post-bifurcation response is clearly altered. Further discussion of the localized mode form above the discontinuous/continuous
transition is presented in the Conclusions.

The effects of the periodic domain size on the post-bifurcation responses are further illustrated in Figs. 10 and 11 for the case with
no pre-stretch, 1o = 1. Fig. 10 are the analogous plots to Fig. 6 and include the same curves for [/h = 2. However, the abscissa for
Fig. 10a has been changed to the normalized voltage as opposed to the normalized charge. These two plots illustrate features that are
common to post-bifurcation behaviors.

Fig. 10a includes data from Fig. 6a for I[/h = 2, but now plotted as the normalized depth of the crease, u/h, as a function of the
normalized voltage. Results computed for [/h = 8 and [/h = 28 plot on top of those for [/h = 2 because the localized crease geometry is
not altered by increasing the length of the computational region assuming is not less than about I/h = 2'. On the other hand, the
behavior seen in Fig. 10b for larger I/h reflects the fact that the vertical component of the electric displacement over almost all the layer
is linearly related to the applied voltage as D, = —¢ V/h except in the region of localized deformation where the electric displacement
becomes highly concentrated. As creasing proceeds, most of the additional charge added to the surface migrates to the localized crease.
Thus, the solution branch as plotted becomes closer and closer to the linear uniform solution as I/h becomes large. For this plot, the

limit for [/h — oo would lie on top of the result for the uniform layer, as seen in the trend in Fig. 10b, with a lower bound at % \/,% = Agg_”

= 1.14 as the critical condition for creasing. This behavior is akin to necking in bars and to the post-buckling behavior of thin-walled
tubes where the additional post-bifurcation deflection is localized to the neck or buckle as longer and longer geometries are considered.

Fig. 10a illustrates that the post-bifurcation crease deflection versus the applied voltage is largely independent of the periodic
domain size for I/h > 2. Additionally, Fig. 11 shows the deformed surface profiles for the creased state at the critical applied voltage of
Ve/h = 1.14./j Je for Ao = 1. Here it is evident that for Ao = 1 the crease is highly localized and deep as opposed to 4o = 3 in Fig. 9
where the groove-like profile is shallower and more extended. Most importantly, the shape of the crease in Fig. 11 is relatively
insensitive to I/h, fully confirming the localized nature of the crease solution for 19 = 1.

The final set of simulations to be presented concern the introduction of a small conducting, mechanically closed, channel of length a
to trigger the transition to creasing near the critical voltage V. Recall that for the cases with a discontinuous transition, there is a finite
barrier between the flat state and the equilibrium creased state at V¢, and so the flat state is stable against small force perturbations (see
Fig. 5). We also studied the effects of small but smooth localized perturbations of the meshed geometry and the story is the same, the
flat state is stable against small perturbations up to the critical voltage for wrinkling Vy. It is hypothesized that small conducting
defects as shown in Fig. 3 (a vertical segment of length a located at x; = 0 and penetrating into the elastomer layer), may act to trigger
the transition from the flat to the creased state at the lower critical voltage V. In this work two defect sizes were studied, one with a /h
= 1/120 (green curves in Fig. 12) and a second with a/h = 1/48 (crimson curves in Fig. 12). Note that these defects were not resolved
with a fine mesh but rather implemented within the same mesh used to study the perfectly flat film. The shorter channel is only two
elements deep and the longer is 5 elements deep. The goal here was to introduce a physically motivated defect geometry with an
intensity that increases as the electrical loading is increased. Strictly speaking such defects introduce electrical “crack”-like singu-
larities into the structure, but we have made no effort to resolve or characterize this singularity. Hence, these results should be
interpreted with these caveats in mind.

Fig. 12 illustrates the effect of the conducting channel on the displacement-charge and voltage-charge response of a nearly
incompressible dielectric elastomer film with no pre-stretch (1 = 1) and a periodic domain size of [/h = 2. The primary feature of
these results is that the flat state is no longer stable at the critical creasing voltage V. In fact, the downward deflection of the channel
begins as soon as any voltage is applied to the film. However, significant displacements of the crease and deviations from the linear
voltage-charge response only become evident near V¢. It is of note that the behaviors for the longer channel show a smooth transition
from the nearly flat to the creased state, while the shorter channel still shows a discontinuous transition near V. However, in contrast
to the case with no defect, where the flat state is stable at V¢, the case with the small-channel defect is unstable at a voltage of

approximately V/h =1.14,/u /e. We suspect that it is this type of conducting surface defect that acts to trigger the creasing instability
at electrical loading levels of V/h ~ \/u /¢ for 29 = 1 in experiments (Wang et al., 2011a, 2011b), which are significantly lower than
the critical voltage for wrinkling instability, V/h = \/2u /e.

! For small I/h the crease deformation is influenced by the periodic boundary conditions. Consequently, the displacement/voltage behavior is
somewhat different, and the critical voltage for creasing is larger than that shown in Figure 10 but remains below the critical voltage for wrinkling.
For example, when I[/h=0.5 the critical voltage for creasing is Vc/h:1.246\/ (u/¢).
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Fig. 11. Deformed surface shape (half-crease) for two different periodic domain lengths, I/h = 2 (red) and I/h = 28 (blue), with no pre-stretch, 1o =
1, at the critical creasing voltage of Vo /h = 1.144/p/e. The larger plot is focused near the crease, and the inset is a wider view-frame.

5. Conclusions

Fig. 8 presents a consistent theoretical picture of the juxtaposition of wrinkling and creasing instabilities in a nearly incompressible
dielectric elastomer layer that is first subject to equi-biaxial pre-stretch, bonded to a rigid substrate, and then subject to a voltage
difference imposed across the layer’s upper and lower conducting surfaces. The results in this paper were computed using a
compressible elastic solid whose incompressible limit is neo-Hookean. The results in Fig. 8 were computed with a ratio of bulk to shear
modulus given by x/u = 1000 corresponding to a Poisson’s ratio, v = 0.4995 and, therefore, essentially the incompressible limit. With
no imposed voltage, the Biot wrinkling instability occurs at an equi-biaxial pre-compression of 1o = 0.666 while the threshold for the
creasing instability is at the smaller pre-compression, 49 = 0.736. With no pre-stretch, 4y = 1, the critical voltage for the wrinkling
instability is Viy/h = \/2u / € while the critical voltage for creasing is about 20% lower at V¢/h = 1.14,/p / €. The voltage at the onset
of wrinkling for the neo-Hookean solid increases with pre-stretch as given by Eq. (1.1). As the pre-stretch increases, the difference
between the critical voltages at the onset of wrinkling and the creasing threshold diminishes and, according to the numerical simu-
lations carried out in this paper, becomes zero for 1, greater than about 2.4. The transition from the flat state to the creased state is
discontinuous for 1o < 2.4 but becomes continuous for 1o > 2.4. In the range of 0.736 < 1o < 0.9, the crease solutions have self-
contact, but for 19 > 0.9 the threshold crease solutions are open, i.e., do not have self-contact, although at some voltage above
threshold self-contact will generally occur. At pre-stretches above 1o = 2.4, the bifurcation mode that emerges in our simulations is
localized (c.f., the discussion related to Fig. 9) and in the shape of a groove-like entity.

In most respects the theoretical picture in Fig. 8 aligns nicely with the experimental data of Wang et al. (2011a) for silicone
elastomer layers subject to equi-biaxial pre-stretch in the range 1 < 1y < 3. Critical voltages corresponding to the occurrence of
crease-like modes were measured for multiple layers (typically 4) at each of the following pre-stretches: 1o =1, 1.5, 2, 2.5, & 3. The
scatter of the measured voltage ranged from about 10 to 20% at each pre-stretch level. As discussed in the body of the paper, the mean
value of the measured voltage is reasonably close to the predicted crease threshold in Fig. 8. The scatter is consistent with the strong
imperfection-sensitivity expected for creasing and localization, and no doubt in some part due to difficulties in conducting the ex-
periments. One possible inconsistency between the present theoretical findings and the experimental data is that the greatest scatter
(about 20%) occurs for layers with pre-stretch 1o = 2.5 for which a continuous transition is predicted by the present simulations and is
not expected to be imperfection sensitive. Indeed, the scatter of the experimental data for 19 = 3 is only about 10%. Moreover, the
difference between highly localized creases and groove-like deformation predicted by the present simulations has not been observed.

The initial post-bifurcation Koiter analysis carried out by Hutchinson et al. (2022) (see also the supplementary materials of that
work) also predicted decreasing imperfection-sensitivity and decreasing intensity of the instability with increasing equi-biaxial
pre-stretch, but it does not predict the definitive transition to continuous initial post-bifurcation behavior that emerges in the simu-
lations in this paper for 4o > 2.4. This may reflect a limitation (or possibly an error) in the initial post-bifurcation analysis. The initial
post-bifurcation analysis considers only the terms in the perturbation expansion of next higher order beyond those determining the
wrinkling condition, and it is possible that the neglected higher-order terms may be important. Another interesting feature of the mode
that is predicted for pre-stretches above the discontinuous/continuous transition is that it appears to be immediately localized. We are
unaware of any other example where a stable bifurcation gives rise to a localized bifurcation mode, although superposition of the
multiple sinusoidal modes could make this possible. These are open issues worthy of further exploration.

A clear transition between creasing and wrinkling has been exhibited by another set of experiments on constrained elastomeric
layers conducted by Wang and Zhao (2013). As noted in Hutchinson (2021), surface energy, y, places a lower limit on the size of
wrinkles or creases with the relevant dimensionless parameter being y/uh. The experiments of Wang and Zhao (2013) involved
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measuring the critical voltage and observing the mode shapes for a sequence of layers with increasing y/uh. For sufficiently small y /uh
creasing was observed, but above values of y/uh on the order of unity wrinkles were observed. By including surface energy, we believe
the approach introduced in this paper should be able to accurately characterize this transition and the behavior associated with it.
Finally, it seems worthwhile to call attention to another application of current interest where stable localized solutions exist at loads
below the critical bifurcation condition. Starting with the work of Horak et al. (2006), , and continued by Kreilos and Schneider (2017).
Formation of surface wrinkles and creases in constrained dielectric elastomers subject to electromechanical loading and Groh and
Pirrera (2019), stable localized buckling solutions of axially compressed elastic cylindrical shells have been identified which exist at
loads roughly 50% below the bifurcation load of the perfect shell. As in the present paper, the numerical methods employed by the
authors of these papers permit the delineation of the evolution of the localized modes along the stable branches of the solutions. Like
the phenomenon investigated here, where for the discontinuous bifurcation the crease depth at the critical voltage V. scales with the
layer thickness, the localized shell buckles also have a well-defined size determined by the thickness to radius ratio of the shell.
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Appendix A. Additional details of the Q1P0 Element Formulation

For the 4-noded Q1P0 element, the electric potential and displacement fields are interpolated from the associated nodal values, ¢
and uM, using standard bilinear shape functions, N, where the superscript M ranges from 1 to 4 and summation is assumed over the
repeated superscripts in the formulae below, and as shown BY = dN™/dX;.

¢ =N"" - E = N]¢" = B)'¢" (A1)
u=N"u¥ > F; =BYul > F, = EfjkukM (A.2)

Note that the B are independent of the deformation, but the Eﬁk are dependent on the deformation and given as follows,

_ 1w 1
B = ot <5ka_’7 + gele,,Bf’ —3Ful FuB) ) (A.3)
where
=N 1 1 pN
B = [ JF;'BYav, (A.4)
EJVg

. . . N .
Here, Vi represents the volume of the element. Furthermore, for the derivation of the tangent stiffness, the variations of B, with
respect to the nodal displacements u¥ are required and given as,

W7 SR 22ANAM1 N o sM oy
B,y =507 { —207F BB 307y (B, F,'BY + B, FQ,_BQ>+
| (A.5)
- ~N - ~M o _ _ _ - —~NM
0'6sB, B) +07'5,B, BY +3 wF o  Fr ByBY + FyF, Fy'ByBy — 8,F, ByB) — 6, F,BYBY +0'FydB,
where,
w1 1 1 pN pM 1 1 pN pM
dB, =——| JF,; F/B;B —JF, F, B/B dV, (A.6)
Velv,
With these definitions in hand the contributions to the residual associated with the first terms of Eq. (3.6) are,
ow ow
——0Fy +=—0E;dVy =du) k,,dVO 5¢ / BNdVO (A.7)
Vo()F,/ 0E V(,@ kJ
Ru'v ,wa

Then the tangent stiffness is derived from
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ow — oW
d{ —6F, +—5E,dv0] = ul KM dul + sV KM du + sul KM At + s KM g (A.8)
voOF iy OE; ! ’ !
where
- W ~ oW —nm

KU — / (B’:L,.TB?QJ + TdBPQ,.J v (A.9)

Vo 0FkL6F,,Q anQ

v W

K;@,NM _ Kirim,MN _ _/ (BQILI,_—BAQl)dVO (A.10)

Vo OF . 0E,

Al

KPONM / BY B4V, A1l
v, OE0E; 70 10

Each Newton-Raphson iteration then requires the solution of the linear system given by

K™ + KM dgM = FiY — R (A12)

[(/dm‘NM du]M 4 KPPV ggM — pON _ poN (A.13)

Where F*V and F?V are the standard generalized electromechanical forces given as,

F = / bNYdV, + / LNV dS, (A.14)
Vo So

FPN = / gN"dV, — / oNVdS, (A.15)
Vo So

Appendix B. Critical condition for the onset of wrinkling by a linear elasticity analysis

Here we summarize the linear elasticity analysis by Huang (2005) for wrinkling. In this analysis, we assume the material to be
linearly elastic with a shear modulus p and Poisson’s ratio v. Further assuming no pre-stretch (1o = 1), we calculate the change in the
elastic strain energy and the electrical energy from the homogeneous state (Fig. 1b) to the wrinkled state with a sinusoidal perturbation
to the flat surface (Fig. 1c). At the limit of short wavelength (,—l1 < 1), we obtain

k

AUeIa.\ric —
4(1 —v)

UA* (B.1)

ctric k
AUeleum — _ZSE(%AZ (B2)

where k = 2% is the wavenumber, A is the wrinkle amplitude, Eo = ¥ is the electrical field in the homogeneous state (before pertur-
bation). The elastic energy in Eq. (B.1) was obtained for an infinitely thick, linearly elastic substrate in the previous studies of thin film
wrinkling by many (e.g., Huang et al., 2005).

The total energy change (per unit area of the surface) is:

. o 1 1 €
AU = AUelasnc AUelcr‘fm‘ =k A2 _ _EZ B.3
* gHE\T = (B.3)

Thus, the critical condition for the wrinkling instability is obtained by setting AU = 0, which predicts a critical electrical field:

Ey— M
&

= (B.4)

The electrical field in the homogeneous state (before perturbation) depends on the applied voltage and the change of thickness
(assuming compressible). For a given voltage, the thickness change from the reference state to the homogeneous state is obtained as

5 5\* eVrP1l-
Z(1-=) = B.
ho( ho> 4 1—v (®.5)

where § = hy — h.
At the critical electrical field for the onset of wrinkling, we have
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6 1 1-2v
Ge _ 2 27427 B.6
ho 4(1—1/)2 (B.6)

Thus the critical condition in terms of the applied voltage is:

3 — 6v+ 42
Vi =Evh=h (> )\ 2 (B.7)
4(1 —v) 3

At the limit of an incompressible material, we have v = 0.5 and Vi /hy = \/2u / €, which is identical to Eq. (2.23).
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