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Abstract

Dielectric elastomer (DE) transducers frequently undergo voltage-induced large
deformation which may lead to mechanical instabilities. Here, we investigate wrinkle
formation and propagation on the surface of a DE membrane mounted on an air
chamber and subjected to a step voltage. Our experiments show that the geometric
characteristics of the wrinkle morphology and the nucleation sites depend on the
inflation pressure and the applied voltage. As the inflation pressure increases, the
critical voltage to nucleate wrinkle decreases, while the location to nucleate the
wrinkle shifts from the center to the boundary of the membrane. Moreover, by
increasing the amplitude of the applied voltage, wrinkle morphology changes from
stripe-like wrinkles to labyrinth-like wrinkles. Furthermore, we develop an analytical
model to validate the experimental observations and map out the various wrinkle
morphologies as a function of the applied pressure and voltage. This three

dimensional phase diagram may guide the designs f new soft actuators.
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1. Introduction

Dielectric elastomer (DE), a typical soft active material, possesses various
advantages including voltage-induced large deformation, high energy density, fast
response, quiet operation, light weight and low cost. Due to its unique
electromechanical property, DE, as a soft transducer, has a wide range of applications,
such as artificial muscle, adaptive lens, particular film pattern, energy generator and
so on.'” A typical DE transducer consists of a DE membrane sandwiched between
two compliant electrodes (such as carbon grease). When subjected to a high voltage,
the membrane experiences out-of-plane contraction and large in-plane extension.

Previous studies showed that DE transducers, when actuated, may experience

mechanical instabilities including pull-in instability, snap-through instability,

wrinkling and creasing.*”’ These instabilities may lead to the failure of DE transducers.

Therefore, suppression of such instabilities is very crucial to robustly design and
operate DE transducers. On the other hand, mechanical instabilities accompanied by
large deformation can, if rationally harnessed, pave the way for new functions and
applications.® Lu et al. utilized the bulging transition of a DE tube to amplify the
electromechanical energy conversion.” Li et al. succeeded in obtaining a
voltage-induced area-expansion of 1692% by harnessing the snap-through instability

of DE membrane comprised of an elastomeric membrane mounted on an air chamber.’
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Wang et al. devised a new method termed dynamic electrostatic lithography (DEL) to
tune the size and shape of patterns on a large polymer surface.’

Several studies have reported on wrinkle instabilities of soft materials with
varying modulus when subject to various stimuli, such as heating, solvent swelling,
mechanical loading, capillarity and so on.'™"7 For such systems, critical strain and
geometric characteristics of the wrinkles have been analyzed satisfactorily.'> '#2°
Recently, Zhu et al. investigated wrinkling instability of a DE transducer. Their
analysis revealed two types of transitions between the flat and the wrinkle states. In
type I, flat state becomes unstable and wrinkle occurs simultaneously throughout the
DE, while in type II, wrinkle nucleates in confined areas surrounded by coexistent flat
areas.* ?' Following previous work, Kollosche et al. discovered a new type of
instability called wrinkle-to-wrinkle transition which demonstrates the important role
playing by the viscoelasticity in the wrinkle formation of DE system.*

Most previous studies of wrinkling are limited to planar film/substrate system,
and the system with curved substrate attracts few attentions.” Recently, Zhang et al.
developed an approach to realize controlled wrinkling by inflating a stretched
Au-PDMS bilayer structure.”* Breid and Crosby succeeded in controlling the wrinkle
pattern on curved substrate by using a swelling-based approach.”” Here we adopt a
system of a DE balloon with an air chamber, which can form series of wrinkle
patterns by tuning the voltage and the inner pressure. Due to the fast response of DE,

the distribution and the pattern of wrinkle can change rapidly.

In the present work, we conduct experimental and theoretical studies to
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investigate wrinkling of a DE membrane subject to an inner pressure and a step
voltage. In section 2, the experimental setup is illustrated. A theoretical model is
presented in Section 3, to analyze wrinkling of the DE balloon. In section 4, the
theoretical and experimental results are presented and discussed. Finally, a conclusion

is given in section 5.

2. Experiment on voltage-induced wrinkling of a DE membrane

The DE balloon consists primarily of a circular membrane made of 3M
VHB4905 with thickness Hy =1 mm. The membrane is then mounted on an air
chamber comprised of an opening acrylic barrel with radius Rc = 45 mm, two times
the radius of the unstretched membrane, and height Hc = 200 mm (Fig. 1). Upon
mounting, the membrane is sandwiched between two carbon crease electrodes. In both
the experiment and the analysis, the prestretch is then fixed as Ay = 2, and therefore
the radius of the membrane before applying the voltage is determined as o= 45 mm

and the thickness as h = Hy/ lprez.

The air chamber is connected to an air pump and a manometer (AZ instrument
corporation, pressure range: 0-33.45 kPa, resolution: 0.02 kPa, accuracy: +0.3% of
full scale at £25 °C). The air is pumped into the chamber through a check valve until
an inflation pressure is obtained after which the mass of the air is kept constant. The
high power source, Trek 610E, is connected to a function generator (Agilent 33250A)
to generate alternating voltage within the range of 0-10 kV. We use square wave

alternating voltage to actuate the DE membrane. The frequency of the voltage is £, and
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the amplitude of the voltage is recorded as ¢, . The alternating voltage can be

sinw ¢
expressed as ¢ =—(1—-—)¢@,, (t >0), where wis the angular frequency.
d ;1 | t| )\ 0 h is th lar fi
sin @

In order to eliminate the Mullins effect, we first apply a low square wave

|sin 272'l‘|

alternating voltage, ¢ = %(1 - )kV, and an initial air pressure Po= 600 Pa on

sin 27t

the DE membrane for 10 minutes. Then the initial air pressure Py will be varied
between 200 Pa and 800 Pa by controlling the mass of the air. We take the square
wave alternating voltage as a step voltage in one period. For each Py, the amplitude of
applied voltage varies as @, =4, 5, 6, and 7 kV. The frequency is kept constant as f
=1 Hz. A high-speed camera with frame rate 1000/s is used to record the propagation
of the wrinkles.

Our experiments revealed that once the amplitude of the applied voltage reaches
a critical value, the wrinkle occurs. Interestingly, the nucleation location of the
wrinkle moves along the longitudinal directions depending on the initial pressure, P.
When Py increases, the nucleation location moves from the top to the bottom of the
inflated membrane as illustrated in Fig. 2. For example, when Py is as small as 650 Pa,
the wrinkle always nucleates from the top (Fig. 2(a)), and when P, reaches 750 Pa, the
wrinkle is observed to nucleate from the middle (Fig. 2(c)). However, when Py is
larger than 850 Pa, the wrinkle tends to nucleate from the bottom (Fig. 2(d)). Besides
the nucleation location, the experiment demonstrates that the critical voltage to
generate wrinkle also depends on the initial pressure Py. Observation shows that the

critical voltage increases as Py decreases. For example, for an initial pressure, Py=
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600 Pa, wrinkle was observed for an applied voltage ¢, =5kV. When Py= 400 Pa,
the critical voltage for wrinkle is about 7 k'V.

The wrinkle pattern is closely related to the voltage as shown in Fig. 3. As ¢, (>
¢@.) increases, the wrinkling region expands and spreads from the top to the bottom of
the membrane. Besides, the pattern of the wrinkle transits from regular stripes to
irregular labyrinth. For the voltage near ¢ , the wrinkle is mostly along the
longitudinal direction as Fig. 3(a2) shows. As ¢, increases, the direction of the
wrinkle changes to be irregular near the top but remains regular on the edge of the
wrinkling region (Fig. 3(b2)). If the voltage is large enough, the winkle pattern near
the edge remains in the longitudinal direction, but the top of the DE membrane starts
to collapse with a pattern resembling human cerebral cortex (Fig. 3(c2)).

Fig. 4 shows the snapshots indicating the evolution of wrinkle in one period of
the step voltage with the initial pressure Py =700 Pa under ¢, =6kV (see movie S1)
and ¢, =7kV (see movie S2). The maximum current of the power source is limited
to Imax = 2000 wA, and the capacity of the DE balloon is about C = 2.1 nF. The
charging time for the wvoltage of ¢=6kV can be estimated as
t=C¢/I_ =63x107s

As shown in Fig. 4(a), the time for wrinkle nucleation is about 0.06 s, which is
substantially larger than the charging time (also for Fig. 4(b)). So it is reasonable to
assume that the Maxwell stress induced by the voltage is applied to the DE balloon
instantly and the configuration of the DE balloon is almost the same before and after

applying the voltage in a short time t < 0.06 s. This assumption will be adopted in the
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theoretical analysis.

3. Theoretical predictions of the wrinkle patterns

In this section, we propose an analytical model based on the field theory to
investigate the wrinkling behavior of the inflated DE membrane. We take the
following assumptions: (i) The shape change of the DE membrane during charging is
assumed to be negligible; (ii) The total stress in the current configurations is the sum
of the mechanical stress due to the air pressure and the Maxwell stress induced by the
electric field; (iii) If either of the two in-plane stress components, s; and s, along the
longitudinal and circumferential directions, becomes negative, the membrane wrinkles

immediately.”® Moreover, based on our experimental observations, we devise the

following wrinkle criteria: If s, < 0 and |sl|<0.5|s2 , stripe wrinkles along the

, labyrinth-like

circumferential direction nucleate. If s; < 0, 5, < 0 and |S1| 20.5|s2
wrinkles emerge.

We use s, (i=1, 2) to denote the nominal stress components when the DE
membrane is in its equilibrium state without the voltage and s, as the nominal stress
components after the voltage applied. According to the first two assumptions,

st=s"+sM, (1
where 5" is the Maxwell stress.

Following the ideal DE field theory,”?’ the Maxwell stress components caused
by the electric filed can be defined as

s =€E* /| 4, ()
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sy =€¢E* | A,, 3)
where A; and A, are the stretch ratios along the longitudinal and latitudinal directions.
&is the permittivity of the DE and the true electric filed is £E=A44,¢/H,,.

To account for the stiffening effect of the DE membrane,” the material is

modeled using Gent model with the following free energy density,

2 2 2
ln(l—ﬂq +A4+ A4 3),

lim

lim (4)

w=-LJ
2

where y is the shear modulus, and Jjiy, is a constant that represents the stretch limit of

the elastomer. The nominal stress-stretch relation of DE without voltage are derived as

o = /1(/112 _ﬂ'sz) (5)
A=A+ A =30
- ,u(;tz _23 ) (6)

U A AT A3 )
Deformation theory for thin membrane structures under mechanical loading are
well developed in the literature. Here we follow the work by Adkins and Rivlin®® to
derive the governing equations. We assume that the DE membrane is axisymmetric
along the z direction as shown schematically in Fig. 5. The deformation of the DE
membrane is represented by two functions z(R) and r(R), where z and r are the
coordinates of a material point in the deformed state, and R is the coordinate of the
same material point in the reference state. The stretch along the latitudinal direction is
definedas 4, =r/R.
Fig. 5 demonstrates a material particle with radius from R to R+dR in the
reference state, but with new radius from 7(R) to »(R+dR) and height from z(R) to

z(R+dR). We define the slope angle of the particle relative to the latitudinal direction
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as O(R). The geometric relation yields the following two equations,

:—;zﬂqcosﬁ, @)
%z—&sin@. ®)

Force balance along z direction (Fig. 5(c)) requires that
d HRs; sin@)= A, A,RPcosf 9
E( s, sin )—212 cos @ . )
Also, force balance along the direction normal to z direction (Fig. 5(d)) is enforced by
the following equation
d _ . -
d—R(HRs1 cos0)+ 4,4, RPsin 0 = s, H . (10)

Egs. (9) and (10) give the following two equations,
s L (1)

ds
dR

=%(s2’cosﬁ—sf). (12)
Egs. (7), (8), (11) and (12) are the governing equations that are solved for the four
variables, #(R), z(R), 6(R) and 4,(R), which require suitable boundary conditions.

We set the origin of the coordinates at the apex of the inflated DE membrane.
Considering the axisymmetric deformation of the inflated membrane, the initial values
at the apex of the DE balloon for the four governing equations are #(0) = 0, z(0) = 0,
0(0) = 0, 41(0) = Aapx and they are used for the numerical integration of the governing
equations. The value /A, is the prestretch at the apex of the DE balloon and is
obtained by satisfying the boundary condition »(R,)= R.. Once the four governing

equations are solved, the state of the DE membrane is determined.

In the following part, we adopt the following dimensionless parameters to
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analyze the nucleation and propagation of wrinkle,

Fig. 6 shows nominal stresses along the radial direction right before (solids lines)
and after (dashed lines) the voltage is applied to the inflated DE membrane with initial
prestretch, A, =2. After the voltage is applied, it is observed that the stress
component s, becomes negative which causes wrinkling of the membrane according
to assumption (iii) in section 3. Fig. 6 also demonstrates that wrinkle does not
necessarily nucleate at the center of the DE membrane, but within a region that
extends from R~0.2 to R~0.6 , which is consistent with the experimental
observation in Fig. 2.

We now calculate the critical voltage ¢, at which 5, and 5, become negative
as a function of the initial pressure }_’0 As shown in Fig. 7(a), if 1_30 <1.148, the
critical voltage is the same for 5, and 5,. But when P, >1.148, the critical voltage
for s, is smaller than that for s,. We note here, that when s, >0 and s, <0 the
wrinkle pattern takes the form of stripes along the circumferential direction. This
prediction is consistent with the experimental observation in Fig. 2(a). Fig. 7(b) & (7¢)
show the location where the nominal stress components s, and s, are zero at their
corresponding critical voltages with different initial pressure f_g It is observed that
when P, <1.148, wrinkle always nucleates at the center of the DE balloon. When
P, >1.148, as the initial pressure increases, the critical voltage for s, is smaller than
that for s,, which indicates that wrinkle will first appear along the circumferential

direction as illustrated in Fig. 3. Additionally, when 1.148< P, <1.929, wrinkle
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nucleates at the middle of the DE membrane and propagates towards the circular edge.
When 1_30 >1.929, wrinkle first nucleates from the circular edge of the DE membrane.
Even when the voltage exceeds the critical value for s, wrinkle along the
circumferential direction will never occur in the region R >0.5.

Because the prestretch of DE membrane has considerable effect on the wrinkling

behavior of the system, we conducted the experiments with 4, =1 and 4, =3 too.
For the case with A4 =1, there is no obvious wrinkle observed even when the
voltage and the inner pressure increase, which indicates that the critical voltage is

larger than 10 kV (maximum amplitude provided by the power source). The critical

voltage for 4, =3 is smaller than that for 4, =2 under the same initial pressure.

4. Wrinkling Phase Diagram for an inflated DE membrane

The analytical model is now used in combination with the experimental
observations in section 2 to set wrinkling criteria for an inflated DE membrane
subjected to voltage. The following criteria are extracted from the experimental
observations and the analytical model in sections 2 and 3: (i) 5" >0 and 5, >0,
flat (no wrinkle); (ii) 5" >0 and s, <0, straight stripe wrinkle along longitudinal

o U —
direction; (iii) ‘sl ‘<‘0.5s2

» 57<0, and 5, <0, curved stripe wrinkle; (iv)

0.55;

<

—+ —+
s 1< ‘O.9s2

, 5<0 , and 5,<0 , labyrinth wrinkle; (V)

‘0.95; 5, 1,5 <0,and 5, <0 irregular labyrinth wrinkle.

<‘§l*‘s

The above criteria are used to analyze the wrinkling behavior of the experimental

observations in Fig. 3. Here, the shear modulus and permittivity of VHB 4905 are
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taken as u = 50 kPa and £=4.12x10™"' F/m . The initial pressure is fixed as P, =1.17
(650Pa). Fig. 8 shows the different wrinkling patterns that may emerge along the
longitudinal direction as a function of the applied voltage. The Flat, straight stripe,
curved stripe, labyrinth and irregular labyrinth patterns are indicated by blue, red,
cyan, yellow and green colors on Fig. 8. The insets (a), (b) and (c) in Fig. 8 show that
the analytical model predicts the experimental observations in Fig. 3(a2), (b2), and (c2)
which correspond to the different applied voltages: (a) a =0.287 (5kV), (b)
$=0344 (6kV),and (c) ¢ =0.402 (7kV).

Fig. 9 shows a three dimensional wrinkling phase diagram of the DE membrane.
The diagram shows wrinkling behavior of the DE membrane under varying pressure
and voltage. In particular, four inflation pressures representing the critical states in Fig.
7(b) & (c) are adopted. As shown in Fig. 9, the critical voltage for wrinkling is
inversely proportional to the initial inflation pressure. Furthermore, for P, =0.8
(within the range of P, <1.148), wrinkle always nucleates from the center of the DE
balloon, and labyrinth is the dominant pattern. We note here that the experiment does
not show the labyrinth wrinkle pattern for low initial pressure. Instead a small circular
region at the center of the DE balloon bulges out first and then wrinkles as shown in
Fig. 2(a). We expect that under low inflation pressure, the DE membrane in the
experiment may experience asymmetric deformation which cannot be captured by our
axisymmetric model. When P, =1.2 (within the range of 1.148 < P, <1.41), wrinkle
always nucleates from the location away from the center of the DE balloon, and the

wrinkle pattern takes the form of straight stripes along the circumferential direction
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when the voltage is close to the critical value, as shown in Fig. 9(b). Fig. 9(c) shows
the results for P, =1.6 (within the range of 1.41< P, <1.929), which are similar to
those of P, =1.2. The difference is that the location where wrinkle nucleates moves
further away from the center of the DE balloon, which can also been observed by
comparing Fig. 9(b) and Fig. 9(c). When }_’0 =2 (within the range of 1_’0 >1.929),

wrinkle always nucleates from the bottom of the DE balloon Fig. 9(d).

5. Conclusion

We conducted both experiments and analytical modeling to investigate the
wrinkling behavior of an initially inflated DE membrane subjected to a step voltage.
Our experiments show that upon application of a step voltage the inflated DE
membrane may wrinkle. In order to explain the experimental observations, an
analytical model is developed and various wrinkling criteria are set.

Our experimental and analytical analyses show that the location and pattern of
the wrinkle are dependent on the initial inflation pressure and the voltage applied. The
nucleation and propagation of wrinkles within the DE membrane confirms the
following observations:

(i) Both the critical voltage and the location for wrinkle nucleation are highly
dependent on the inner pressure exerted on the DE balloon. As the inner pressure
increases, the critical voltage will decrease, while the location where the wrinkle
nucleates will shift from the center to the boundary of the DE balloon.

(i1) The amplitude of the voltage determines the pattern of wrinkle, i.e., the stripe
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wrinkle occurs under a lower voltage, while the complex patterns such as labyrinth
emerge under higher voltage.

Finally, the analytical predictions for wrinkling nucleation are consistent with the
experimental data. However, the effects of prestretch and the volume of air chamber
on the nucleation and propagation of wrinkles are not investigated and the analytical
model fails to capture propagation of the wrinkle patterns beyond the critical voltage
due to the dynamic nature of the wrinkle propagation. An analytical approach
incorporating the inertia and viscous effects is desirable to predict the dynamic

wrinkling accurately.
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Figure 1. A schematic illustration of the experiment. (a) A sheet of circular membrane
with radius Ry in the reference state and ry in the deformed state after being
prestretched. (b) Schematic diagram of the experimental set up. The prestreched

membrane is mounted on an air chamber and actuated by air pressure and voltage.
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Figure 2. Evolution of the nucleation sites of wrinkles on the DE balloon as the

initial pressure P increases. (a) Pp =650 Pa, ¢, =5kV, (b) P,=700 Pa, ¢, =5kV,

(c) Po=750Pa, ¢, =5kV, and (d) Po=850Pa, ¢, =5kV.
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(a2)

c2)
Figure 3: Evolution of the wrinkling pattern with initial pressure Py = 650 Pa and
increasing voltages of (al, a2): ¢, = 5kV, (bl, b2): ¢, =6kV, and (cl, c2):
¢, =7kV. The frequency of the voltage is fixed at /= 1 Hz. The frames (al), (bl)

and (c1) are taken at 0.2 s and (a2), (b2) and (c2) at 0.5 s after applying the voltage.
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(b)

Figure 4. Evolution of wrinkle in one period of the step voltage, Py= 700 Pa and (a)
¢, =6kV and(b) ¢, =7kV.
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Figure 5. The free-body diagrams of a circular element in the DE balloon for (a) the
deformed state after prestretch, (b) the deformed state after applying pressure and
voltage, (c) force balance in the actuated state along z direction at 7(R), and (d) force
balance for half of the truncated cone at #(R) along the direction perpendicular to z

direction.
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150

100

Figure 6. The stress states of the DE balloon in the reference coordinate system,
before and after the voltage is applied with Aye=2, P,=1.2 and $=0.185. The

region where ;" <0 is encircled.
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Figure 7. Theoretical predictions of the critical voltage and the location where
wrinkles nucleate under different initial pressures. (a) Critical voltage vs. initial
pressure for s, and s,. (b) Location where wrinkle nucleates vs. initial pressure s, .
(c) Location where wrinkle nucleates vs. initial pressure s,. The prestretch is set as

Jore = 2.
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¢

Figure 8. Distribution of the wrinkle patterns along the longitudinal direction with

P,=1.17 for various voltage ¢ . Three experimental winkle patterns for different
voltages of (a) $=0287 , (b) ¢=0344, and (c) ¢=0.402 are shown. The
critical voltage is ¢, =0.188 as marked in the figure. The stress states are indicated

by (i) blue, 5">0 and s,°>0, (i) red, 5,°>0 and 5,"<0, (iii) cyan,
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Figure 9. A 3D phase diagram showing distribution of the wrinkle patterns along the
longitudinal direction as a function of the applied voltage for different initial pressures:
(a) B,=08,() P=12,(c) B,=1.6,and(d) P, =2 with the same prestretch .

= 2. Color codes are the same as those adopted by Fig. 8.



