
Charge-controlled dielectric plates

Hannah Conroy Broderick, Michel Destrade

School of Mathematics, Statistics and Applied Mathematics, NUI Galway

Postgraduate Modelling Research Group

1 March 2019

Hannah Conroy Broderick 1 March 2019 1 / 12



Soft Dielectrics

Soft dielectric materials are smart materials that deform elastically
in the presence of an electric field.

They are modelled by coupling the equations of electrostatics with
those of non-linear elasticity.
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Soft Dielectrics

These materials can be used to produce actuators, artificial muscles
or wearable electronics.

Figure: Applications of dielectric elastomers (Li et al. 2015; Kofod et al. 2007)
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Charge-controlled actuation

Figure: Charge-control actuator (Keplinger et al. 2009)
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Charge-controlled actuation

Figure: Comparison of voltage and charge control (Li et al. 2011)
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Wrinkling

But are charge-controlled plates geometrically stable?

within a considerable voltage span (500–1000 V) after stable

wrinkles spread over the membrane. Both prestretch kp and

length–width ratio a5L/LA affect the wrinkling behavior. For

example, in Figure 3(b,c), the wrinkling behavior of DE mem-

brane transits from Type A to Type B and to Type C

successively.

The electromechanical behaviors of DE membrane are summar-

ized according to different length–width ratios and prestretch

levels in a phase chart, as plotted in Figure 4. When the pre-

stretch levels are small, the membranes breakdown directly

(Type A) at all three length–width ratios. As we increase the

prestretch level to a medium value, the membranes wrinkle first

and breakdown immediately (Type B) after the voltages further

ramp up. Steady wrinkles (Type C) are formed and maintained

by high prestretch levels and large length–width ratios. In fol-

lowing studies, we focus on the mechanisms of the above elec-

tromechanical behaviors.

MODELLING AND DISCUSSION

We explain the mechanism as follows. Under an increasing volt-

age, the mechanical stress in length direction decreases, and

when it reduces to zero, the DE membrane suffers loss of ten-

sion and wrinkles will propagate along the length direction.

Since the lateral expansion in length direction is constrained by

the frame, the membrane deflects out-of-plane and forms

wrinkles.

Figure 3. Three types of wrinkling process are classified with recorded

voltages. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 2. (a) Flat elastomer without voltage; (b) wrinkled elastomer with

voltage on. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Figure: Experimental evidence of electro-mechanical wrinkling
(Plante and Dubowsky 2006; Liu et al. 2016; Pelrine et al. 2000)
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Setup of Model

Consider a rectangular plate of soft
dielectric material pre-stretched by a
dead weight so that the stretch is λ1.

We apply charges ±D0 to opposite faces
of the plate, which induces an electric
field E0 across the thickness.
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Setup of Model

We look for solutions in the neighbourhood of the deformation.

Figure: Antisymmetric and symmetric wrinkles in a soft dielectric plate
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Setup of Model

We linearise the equations and solve the problem using the Stroh
formulation, which reduces the problem to solving the following
equation,

η′ = iNη,

where prime denotes differentiation w.r.t. x2, the thickness direction.

This results in an eigen-problem for the eigenvalues and eigenvectors
η of the Stroh matrix N .
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Results for the Ideal Dielectric

We specialise to the ideal dielectric, so that the energy density is

Ω =
1

2

(
λ21 + λ23 + λ−21 λ−23 − 3

)
− 1

2
λ21λ

2
3E

2
0 ,

where λ3 is the stretch in the x3 direction.

We use the connection E0 = λ−21 λ−23 D0 to present our results in
terms of the charge applied.
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Results for the Ideal Dielectric

For thin-plates, wrinkling occurs when

D2
0 = λ41λ

2
3 − 1.
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We solve these conditions simultaneously with the loading curve,

D2
0 = λ21λ

4
3 − 1,

in order to plot D0 in terms of λ1.
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Results for the Ideal Dielectric
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Results for the Ideal Dielectric

thin-plate
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Results for the Ideal Dielectric

thick-plate
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Results for the Ideal Dielectric

wrinkling region
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