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Pavel I. Galich, Stephan Rudykh

Department of Aerospace Engineering, Technion – Israel Institute of Technology, Haifa
32000, Israel

Abstract

We investigate elastic wave propagation in finitely deformed dielectric elas-
tomers in the presence of an electrostatic field. To analyze the propagation
of both longitudinal (P-) and transverse (S-) waves, we utilize compressible ma-
terial models. We derive explicit expressions for the generalized acoustic tensor
and phase velocities of elastic waves for ideal and enriched dielectric elastomer
models. We analyze the slowness curves of elastic wave propagation, and find
the P-S-mode disentangling phenomenon. In particular, P-and S-waves can be
separated by applying an electric field. The divergence angle between P-and
S-waves strongly depends on the applied electrostatic excitation. The influence
of an electric field depends on the choice of a material model. In the case of
the ideal dielectric model, the in-plane shear wave velocity increases with an
increase in electric field, while for the enriched model the velocity may decrease
depending on material constants. The divergence angle also gradually increases
with an increase in electric field, while for the enriched model the angle variation
may be limited. Material compressibility affects the P-wave velocity, and for
relatively compressible materials the slowness curve of the P-wave evolves from
circular to elliptical shape manifesting in an increase in the refraction angle of
the P-wave. As a result, the divergence angle decreases with an increase in
material compressibility.
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1. Introduction

Dielectric elastomers (DEs) are soft responsive materials that can change
their form and shape when subjected to an electric stimulus [1, 2]. DEs have
attracted considerable attention due to a large variety of possible applications
ranging from artificial muscles and soft robotics to energy conversion and noise
canceling devices [3, 4, 5, 6, 7, 8]. The theoretical framework of the non-linear
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electroelasticity is based on a theory first developed by Toupin [9, 10], which
was recently revisited by Dorfmann and Ogden [11, 12] and Suo [13, 14]. This
followed by a series of works on modeling DEs [15, 16, 17, 18, 19, 20, 21, 22],
to name a few recent contributions. The electromechanical coupling in typical
DEs is rather weak, and, therefore, DEs need to operate at the edge of insta-
bilities and breakthrough voltages to achieve meaningful actuation [23, 24, 25,
26, 27, 28, 29, 30, 31]. Potentially, the need for the high voltage can be reduced
through architectured microstructures of DEs hence increasing the electrome-
chanical coupling [32, 33, 34, 35, 36]. Moreover, synthesis of new soft dielectric
materials seems to be another promising approach [37]. The effective electrome-
chanical properties of DEs can be actively controlled by external electric stimuli.
The dominant factor is the finite deformations induced by an electric excitation.
Since in purely elastic materials wave propagation strongly depends on the me-
chanical properties of the media and deformation fields [38, 39, 40], this opens
an opportunity to manipulate wave propagation in DEs by applying an electric
field.

In this work, we focus on elastic wave propagation in finitely deformed DEs
in the presence of a uniform electric field. To explore the elastic wave prop-
agation in DEs, we follow the widely used approach for the analysis of small-
amplitude motions superimposed on the finite deformations [41] induced by
an external stimulus [12, 42]. To allow for the consideration of the longitu-
dinal wave propagation (differently from the recent works [43, 44, 45], where
incompressible materials were considered), we utilize compressible electroactive
material models, namely the ideal [23] and enriched DE models. By applica-
tion of wave propagation analysis to the compressible DE models, we derive
explicit expressions for the generalized acoustic tensor and phase velocities for
both longitudinal and transverse waves. We find that electrostatically induced
changes in the key characteristics of shear (S-) and pressure (P-) waves lead
to a disentangling phenomenon, where P-and S-waves travel in different direc-
tions. Fig. 1 schematically illustrates the P-and S-wave splitting phenomenon.
The divergence angle strongly depends on the external field, the induced defor-

Figure 1: Schematics of the splitting of pressure (P-) and shear (S-) elastic waves in a nearly
incompressible neo-Hookean DE. P-wave does not refract from the initial direction of propa-
gation, while S-wave refracts at a certain angle.

mation, and material compressibility. P-and S-waves possess diverse properties
and, thus, can be used for different purposes. For example, the S-wave serves
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