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A new framework for large strain electromechanics
based on convex multi-variable strain energies:
variational formulation and material characterisation.

Antonio J. Gil', Rogelio Ortigosa

Zienkiewicz Centre for Computational Engineering, College of Engineering
Swansea University, Bay Campus, SA1 8EN, United Kingdom

Abstract

Following the recent work of Bonet et al.[1], this paper postulates a new
convex multi-variable variational framework for the analysis of Electro Ac-
tive Polymers (EAP) in the context of reversible nonlinear electro-elasticity.
This extends the concept of polyconvexity [2] to strain energies which de-
pend on non-strain based variables introducing other physical measures such
as the electric displacement. Six key novelties are incorporated in this work.
First, a new definition of the electro-mechanical internal energy is intro-
duced expressed as a convex multi-variable function of a new extended set of
electromechanical arguments. Crucially, this new definition of the internal
energy enables the most accepted constitutive inequality, namely ellipticity,
to be extended to the entire range of deformations and electric fields and, in
addition, to incorporate the electro-mechanical energy of the vacuum, and
hence that for ideal dielectric elastomers, as a degenerate case. Second, a new
extended set of variables, work conjugate to those characterising the new def-
inition of multi-variable convexity, is introduced in this paper. Third, both
new sets of variables enable the definition of novel extended Hu-Washizu type
of mixed variational principles which are presented in this paper for the first
time in the context of nonlinear electro-elasticity. Fourth, some simple strate-
gies to create appropriate convex multi-variable energy functionals (in terms
of convex multi-variable invariants) by incorporating minor modifications to
a priori non-convex multi-variable functionals are also presented. Fifth, a
tensor cross product operation [3] used in [1] to facilitate the algebra associ-
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ated with the adjoint of the deformation gradient tensor is incorporated in
the proposed variational electro-mechanical framework, leading to insightful
representations of otherwise complex algebraic expressions. Finally, under a
characteristic experimental set up in dielectric elastomers, the behaviour of a
convex multi-variable constitutive model capturing some intrinsic nonlinear
effects such as electrostriction, is numerically studied.

Keywords: Dielectric elastomers, Nonlinear electro-elasticity, Large
strains, material stability, Mixed variational principles, polyconvexity

1. Introduction

The actuator and harvesting capabilities of the early piezoelectric crystals
and ceramics were not very long ago eclipsed by those of Electro Active
Polymers (EAP). This heterogeneous group can be divided into two further
subgroups, namely Electronic Electro Active Polymers (EEAP) and Ionic
Electro Active Polymers (IEAP) [4]. Within the first subgroup, Dielectric
Elastomers (DE) and electrostrictive relaxor ferroelectric polymers or simply
Piezoelectric Polymers (PP), have become increasingly relevant. The second
subgroup includes ionic gels, Tonic Polymer Metal Composites (IPMC) and
carbon nanotubes.

The present manuscript focuses mainly on DEs and PPs. The elastomer
VHB 4910 and the highly popular PolyVinylidene DiFlouride (PVDF) are the
most representative examples of both groups, respectively. However, DEs are
becoming specially attractive due to their outstanding actuation properties
[5-8]. For instance, a voltage induced area expansion of 1980% on a DE
membrane film has been recently reported by Li et al. [9]. In this specific
case, the electromechanical instability is harnessed as a means for obtaining
these electrically induced massive deformations with potential applications
in soft robots, adaptive optics, balloon catheters and Braille displays [9],
among others. Moreover, these materials have been successfully applied as
generators to harvest energy from renewable sources as human movements
and ocean waves [10].

With the emergence of these highly deformable materials, a variational
framework for nonlinear electro-elasticity was developed by different authors

11-21|. Within that framework, as customary in nonlinear continuum me-
chanics, the constitutive behaviour of the material is encoded in an energy
functional which depends typically upon appropriate strain measures, a La-




grangian electric variable and, if dissipative effects are considered, upon an
electromechanical internal variable.

Several authors have proposed alternative representations of the energy
functional in terms of electromechanical invariants [12-17]. However, some
restrictions need to be imposed on the invariant representation if physically
admissible behaviours are expected to occur. Bustamante and Merodio [22]
considered classical constitutive inequalities, namely: the Baker-Ericksen in-
equality, the pressure-compression inequality, the traction-extension inequal-
ity and the ordered forces inequality. The objective was to study under
what conditions a specific invariant representation of the energy functional
for magneto-sensitive elastomers would violate the previous inequalities for
very specific deformation scenarios.

The most well accepted constitutive inequality is ellipticity, also known
as the Legendre-Hadamard condition [2, 23]. This inequality has important
physical implications. In particular, it guarantees positive definiteness of the
generalised electromechanical acoustic tensor [24] and hence, existence of real
wave speeds in the material in the vicinity of an equilibrium configuration.
Several authors have also studied under what conditions positive definiteness
of the generalised electromechanical acoustic tensor is compromised for a
specific invariant representation of the energy functional [24-26]. Recently, a
material stability criterion based on an incremental quasi-convexity condition
of the energy functional has been introduced by Miehe et al. [27].

In nonlinear elasticity, polyconvexity [1, 2, 23, 28-34, 34-45] of the (strain)
energy functional, namely, convexity with respect to the components of the
deformation gradient tensor F', the components of its adjoint or cofactor H
and its determinant J, automatically implies the ellipticity condition. Follow-
ing the work of Rogers [46], the present manuscript presents an extension of
the concept of polyconvexity to the field of nonlinear electro-elasticity based
on a new convex multi-variable definition of the energy functional. Notice
that the focus of this paper is on material stability and not on the existence
of minimisers. The latter would also require the study of the sequentially
weak lower semicontinuity and the coercivity of the energy functional.

A new electro-kinematic variable set is introduced including the deforma-
tion gradient F', its adjoint H, its determinant J, the Lagrangian electric
displacement field Dy and an additional spatial or Eulerian vector d com-
puted as the product between the deformation gradient tensor and the La-
grangian electric displacement field. The resulting energy functional is called
the internal energy and as presented in Reference [47], convexity of the inter-
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nal energy functional with respect to the elements of the new extended set
permits an extension of the concept of ellipticity [23], not only to the entire
range of deformations but to any applied electric field as well.

The extended set of variables V = {F', H, J, Dy, d} enables the introduc-
tion of another new set of work conjugate variables Xy = {¥p, X5, 3, Xp,, Xa}
[48]. Convexity of the internal energy with respect to V guarantees that the
relationship between both sets of variables is one to one and invertible. In
addition, convexity of the internal energy enables three additional energy
functionals to be defined (at least implicitly) by making appropriate use of
the Legendre transform?.

From the computational standpoint, the scientific community typically
resorts to a discretisation of a displacement-electric potential based varia-
tional principle via the Finite Element Method [11, 49-52]. Bustamante [14]
presents alternative variational principles in which the unknown variables are
displacements and the Lagrangian electric displacement field and the vector
potential. Moreover, the authors in Reference [53] present a series of mixed
variational principles for electro-elasticity. In our case, the new extended set
of electro-kinematic variables associated to the proposed definition of multi-
variable convexity, their work conjugates and the four new different types of
energy functionals enable new mixed variational principles to be defined. The
present manuscript presents extended Hu-Washizu type of variational princi-
ples [39, 54-56, 5661, 61-67] which open up new interesting possibilities in
terms of using various interpolation spaces for different variables, leading to
enhanced type of formulations [36, 68-73]. A Finite Element implementation
of these new variational principles has been presented in Reference [74].

This paper is organised as follows. Section 2 revises the fundamental
concepts of large strain kinematics with the help of the tensor cross prod-
uct notation re-introduced by Bonet et al. [1]. Section 3 summarises key
aspects of nonlinear elasticity in the context of polyconvexity as presented
by the authors in recent papers [1, 75]. Section 4 presents the extension of
the concept of polyconvexity to nonlinear electro-elasticity, where the more
appropriate term multi-variable convexity has been used instead. An ex-
tended set of electro-kinematic variables and its work conjugate counterpart

2Two partial Legendre transforms can be obtained by fixing either purely mechanical or
purely electrical variables of the extended set. A total Legendre transform of the internal
energy would render the third energy functional in terms of the elements of the extended
set of work conjugate variables




are presented for the first time. Moreover, different energy functionals are
derived via appropriate application of the Legendre transform over the con-
vex multi-variable internal energy functional. Based on the new extended set
of electro-kinematic variables and their work conjugate counterpart, Section
5 presents new interesting Hu-Washizu type of mixed variational principles.
Section 6 presents simple (convexification or stabilisation) strategies which
permit to create convex multi-variable electromechanical invariants by adding
simple modifications to a priori non-convex ones.

A simple convex multi-variable constitutive model able to capture non-
linear constitutive features inherent to Dielectric Elastomers, namely, elec-
trostriction and electric saturation, is presented in Section 7. The material
parameters of the proposed constitutive model are adjusted to reproduce the
electrostrictive behaviour reported by Zhao et al [76] in DE films. More-
over, the effect of electrostriction and saturation on the behaviour of the
DE films subjected to a specific experimental set up is investigated numeri-
cally. Section 8 provides some concluding remarks and a summary of the key
contributions of this paper.

Three appendices have been included for the sake of completeness. Ap-
pendix A summarises the algebra associated to the tensor cross product
operation [1, 75]. Appendix B expands on the developments of Section 6
including some tedious algebraic manipulations. Finally, Appendix C de-
tails the necessary steps required in order to carry out a realistic material
characterisation at the origin.

2. Motion and deformation

Let us consider the motion of an electro active polymer which in its initial
or material configuration is defined by a domain V' of boundary 0V with out-
ward unit normal IN, which is embedded within a truncated continuum V.
with inner boundary 0V (with outward unit normal —IN') and outer bound-
ary OsVeo. Let 05V be ideally located in a region infinitely far from the
electro active polymer such that the deformation can be assumed to vanish.
After the motion, the electro active polymer occupies a spatial configuration
defined by a domain v of boundary dv with outward unit normal n, whilst
the deformed truncated continuum is defined by v, with boundaries 0v (with
outward unit normal —n) and Oy Ve, = 0 Voo (refer to Figure 1).

The motion of the electro active polymer V' (extended to also include that
of the surrounding truncated continuum V) is defined by a pseudo-time ¢




dependent mapping field ¢ which links a material particle from material
configuration X to spatial configuration @ according to @ = ¢(X,t), where
displacement boundary conditions can be defined as x = (), ,, on the
boundary 0,V C 9V, where the notation (e)g,y is used to indicate the given
value of a variable e ion the boundary 0,V

The two-point deformation gradient tensor or fibre-map F', which relates
a fibre of differential length from the material configuration dX to the spatial
configuration dax, namely dx = Fdx, is defined as the material gradient V
of the spatial configuration [2, 23, 28-30, 67, 77-80]

(X, 1)
X

Figure 1: Electro active polymer and surrounding truncated domain in initial
(undeformed) and final (deformed) configurations.

In addition, J = det F' represents the Jacobian or volume-map of the
deformation, which relates differential volume elements in the material con-
figuration dV' and the spatial configuration dv as dv = JdV. Finally, the
element area vector is mapped from initial dA (colinear with IN) to final da




(colinear with m) configuration by means of the two-point co-factor or ad-
joint tensor H as da = HdA, which is related to the deformation gradient
via the so-called Nanson’s rule [67]

H=JF" (2)

Figure 1 depicts the deformation process as well the three kinematic maps,
that is, F', H and J. With the help of the definition of the tensor cross
product X presented in [3], rediscovered in [1] and included in Appendix A
for completeness, it is possible to re-write the area H and volume J maps in
tensor and indicial notation as follows

1 1

H = §F x F; Hir = §5¢jk51JKFjJFkK; (3a)
1 1

J = §H . F, < gHuFu, (3b)

where &), (or £ryx) symbolises the third order alternating tensor compo-
nents® and the use of repeated indices implies summation, unless otherwise
stated.

In addition, throughout the paper, the symbol (-) is used to indicate the
scalar product or contraction of a single index a - b = a;b;; the symbol (:)
is used to indicate double contraction of two indices A : B = A;;B;;; the
symbol (x) is used to indicate the cross product between vectors [a x b|; =
Eijra;by and the symbol (®) is used to indicate the outer or dyadic product

For a smooth deformation mapping ¢, it can be shown from equations
(1) and (3) that the material divergence of the co-factor H as well as the
material CURL of the deformation gradient F' vanish, that is [81]:

DIVH = 0; DIVH]|, = —0; 4

VH = 0; [DIVH]; = 5 =0; (4a)
OFix

CURLF = 0; [CURLFY],, = &y —X% = 0. (4b)
0X,

In general, it is possible to consider a subdivision of the domain V' so that
V = UiZ1V;, with interfaces dV; N9V}, # j. The deformation mapping ¢

3Lower case indices {4, j, k} will be used to represent the spatial configuration whereas
capital case indices {I, J, K} will be used to represent the material description.
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is considered to be sufficiently regular in every subdomain V; and in the sur-
rounding truncated domain V,, but not necessarily smooth across interfaces.
In this case, equations (4) apply to V; and Vi, whilst suitable boundary and
jump conditions can be introduced as follows

b= (d)o,v on 0,V; (5a)

¢=0 on Oao Vi (5b)

[¢] =0 on (OV; NaV;)UadV; (5¢)
FxN=(FxN),, on 9, V; (5d)
[F]x N|sy, =0 on (OV; NaV;)UadV; (5e)
HN =(HN), , on 0,V; (5f)

[H] N|sy, =0 on (OV;NoV;) UV, (5g)

where [¢] = (¢ — ¢7) denotes the jump of a variable ¢ across an interface
0V; N 0V; with associated unit outward normal IN|ay;.

Let us define du and w as virtual and incremental variations of x, re-
spectively, where it will be assumed that du and u satisfy compatible homo-
geneous displacement based boundary conditions that vanishes on 0,V and
0o Voo. Following the notation of [67] and making use of the tensor cross
product X introduced above, the first and second directional derivatives of
the co-factor H with respect to virtual and incremental variations of the
geometry are easily evaluated as

DH [fu] = F X DF [du] = F X Vu; (6a)
D?H [fu;u] = DF [u] X DF [ju] = Vyéu X Vyu. (6b)

Similarly, the directional derivatives of the Jacobian J with respect to
virtual and incremental variations of the geometry can be obtained as

DJ [pu] = H : Vyiu; (Ta)
D?J [fu;u] = F : (Vodux Vou). (7b)

A stated in [1], the directional derivatives (6)-(7) are greatly simplified
when using the new tensor cross product X .

4As an example and for comparison purposes, the classical way [67] to compute ex-
pression (6a) results in the cumbersome expression DH [du] = (JF_T : V05u) F7T_

JFE T (Voou) F7T.




3. Equilibrium and constitutive law in nonlinear continuum me-
chanics

In this section, the translational and rotational equilibrium equations are
presented. Moreover, the internal energy and the concept of polyconvexity
in the context of nonlinear elasticity (electric effects are not considered in
this section) are also introduced.

3.1. Translational and rotational equilibrium

Let us assume that the domain defined by the electro active polymer is
subjected to a body force per unit of undeformed volume f, and a traction
force per unit of undeformed area tq applied on 9,V C 9V, such that 0,V U
0,V =9V and 9,V N0,V = ). The global conservation of linear momentum
leads to the integral translational equilibrium equations as [67, 80]

/6 todd /V FodV = 0. (8)

From above equation (8), the local (strong form) translational equilibrium
equations and the associated boundary and jump conditions can be expressed
as

DIVP + f, =0 inV,i=1...n; (9a)
PN =1t on 0,V; (9b)
[P] Nl|oy: = 0 on AV, N V. (9¢)

where P represents the first Piola-Kirchoff two-point stress tensor. Further-
more, satisfaction of rotational equilibrium leads to the well-known tensor
condition PF" = FP”.

3.2. The internal energy density: polyconvex elasticity

For the closure of the system of equations defined by (5) and (9), an addi-
tional constitutive law is needed relating deformation and stresses in both the
continuum and the surrounding medium. In the case of reversible elasticity,
where thermal effects and any other possible state variables (i.e. accumu-
lated plastic deformation) are disregarded, the internal energy density e per
unit of undeformed volume can be solely defined in terms of the deformation,




namely e = ¢(Voz). In this case, combination of (9) and the first law of

thermodynamics yields

de(F)
OF

De[ou] = P : Vyou; P = (10)

F=Vx

The concept of polyconvexity was introduced by Ball [2, 28, 30] in order to
establish sufficient conditions for the existence of solutions in nonlinear elas-
ticity. It is recognised these days [1, 23, 29, 39] that polyconvexity is a useful
mathematical requirement that can be used to ensure the well-posedness of
the equations in the large strain regime. Moreover, polyconvexity implies el-
lipticity (or rank-one convexity) [31], guaranteeing the existence of real wave
speeds [1, 2, 23, 28-30, 34, 81]. Essentially, the internal energy density e must
be a function of the deformation gradient V& via a convex multi-variable
density functional W as

e(Vox)=W (F,H,J), (11)

where W is convex with respect to its 19 variables, namely, J and the 3 x 3
components of F' and H. In addition, the requirement for objectivity or
material frame indifference (i.e. invariance with respect to rotations in the
material configuration) implies that W must be independent of the rotational
components of F' and H and hence a function of these tensors via symmetric
tensors such as the right Cauchy-Green strain tensor C = FTF or G =
H"H°.

3.3. Conjugate stresses, the first Piola-Kirchhoff and Cauchy stress tensors

The fibre, area and volume mappings F', H and .J, respectively, have
work conjugate stresses X, X g and X defined by [1]:

ow ow ow
Yp=——; Y= —; Y= —.
P oF” " 0H Y
For notational convenience, the following sets to be used in subsequent
sections are defined

(12)

v*={F,H,J}; X9 ={¥p, Zu,2,}, (13)

®Notice that using equation (3), it is easy to show that G is related to the right Cauchy-
Green strain tensor C as G = J?C ™! = %CXC'.
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where the superscript m denotes the mechanical set of variables, that will
be extended later with electric components. By using equation (12), it is
therefore possible to evaluate the directional derivative of the internal energy
density e as:

De[du] = DW [DF [éu], DH [du], DJ [dul]]
=Yp:DF [0u]+ Xy : DH [pu] + X;DJ [du]
=3r:Voou+ Xy : (FxViou)+ X, (H: Vyou)
— (Zp+ Sy xF+3,H) : Vyu.

(14)

Comparison of (10) with above equation (14), leads to the evaluation of
the first Piola-Kirchhoff tensor as

In addition to the first Piola-Kirchhoff stress, it is necessary to derive
expressions for the Cauchy o and Kirchhoff 7 stress tensors, as often these
stresses are needed in order to display solution results at a post-processing
stage (e.g. visualisation). Such expressions can be derived from the stan-
dard push forward relationship between these tensors [67], namely Jo =
7 = PFT. Following a similar procedure to that presented in [1, 81], an
expression for the Kirchhoff stress tensor emerges as

Jo=1T=71p+T1XI+T1,I. (16)
where I denotes the second order identity tensor and with
TF:EFFT; THZEHHT; TJ:JZJ. (17)

3.4. Tangent elasticity operator

With a Newton-Raphson type of solution process in mind, it is useful to
derive the tangent elasticity operator. This is typically evaluated in terms of
a fourth order tangent elasticity tensor C defined by

D?*¢[du;u] = Vodu : DP [u] = Vydu : C: Vou, (18)
where

__oP 0?%e(F)

C=— =

(19)
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Using equation (15) for the first Piola-Kirchhoff tensor and following a
chain rule derivation similar to that in equation (14) (refer to [1]), a more
physically insightful representation of the tangent elasticity operator (18) is

D% [su; u] = [Ss]" [Hyw] [Sa] + (Zm + S,F) : (Vodux Vou),  (20)

where
- : (VOU)
[Ss]" = [(Vodu) : (VoduxF): (Voou:H)|; [Sa] = [: (FXVou)|,
(H . Vou)
(21)

and with the Hessian operator [Hyy] denoting the symmetric positive definite
operator containing the second derivatives of W (F', H, J) as

Wrr Wra Wry
Hw]= |Wur Waa Was|, (22)

Wirp Wim Wy,

where Wap = gj—gVB. As discussed in [1], polyconvexity dictates that the
first (constitutive) term on the right hand side of equation (20) is necessarily
positive for a virtual field du satisfying du = u and thus, buckling can only be
induced by the second (geometrical) term. As presented in reference [75], the
alternative representation of the tangent operator in equation (20) enables
to easily see the relationship between polyconvexity and ellipticity (rank-one

convexity).

3.5. Material characterisation in the reference configuration

As an example, one of the simplest isotropic polyconvex energy function-
als is that representing a compressible Mooney-Rivlin material, which can be
described as

Wyur(F,H,J)=allp+3llg+ f(J); Ilp=F:F; I[lg=H:H;
(23)
where a and (8 are positive material parameters and f denotes a convex
function of J and 11,y denotes the squared of the Ly norm of the entity (e).

12




For the Mooney-Rivlin energy functional in (23), the first Piola-Kirchhoff
stress tensor becomes (refer to equation (15)):

P=2aF +23HXF + f (J)H. (24)

For this particular constitutive model, the Hessian operator [Hy/| (22)
contained in the tangent operator of the internal energy defined in (20) be-
comes

20 0 0
Hwy]=1| 0 28 0 |, (25)
0 0 fJ)

where Z denotes the identity fourth order tensor, defined as Z;z;; = 0;;01;.
It is interesting to observe the positive definite nature of the above Hessian
operator provided that the constants o and 3 are positive and that the func-
tion f(J) is convex. Appropriate values for o and 3 and suitable functions
f(J) must be such that, at the initial configuration, the stress vanishes.
Moreover, the typical linear elasticity relation between stresses and strains
through the classical forth order linear elasticity tensor in terms of the Lamé
coefficients A and g must be recovered [1]. Material characterisation in the
reference configuration (obtention of @ and 3 in terms of A and p) of a simple
isotropic Mooney-Rivlin model with strain energy as that of equation (23)
has been described in Bonet et al. [1].

Remark 1. The case # = 0 gives the simpler compressible Neo-Hookean model
Winm, which is convex in F' and J alone without the need to introduce H as
a separate independent variable or its conjugate stress X g.

4. Nonlinear continuum electromechanics

4.1. Governing equations in nonlinear electromechanics

In this section, the entire set of governing equations in nonlinear elec-
tromechanics is presented. First, the Faraday and Gauss laws are introduced
in a global and local manner. Then, the translational and rotational equilib-
rium equations are revisited. Moreover, the internal energy and the concept
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of multi-variable convexity (notice that in the context pure elasticity in Sec-
tion 3.2 the term polyconvexity was used instead) in the context of nonlinear
electromechanics are introduced in this section.

4.1.1. Faraday and Gauss laws

Maxwell’s equations, when neglecting time dependent effects and in the
absence of magnetic fields and electric currents, can be used to describe the
behaviour of electrostatic fields. Let us recall the electro active polymer intro-
duced in Section 2 surrounded by a medium which, without loss of generality
in the present manuscript, will be the vacuum or free space. Moreover, let
p; denote an applied electric charge per unit of undeformed volume. The
electric charge per unit of undeformed volume V,, is typically neglected in
the particular case in which V,, corresponds to the vacuum. Let w§ be an
electric charge per unit of undeformed area applied on 9,V C 9V. The
integral version of the Gauss law can be written in a Lagrangian format as

/ W dA+/pg dV = 0. (26)
OV 14

The local version of equation (26) and the associated boundary and jump
conditions can be written as

DIVD, = py inV,i=1...n (27a)
DIVD, = 0 in Vie; (27h)
[Dgo] - N = wq on 0, V; (27¢)
[Do] - N =0 on 0,V; (27d)
[Do] - Nloy, =0 on 0V; N AV; (27e)

where Dy is the Lagrangian electric displacement field [12, 13]. Notice that
equations (27a) and (27b) represent the local Gauss law in the dielectric
and the vacuum, respectively. In addition, in the case of equations (27c¢)-
(27d), the term [Dg] represents the jump of electric displacement between
the domain defined by the dielectric V' and the surrounding vacuum V..
Equations (27) could alternatively be presented in a spatial description in
terms of the Eulerian electric displacement D field®, which is related to its

5Note that the computation of the Eulerian electric displacement D is also important
at a post-processing stage when computing or visualising final results.
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Lagrangian counterpart Dy through the standard Piola (area) transformation
as Dy = H'D [12, 13].

Analogously, the integral version of the static Faraday law can be written
in a Lagrangian format for a closed curve C embedded in V U JV as

f By-dX =0, (28)
C

where Ey is the Lagrangian electric field vector. The local version of equation
(28) and the associated boundary and jump conditions can be expressed as

Ey=—-Vyp nV;,i=1...n; (29a)
Ey=-Vyp in V; (29Db)

Y= (So)a%,v on 0,V (29¢)

o= on Oso Vi (29d)

[EjJx N =0 on d,V; (29e)
[Eol %X Nloy, =0 on IV; N AV, (29f)

where ¢ is an electric potential field that can be introduced in the case
of a contractible domain”. Typically, the origin of electric potential field
is defined on 0, Vs. This is mathematically stated in equation (29d). In
equation (29¢), 0,V C OV represents the part of the boundary subjected
to electric potential boundary conditions, such that d,V U d,V = 9V and
0,V N,V =0. As above equations (27), equations (29) could alternatively
be presented in a spatial description in terms of the Eulerian electric field
E, which is related to its Lagrangian counterpart E, through the standard

fibre transformation By = FTE [12, 13].

4.1.2. Translational and rotational equiltbrium

The existence of an electric field leads to a modification of the trans-
lational equilibrium equations of the dielectric to account for the presence
of coupled electromechanical stresses and vacuum effects. Specifically, this
leads to the modification of the local form of translational equilibrium and

"Alternatively, equation (29a) could be replaced by the more general condition
CURLE, = 0 and equation (29¢) by Eq X N = (E( X N)awv.
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its associated boundary and jump conditions in (9) as

DIVP + f, =0 inV, i=1...n; (30a)
DIVP =0 in Vi: (30b)
[P]N =t, on 0;V; (30c)
[PIN =0 on d,V; (30d)

[P]Nloy, =0 on 0V; N AVj. (30e)

In this case, the stress tensor P includes both deformation and electrical
components. As pointed out in j1_4], as there are no experiments that can
separate the mechanical from the electrical contributions in P, it is preferred
to work with the overall coupled stress tensor and not with its individual
(deformation and electrical) components.

Notice that equations (30a) and (30b) represent the local translational
equilibrium in the dielectric and the vacuum, respectively. Moreover, in the
case of equations (30c)-(30d), [P] represents the jump in the first Piola-
Kirchhoff stress tensor between that of the domain defined by the dielectric
V' and that of the surrounding vacuum, the latter known as Maxwell stress
tensor [14, 19, 50]. Once again, satisfaction of rotational equilibrium leads to
the condition PF? = FPT imposed on the coupled electromechanical stress
tensor [12], and not on its individual deformation and electrical contributions.

Remark 2. When the surrounding truncated medium corresponds to vacuum,
a distribution of stress (typically known as the Maxwell stress) due to the
surrounding electric field arises. The Maxwell stress is divergence free and
hence, we can conclude that f, = 0 in V,, which is stated in equation (30b).

4.2. The internal energy in nonlinear electro-elasticity: multi-variable con-
vexity

For the closure of the system of equations defined by (5), (27), (29), (30)
and (34), an additional constitutive law is needed relating deformation and
electric displacement with stresses and electric field in the domain defined
by the dielectric. In the case of reversible electro-elasticity, where thermal
effects and any other possible state variables (i.e. accumulated plastic defor-
mation or electrical relaxation) are disregarded, the internal energy density
e per unit of undeformed volume can be defined in terms of the deformation
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and the electric displacement, namely e = e(Vox, D). In addition, let us
consider 0 Dy and ADy to denote virtual and incremental variations of Dy,
respectively, satisfying compatible homogeneous electric displacement based
boundary conditions on 0, V. In this case, combination of (27) and (30) and
the first law of thermodynamics yields

De[éu, 5.D0] =P: V05U + Eo : 5D0, (31)
or alternatively,

F.,D F.D

oF F=Vz dDq F=Vyz

As an example, the internal energy functional of a very popular material
is that of an ideal isotropic dielectric elastomer, which is defined based on
the additive decomposition of a purely mechanical component e,,(Vox) and
an electromechanical component which is proportional to the internal energy
of the vacuum ey, namely

eideal(ng, DO) = €m<V0(13) + gieo(Vow, D0>;
: T (33)
60(V0$,D0) :—]Id, d:FDOZJD, I]'d:dd7
250J

where ¢, is a dimensionless constant representing the relative permittivity
of the dielectric and ¢q, the electric permittivity of the vacuum, with gy ~
8.854 x 1071242s*kg~'m=3. For the particular case of the vacuum, equation
(32) enables to obtain the Maxwell stress tensor and the relationship between
the electric field and the electric displacement field based on the internal

energy Wy(z, Do) defined in equation (33) as

1 1
P=—d®Dy— —=Il14H in Ve;
E()J 280J2 4
i (34)
E,= —F'd in V.
€0J

These expressions can be pushed forward to the Eulerian configuration
using the standard Piola transformation o = J'PF” and E = F"TE, to
give after simple algebra the Cauchy stress tensor in the vacuum and the
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corresponding electric field as

1 1
oc=—D®®D - —IIpl in V;
o 260 (35)
1
E=_-D in V..
€o

In this paper, a generalisation of expression (11) for the internal energy

density functional e including electromechanical contributions is postulated
8
as

e(Vox,Dy) =W (F,H,J Dyd), (37)

where W represents a convex multi-variable functional in terms of its ex-
tended set of arguments V = {F, H, J, Dy, d} and with d defined in equation

(33). Objectivity or material frame indifference implies that W (F', H, J, Dy, F D)
must be independent of the rotational components of F' and H via sym-
metric tensors such as the right Cauchy-Green strain tensor C = FTF or
G=H"H.

Remark 3. Tt would be tempting to postulate W as a convex function of
{F,H,J Dy} [21], excluding the vector d. However, it is easy to show that
this leads to a non-convex representation of the energy function describing the
vacuum (33) and hence, that for a ideal dielectric elastomer. In other words,
as the invariant F' Dy-F Dy is not convex with respect to arguments {F', D},
this would preclude its use in the sense of material stability. However, as this
invariant is convex with respect to d, its use can still be incorporated into our
framework, hence including the electro-mechanical energy of both vacuum
and ideal dielectric elastomers as a valid degenerate case of our formulation.

8Note that extension of the definition of multi-variable convexity in equation (37) to
electro-magneto-elasticity is simply obtained through a definition of the internal energy as

e(Vox,Dy,By) =W (F,H,J, Dy,By,d,b); d=FDy,=JD; b=FBj,=JB,
(36)
where W represents a convex multi-variable functional in terms of its extended set of
arguments, namely {F', H, J, Dy, By, d, b} and B, the spatial counterpart of By, defined
through the classical area transformation By = H' B.
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4.3. Work conjugate variables

The definition of multi-variable convexity in equation (37) enables the in-
troduction of a set of work conjugate variables ¥y, = {¥p, X5, %, Xp,, Xa}
to those in the set V' defined as

ow ow ow ow ow

Yp=—0 XH= o0 EJ:WS EDOZaT; d:a_d' (38)
0

OF’ OH’
For notational convenience, in addition to the sets V™ and X} defined in

equation (13), two new sets which contain the electrical variables, namely V¢
and X7, used in subsequent sections are defined as,

Ve = {Do, d}, Z% = {EDO, Ed} (39)

Following a similar procedure to that of equation (14), the directional
derivative of the internal energy e with respect to virtual changes in the
geometry is obtained as
De [6u] = DW [DF [pu], DH [éu],DJ [du], Dd [ju]

=3p:DF [pu]+ Xy : DH [du] + X;DJ [du] + X4 - Dd [du]
=3r:Voou+Xg: (FXVO(S’U,) + 3 (H : VQ(S’U;) + (Ed ®D0) : Voou
=Erp+XgXxF+Y,H+ X3 D) : Vyou,
(40)
where the relationship Dd[éu] = (Vdu) D, emanating from the relationship
d = F D, has been used. Similarly, the first directional derivative of the

internal energy with respect to virtual variations of the electric displacement

field is obtained as
De [(SD()] = DW [(SDo, F(SD()} = EDO : 6D0 + Ed : F5D0 (41)
= (Zp, + F'%4) - 6D,.

Comparison of equations (40) and (41) against (31), enables the first
Piola-Kirchhoff stress tensor and the material electric displacement field to
be expressed in terms of the elements of both sets V and ¥, as

P=%p+3XgxF+YH+3,0 Dy E;=3%p, +F'%;  (42)

An expression for the Kirchhoff stress tensor [1] and the spatial electric
field emerges based upon the relations 7 = PF? and E = F~TE, as

T=3SpF" + (SgH" ) XTI+ JS,I+%4®d;

43
E=F"(Sp,+ F'S) = F "Sp, + Zq. (43)
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4.4. Tangent electromechanics operator for the internal energy

With a Newton-Raphson type of solution process in mind, the internal en-
ergy e = e(Vox, D) can be further linearised leading to a tangent operator
defined as follows

C r 'V
D?e[ou, 6Do;u, ADo] = [ Voou: 0Dy | { Q r } { AD, } (44)

with the fourth order tensor C, the third order tensor @ and the second order
tensor @ defined as

 9%(F, D) . 0%(F,Dy)

€= ~oFoF Fovee  ODGOF

. _ 826(F7D0>
"7 0DWOD,

F=Vx
(45)
Following a similar procedure to that presented in Section 3.4, with the
additional relationships D*d[du, ADy| = (Vodu)ADgy and D*d[0 Dy, u] =
(Vou)d Dy, a more physically insightful representation of the tangent oper-
ator (44) is

F=Vx

D?¢ [du,0Dy; u, ADg)] = [Sg]T [Hy] [Sa] + (2 + Z5F) : (Vodu X Vou)
+ Ed . ((Vg(su)ADo + (VoU)éDQ) s
(46)

where

[S5]" = [(Vobu) : (Vedux F): (Vodu: H) §Dy ((Veéu)Dy+ FSDy) | ;
. (VQ’LL)
. (F X Vo’u,)
[SA] = (H . VOU) s
AD,
(VQU)DO + FAD,
(47)
and with the extended Hessian operator [Hy| denoting the symmetric posi-
tive definite operator containing the second derivatives of W (F', H, J, Dy, d)
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as

Wer Wra Wgrp; Wrp, Wra
Wur Wwaae Wor Wuabp, Wha
Hw|=|Wsr Wyua Wy Win, Wial. (48)

Wpor Wooar Wb,y Wbep, Wbod

| War Wam Way  Wap, Waa |
It is important to emphasise that this additive decomposition of the tangent
operator is not merely technical but, extremely useful, as the multi-physics
of the problem is completely captured in the first term on the right hand
side of equation (46), whilst geometrically nonlinear terms are collected on
the second and third terms.

Multi-variable convexity dictates that the first term on the right hand side
of equation (46) is necessarily positive for virtual fields {du, d Dy} satisfying
{6u = u,dDy = ADg} and thus, buckling can only be induced by the second
and third (geometrically-based) terms.

Remark 4. Equation (46) makes it possible to highlight the relationship be-
tween multi-variable convexity and ellipticity in the case of electromechanics.
Taking rank-one equal virtual and incremental displacement gradient tensors
Voou = Vou =v®V and ADy = 6Dy = V| (where V| represents any
orthogonal vector to V') [47] in equation (46) makes the initial stress term
vanish since,

VibuXViu=(vV)X(veV)=(vxv)®(VxV)=0;
3a- ((Vodu)ADy+ (Vou)oDy) =2(v-34) (V -V ) =0.

This leaves only the contribution from the first positive definite term in
equation (46), leading to (refer to equation (44)),

[u@V: VL'}{g %T]{:UV@LV}>O. (50)

Equation (50) is a generalisation of the concept of ellipticity to the case

of electromechanics?.

(49)

9In the context of elasticity, ellipticity is equivalent to rank-one convexity and requires
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4.5. A simple convex multi-variable electromechanical constitutive model

As an example, a simple internal energy functional which complies with
the definition of multi-variable convexity in (37) can be defined as

1 1

Wi =p g + pollyg + f(J) + JUd+ ~—IIp,, (51)
€1

where a possible definition of the function f(J) in equation (51) could be
() = =2+ 2) I J + 5 (J = 1)°. (52)

The work conjugates in (38) for the internal energy functional in (51) are
obtained as

Yp=2mF; Xg=2uH,; EJ:f/(‘])_%;JQ !
(53)

For the particular constitutive model defined in equation (51), the first
Piola-Kirchhoff stress tensor and the material electric field are obtained ac-

cording to equation (42) as

1 1
P =2, F+2u. HXF + | f'(J) — Il | H+ —d® Dy;
281 J2 €1
(54)
E, :—DO + L pra
€1J
Substitution of the relationship d = F Dy enables the last equation to be
re-written as

€2 €1

1 1
E, = (—I - —C) Dy, (55)

where C'is the right Cauchy-Green deformation tensor defined above. For the
particular constitutive model defined in equation (51), the Hessian operator

that the double contraction of the elasticity tensor by an arbitrary rank-one tensor v ® V'
should be positive.
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becomes:

2 0 0 0 0 7
0 2uT 0 0 0
Hy]=| O 0 f”(J)+#Hd 0 —#d (56)
0 0 0 =I 0
0 0 ——d 0 5T |

It is interesting to observe the positive definite nature of the above Hessian
operator provided that the constants iy, uo, €1 and €4 are positive and that
the function f(J) is convex.

Remark 5. Similarly to Remark 1 in the case of nonlinear elasticity, the
degenerate case €2 = 0o results in the ideal dielectric model in equation (33),
which is convex in {F, H, J,d} alone without the need to introduce Dy as a
separate independent variable. Moreover, for jy = us = 0 and f(J) = 0, the
energy of the vacuum is retrieved, which is convex in the reduced set {J, d}.

It is important to emphasise that the energy of an ideal dielectric (vac-
uum) cannot be expressed as a convex multi-variable function of { F', H, J, Dy}
({J,Dy}). That is the reason behind the definition of the extended set V
including the spatial vector d among its variables. Crucially, this enables
to consider the vacuum as a degenerate case of the formulation presented in
this paper.

4.6. Alternative energy density functionals

Multi-variable convexity of the internal energy guarantees that the rela-
tionship between both sets of variables V and >y, is one to one and invertible.
This enables the definition of alternative energy functionals established via
appropriate Legendre transforms applied to the internal energy W (V) as

T(Zy) = Sup {T"+T° =W W)}, (57a)
U (X, V) = S;JWP {T™ - W (V)}; (57b)
(V" EY) = — 511}1}) {T°*=W (V)}, (57¢c)
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with the sets V™, V¢, ¥} and XY, defined in equations (13) and (39) and with
TmZEFF+EHH+EJJ, TGZEDODO‘FEdd (58)

In equation (57), T (X)) represents an extended Gibbs’ energy density,
U (217, V°), an extended enthalpy energy density and ® (V, Xf,), an extended
Helmholtz’s energy density'’. Expressions relating strain, stress and electric
fields, in terms of the different energy densities, follow naturally as

oY oY oY oY oY
F=_—_—"_ H = ——"_: - = . _ o d = .
O p’ =n T, Do 0Xp,’ 0%y’
(59a)
o o o o o
= “ova T on, TP ap, Y47 T gq
(59b)
o o o o o
Y= - ) _ = . N,= . — . -
FEGF THT gm0 2T ap Do 0%, =55,
(59¢)

0The terminology adopted here matches that of classical Thermodynamics, where the
electric displacement (electric field) plays the same role as the entropy (temperature) of
the system.
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W™, ve)

R YR
F YXr
H YH
(57b) J 2 (57a)
D, Xp,
d Y4
(570)1
T(X,%5) (XY, Vo) oV, X))
R YR R YR R YR
X F XF F F X
YH H X H H X
X J g J J g
Yp, Do D, Xp, Yp, Do
Ya d d Ya Ya d

Figure 2: The arguments (R) of the internal W (V) (37), Gibbs’s T (Xy)
(57a), Enthalpy W (X3}, V¢) (57b) and Helmtholz’s ® (V™,%5,) (57¢) energy
functionals and their respective set of work conjugates (). Relation be-
tween W (V) and the remaining energy functionals according to the Legendre
transforms defined in equation (57).

Figure 2 summarises the set of arguments (denoted as R) for the different
extended energy functionals defined, namely the internal, Gibbs’s, Enthalpy
and Helmtholz’s energy functionals and their respective set of work conju-
gates (denoted as ¥g).

Remark 6. Notice that the definition of multi-variable convexity in (37)
ensures a one to one relationship between the pairs { Dy, d} and {Xp,, X4},
respectively. Moreover, consideration of the definition of the spatial vector
d = Vox D, and the definition of the material electric field — V¢ in terms
of the work conjugates {¥p,, 34} in (42), results in turn in a one to one
relationship between the variables Dy and —V .
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In this case, it is possible to define an alternative energy functional to
e = e(Vox, Dy) by making use of the Legendre transform. This might be
a computationally convenient approach in the case of pursuing a standard
semi-discrete variational implementation via the Finite Element Method,
where the scalar electric potential is preferred as an unknown over the elec-
tric displacement field vector. For instance, the Helmholtz’s energy density
P = P(Vox, —Vip) can be defined as™

& (Vox,—Vop) = — sgp {=Vop -Dy—e(Vox,Dy)}, (60)
0

leading to an alternative definition to that of (32) for the stress and electric
fields as

00(F, Ey) Do 00(F, E,)

OF F=Viz 0FE, F=V,z
Eo=—Vyp Eo=—Vyp

P = (61)

5. Variational formulations

This section presents several possible variational principles in nonlinear
electro-elasticity. Initially, a revision of the standard displacement and elec-
tric potential based variational principle [14, 49] is presented for complete-
ness. Exploiting the convex multi-variable properties of the internal energy
e(Vox, Dy), new interesting mixed variational principles in terms of the
extended energy functionals W (V) (37), ®(V™,X5,) (57c), ¥(X7,V¢) (57b)
and T(Xy) (57a) emerge. In particular, two new mixed variational principles
based upon the extended energy functionals ®(V™, Xf,) (57¢) and W (V) (37)
are presented in Sections 5.3 and 5.2 respectively, for the first time in the
context of nonlinear electro-elasticity.

These new mixed variational principles belong to the general class of
Franjs-de-Veubeke-Hu-Washizu (FAVHW) type variational principles, which
were developed with the purpose of enhancing the numerical solution ob-
tained though Finite Element based variational principles. Finite element
implementation of the two mixed variational principles presented has been
carried out in Reference [74].

1 Alternatively, an equivalent definition of the Legendre transform in equation (60) can
be defined as ¢ (Vox, —Vp) = igf {Vop Do+ e(Vox,Dg)}
0
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5.1. Standard displacement and electric potential based variational principle

A first variational principle can be established by the total energy minimi-
sation defined in terms of the internal energy of the system e(Vox, D). The
principle applies to the space occupied by both the electro active polymer
and the surrounding truncated domain, namely V UV, as [14]

M. (z*, D}) = inf / e(Vowm, Do)dV — 5, () o ;
x,Jo
VUVeo (62)
DIVD, = pf inVUVa
[Do]l- N =w§ ond,V

where {x*, D} denotes the exact solution and

" (a / fo-@dV + / to - wdA, (63)

o0V

represents the total external work due to the action of external mechanical
forces. Using a standard Lagrange multiplier approach to enforce the con-
straints defined by the Gauss’ law, a new variational principle defined by a
new energy potential Il.(x*, *, D) emerges as

I (2", Df) = inf supd [ e(Voz, Du)aV -~ 112 ()
Do o
VUV

T / w(pS—DIVDo)dV+/w(wﬁ—[[Doﬂ-N)dA ,

VUVeo 0wV

where the electric potential ¢ acts as the Lagrange multiplier needed to
enforce the constraints. Application of the Gauss divergence theorem to
above equation (64) yields an alternative representation of the variational
principle as

I.(x*, ¢, D}) = 1nf sup / e(Vox, Dy)dV + / Vop - DodV — Hep(x, 0) ¢,
=0 e VUV VUV

(65)
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with

Heat(@, ) = T (@) + 15, (0); Tou(e) = - / PopdV — / WopdA,
% auV
(66)
where a new external work contribution, that is II¢,(y), appears due to
electrical effects. Provided that a one to one relationship between D, and
—Vp exists (refer to Remark 5), application of the Legendre transform (60)

enables above variational principle (65) to be reformulated as

[g(x*, ") = inf sup / O(Vox,—Vop)dV — Tep(x, ) p . (67)
T
VUVao

Traditional Finite Element based implementations resort to this varia-
tional principle, where the geometry and the electrical potential are the only
unknowns of the problem [49, 50]. The stationary condition of this functional
with respect to changes in the geometry leads to the principle of virtual work
(or power), written as

DlIlg[du] = / P, : VyoudV — DIl . [0v], (68)

VUV

where the term P, represents the first Piola-Kirchhoff stress tensor evaluated
in the standard fashion (15) in terms of the gradient of the geometry and the
electric potential, namely, by using {F, H, J., —Vop}, where

1
F, =V,x; H, = §V0w X Vox; Jr = det V. (69)

Explicitly, the computation can be carried out from equation (61),. Anal-
ogously, the stationary point with respect to changes in the electric potential
leads to the variational statement for the Gauss’ law as

DITa[6] — / Do, - VoddV — DIl [0, (70)

VUV

where the term D, , represents the electric displacement evaluated from (61),
by using {F, H, Jz, —Vop}.
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5.2. A new mized variational principle in terms of the extended internal
enerqy functional W

In the case of an electromechanical convex multi-variable energy func-
tional, an equivalent representation of the total variational principle II, in
equation (65) is

(e, ¢".Df) = it supd [ WOV 4 [ Dy VogdV - T(a,g)
e VUV VUV

s.t. {F:Fm; H=H, J=J, d=F,D, inVUV_
(71)
Using a standard Lagrange multiplier approach to enforce the compat-
ibility constraints in (71) yields a new variational principle which can be
represented as

Hw<$*,F*,H*, J*7 2;«"7 E}—I7 T],QD*,DS,d*, Eji)

= inf sup { W(V)dv + D, - VypdV
VUVa

@, F.H,J.Do.d 550 %5y, .05, VUV (72)
+/Vuvoo Xp: (Fp—F)+Xg: (Hy, —H)+X,(Jz — J)
+3q - (FoDo — d)] dV — Lew(e, )} -
For notational convenience, the following sets of variables are introduced
W={F H,Jd} Sw={2pr,Xu,%,;,34}. (73)

Virtual and incremental variations of the elements in the sets YW and %y
in above equation (73) are denoted as

oW = {5F,5H,5J, 52D0}§ (SEW = {5217,52}[,52],52(1};

AW ={AF,AH ,AJ AY;}; AYy = {AYfp, AX g, AY;, AY,}.
(74)
The stationary point of the above variational principle (81) with respect
to virtual changes of the geometry leads to the principle of virtual work
(power) as

DyTy o] = / Py VodudV — DILu[6v], (75)

VUV
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where the first Piola-Kirchoff stress tensor is now evaluated as
Py =3p+3gXF,+Y;H,+ X, D,. (76)

Similarly, the stationary point of (81) with respect to the electric potential
yields

Dgnw[(sg[)] = / DO . Voégp dV — DHext [(5@] (77)
VUV

The directional derivative with respect to the elements in the set W (73)
and with respect to the electric displacement field results in the constitutive
relationships formulated in a weak (variational) sense

oW oW
Dy 5410011y [JW, 6D :/ <——2):5de+/ (——2 ):6HdV
2,3,4,10,9 W[ O] VOV aF F VOV 8H H

oW oW
+/ (——2>5Jdv+/ ( +V¢+FJ2)~5D av
VUV a*] y VUV 81)0 ’ ¢ ’

oW
+ / (— O ) 6ddv.
VUV od ¢

The directional derivative with respect to the elements of the set ¥,y (73)
results in the electro-kinematic constraints as follows

Ds 6711w [0X)] = /

(Fp— F): 52de+/ (Hy — H) : 63y dV
VUV

VUV

+ / (Jo— J) 6%, dV + / (FoDg — d) - 6% qdV.
VUV VUV
(79)

5.8. A new mixed variational principle in terms of the extended Helmholtz’
enerqy functional
In order to derive a variational principle in terms of the extended Helmholtz’s
energy (57¢), recall first the mixed variational principle Il in (72) with a
different ordering of terms and where addition of subtraction of the term
¥ p, - Do has been carried out, namely

30



HW(m*7F*7H*7 J*v E;‘)E*Hvz?}a (10*7D3ad*a El*i)

sup {/ [T°—W (V)] dV + / D -VopdV
VUVio

H,27,9,%d VUV

inf
z,F . H,J],Dq,d g3
VUV

+2d . FmDO -+ EDO . Dg] dV — Hert(:v, (p)} .

(80)
where T has been defined in equation (58). Comparing the term in brackets
in the first integral in above equation with the definition of the extended
Helmholtz’s energy functional in (57¢) enables to obtain an equivalent rep-
resentation of the above variational principle as

He(x*, F*, H*, J*, X%, X3, X5, 0", Dy, Xp,, Xa")

= inf sup / o(V™ E5)dV
z.F.H,J\Do x>y 5;,0,3p, 34
VUVao (81)
+ / Xp: (Fp—F)+ Xy : (Hy— H)+X;(J,—J)
VUV

+Dy - (Xp, + Vo) +Xg - FpeDo|dV — ey (,0)} -

For notational convenience, the following sets are introduced,
D:{F,H,J,EDO}; ED:{EF,EH,EJ,D()}. (82)

Virtual and incremental variations of the elements in the sets D and Yp
in above equation (82) are denoted as

0D = {5F,(5H,($J,(SEDO}, 521) = {52F,52H752J75D0};
AD = {AF,AH,AJ, AEDO}; AED = {AEF,AEH,AEJ,ADQ}
(83)
The directional derivative of above variational principle in (72) with re-
spect to virtual changes of the geometry and electrical potential leads to
identical expressions to those for Ilg in (75) and (77) as
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The stationary conditions with respect to the elements in the set D (82)
and X4 results in the constitutive relationships formulated in a weak (varia-
tional) sense as

P P
D2’374710711H¢[6D, 6Ed] = / (8— — EF) cO0F dV + / (a— — EH) cO0H dV

OF O0H
VUV VUV
0o 0o
— =X 6JdV D) -0Xp dV
- / (aJ ) p / (82D0+ ) Do
VUVso VUV
0o
—— + F.D ’ .
/ (8Zd+ " 0) 02qdV.
VUV

(85)
The stationary conditions with respect to the elements of the set ¥p (82)
results in the kinematic constraints and Faraday’s law as follows

D5,6,7,9H¢'[62D] = / (Fw — F) . (SEF dV + / (Hw — H) . 52[—[ dV

VUV VUV
+ / (Jo — J) 6%, dV + / (Zpy + Fo S+ Vop) - 6Dy dV.
VUV VUV

(86)

6. Convexification (stabilisation) of materially unstable invariants

For isotropic materials, the internal energy e is typically represented [12,
13, 16] as
e(Vox,Dy) =¢é(Ilp, Iy, J IIp,, [14,11), (87)

where h = HD,. Unfortunately, since h is not included in the extended
set V, the invariant Il is not convex multi-variable itself. Furthermore, not
every possible combination of the remaining convex multi-variable invariants
in (87), namely IIp, 11y, J, IIp, and II; will result in a convex multi-
variable energy functional according to (37) '2.

Nevertheless, appropriate modifications of a non-convex multi-variable
invariant can yield an invariant convex multi-variable according to (37). The

2For instance, the purely mechanical invariant ¥,, defined as ¥, (F, H) = [IpI1g is
not convex in its arguments, i.e, ' and H.
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obtention of convex multi-variable invariants through suitable modifications
of non-convex multi-variable invariants is denoted in the present manuscript
as convexification or stabilisation. In particular, two simple examples of
stabilisation of a priori non-convex multi-variable invariants will be shown.

6.1. Stabilisation example 1
In this section, the following non-convex multi-variable invariants will be
considered
Wy =1Ipllp,; Wy =11gllp,. (88)
The one-dimensional representation of the invariant 1/ in above equation
(88) is expressed in terms of the stretch A and the sole component of the
electric displacement Dy as Wi (A, Do) = A2DZ. The Hessian of Wy(\, Dy) is
simply obtained as
ow A 2D2  4\D,
[Hw, ] = = : (89)

9w 92w 2
dDodXN  dDodDy AADo - 2A

Clearly, the one dimensional representation of the invariant W and hence,
its three-dimensional counterpart, is not convex multi-variable as det[Hyy, | <
0. Alternatively, the invariant Wi (A, Dy) could be stabilised by adding two
convex functions of A and D, as

Wimed(\, Do) = (A2 + D3)* = 2Wy (A, Do) + \* + Dy. (90)

The Hessian of the resulting invariant Wy ,,,04(A, Do) in above equation
(90) is obtained as

Wi mod  0*°Wi mod 2 2

[le,mod} = = . (91)

PWiimod  °Wimod 8AD, 12D32 + 4\?
ODoOA 0Do90Dg

Clearly, Wi mea(A, Do) is convex in its arguments {\, Dy} since det[Hyy1 mod] >
0. Based on the stabilisation procedure in equation (90) for the one-dimensional
representations of Wi (A, Dy), a convex multi-variable three-dimensional en-
ergy functional including the stabilised version of the non-convex multi-
variable invariants W1 (F', D) and Wy(H, Dy) in (88) could be defined as

W(F,H,J,Dy,d) =a (IIp +7°IIp,)" +6 (ITa +~+*1Ip,)* +f(F, H, J, Dy, d),

Wrp,(F,Do) Wup, (H,Do)

(92)
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with «, 3 and 7'* positive material parameters and f(F, H, J, Dy, d), a con-
vex function of the elements of the extended set V. Appropriate values for
«, (3 and ~ and suitable functions f must be such that, at the initial configu-
ration, the stress vanishes, the Hessian operator (48) is positive definite and
material characterisation can be carried out against available data. Since f
is convex multi-variable and « and [ are positive material parameters, suffi-
cient conditions to ensure the multi-variable convexity of the functional (92)
are the convexity of the energy contributions Wgp, with respect to its argu-
ments {F, Dy} and Wgp, with respect to its arguments {H, D} (refer to
equation (92)). Proof of convexity of Wrp, with respect to {F, Dy} can be
found in Appendix B.1. Similar procedure can be applied to prove convexity
of Wap, with respect to {H, Dy}.

6.2. Stabilisation example 2
Following a similar stabilisation procedure to that presented in Section 6.1
for invariants W; and W5 (88), an energy functional including the stabilised
version of the non-convex multi-variable invariant /1 could be defined as
W(F,H,J Dy, d) =a [IIf +~°11, + 7'}, ], +f(F,H, J, Dy, d),

. /

Wap, (H,Do)

(93)
with a, 8 and v'* positive material parameters and f a convex multi-variable
function. Therefore, a sufficient condition to ensure the multi-variable con-
vexity of the functional (93) is the convexity of the energy contribution W p,
with respect to its arguments { H, Dy} (refer to equation (93)). Proof of con-
vexity of WHDO with respect to {H, Dy} can be found in Appendix B.2.

7. Numerical examples

The objective of this section is to present well posed constitutive models
via definition of internal energy density functionals e(Vox, Dy) complying
with the multi-variable convexity condition in equation (37). Without loss
of generality, convex multi-variable internal energy functionals suitable for a
reliable description of the constitutive behaviour of isotropic dielectric elas-
tomers will be presented.

13The material parameter «y is employed for re-scaling purposes.
4The material parameter v is employed for re-scaling purposes.
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Two examples will be presented. The objective of the first example, in
Section 7.1, is to present a convex multi-variable constitutive model which
captures the electrostrictive behaviour of dielectric elastomers measured typi-
cally for a small value of the electric field, which can be considered in practice
as zero. The objective of the second example, in Section 7.2, is to study the
effect of two additional material parameters necessary for the stabilisation of
the constitutive model. These material parameters do not intervene in the
characterisation of electrostriction at low values of the electric field. How-
ever, modification of these parameters might alter significantly the response
of the material, showing an additional nonlinearity which manifests in dielec-
tric elastomers, namely electric saturation, which manifests at high values of
the electric field.

7.1. Incorporation of electrostriction in conver multi-variable constitutive
models for dielectric elastomers

It is customary to define the internal energy for ideal dielectric elastomers

(recall the definition of the internal energy €igeai( Vo, Dy) in equation (33))

via an additive decomposition of a purely mechanical component and an

additional contribution proportional to the internal energy of the vacuum, as

1 1
Wideal = Wi (F, H, J) + —Wy(J, d); Wo(J,d) =
o = W (FLHLT) + —Woldd)i Waldd) = 5—

W (F,H,J) = p1olIp 4 pool Iy + f(J),

I1g;

(94)
where f(J) is defined as in equation (52) by replacing the constants jiy, ps
and k with g ¢, pt20 and kg, respectively. In addition, the elastic parameters
f10, p2 and kg and the relative electric permittivity €, in (94) match the
material properties of the dielectric elastomer in the reference configuration,
namely the shear modulus u, the first Lamé parameter A and the electric
permittivity e if the following relationships are imposed

= 2p10 + 242,05 A = Ko + 412,0; € = &,€p. (95)

A constitutive model defined as in equation (94) is termed ideal because
it neglects physical nonlinearities which are inherent to dielectric elastomers.
In particular, electrostriction [76] and saturation [82] are not captured in a
model like that in (94). It has been reported in the experimental literature
[5, 76] that the spatial electric permittivity of dielectric elastomers, namely e,
is a function of the deformation gradient tensor. This phenomenon is called
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electrostrictive effect [76]. Moreover, the spatial electric permittivity exhibits
a nonlinear dependence with respect to the electric field. In general, as the
electric field increases, the value of € decreases until a stagnation scenario is
reached. In this situation, the electric displacement field would not exhibit
any further variation irrespectively of the increment in the applied electric
field. This asymptotic behaviour is denoted as saturation [82].

For the particular constitutive model in equation (94), tensor @ in equa-
tion (44) (inverse of the dielectric tensor) can be obtained by using equation
(C.8), leading to the following expression

1
6=—F"F. 96
=5 (96)
Equation (96) and the push forward relation e ' = JF 7@F ' between
the tensor @ and its spatial counterpart e ! enables the following expression

for the spatial dielectric tensor € to be obtained as
e=c¢l. (97)

Since the electric permittivity tensor € in equation (97) is constant, elec-
trostriction and saturation cannot be incorporated using a constitutive model
defined as that defined in equation (94).

The authors in Reference [76] have proposed constitutive models for di-
electric elastomers incorporating the electrostrictive behaviour based on ex-
perimental observations. These authors focused on the particular experimen-
tal set up depicted in Figure 3. In this set up, a thin film of an incompressible
dielectric elastomer is subjected to an electric field applied across its thick-
ness, namely, in direction OXj3. Consequently, a uniform deformation in
the plane of the film (perpendicular to the axis OXj3) characterised by the
stretch A, is observed. Moreover, the incompressibility constraint enables the
deformation gradient in the film to be expressed as

A0 0
F=0x 0 |. (98)
0 0 1/A2

Under this particular experimental set up, the internal electromechanical
energy of the vacuum, namely W, (94) can be expressed in terms of the
stretch A and the only component of the material electric displacement field
Dy as
Dg

WO(A7D0) = 2% €O>\4.

(99)
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The authors in Reference [76] incorporate the electrostrictive effect by
modifying the internal energy in equation (94) as

1

Wotao = Win(A
w ( ) + 2’57",Zhauo()\>

Wo(A, Do), (100)
with Wy(A, Do) defined in (99). For different levels of pre-stretch A, the
spatial electric permittivity was measured as a function of the stretch (at a
fixed value of the electric field). Then, Zhao et al. propose an expression for
E:r,Zhao()\) as

Er7hao(A) = 4.68 (1 — 0.106(A — 1)). (101)

Figure 3: Experimental set up. The application of a uniform electric potential
gradient across the thickness of the incompressible dielectric elastomer film
(parallel to the axis OX3) of initial length and thickness [y and kg respectively,
leads to a uniform biaxial expansion of the film with final length [ = Ay and
final thickness h = 1/A\%hg, with A the stretch in the dielectric elastomer.

The spatial electric permittivity in the reference configuration, namely ¢,
of the dielectric elastomer studied by Zhao et al is € = &, zhao|y_, €0 = 4.68¢.
Notice that the electric permittivity associated to the constitutive model
proposed by Zhao et al. [76] in equations (100) and (101) does not depend
on the electric displacement, and hence, on the electric field. Therefore,
this model cannot capture the saturation effect. Alternatively, a generalised
three-dimensional'® convex multi-variable constitutive model incorporating

The proposed constitutive model can be applied to more general scenarios than that
for the experimental set up depicted in Figure 3.
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Figure 4: Prediction of electrostrictive effect in a dielectric elastomer film
subjected to different levels of pre-stretch and at a fixed value of the electric
field of E = 0. The green dashed line corresponds to the constitutive model
proposed by Zhao et al. (101). The blue line corresponds to the convex multi-
variable constitutive model in equation (102) with p; = 2ug, fs = 0.1, g5 =
00, €, = 252¢ and f, = 1.05, consistent with &, = 4.68, u = 7.5 x 10* N/m?
and A = 10° N/m? in the reference configuration.
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electrostriction and, moreover, saturation, can be defined through and ex-
tended convex multi-variable function as follows

Wel,l = H

e-e

1
+ fte (II% + Iplly+ —— ]Id>
uege

&
Stabilised electrostrictive invariant Wgq(F', d)

1 K
-+ gI[DO — (2#1 +4M2 + 12[&6) an+ §(J — 1)2.
2

(102)
Material characterisation in the reference configuration enables the ma-
terial parameters i, 2, fe, €1, €2 and &, in above (102) to be expressed in
terms of the material properties in the reference configuration, namely u, A
and ¢ as
. 1 1 1 12
po=2p + 2p9 + 12/1; A = K+ e + 4po; it M
e
(103)
The amount of electrostriction in the constitutive model Wy, (102) is
controlled by an additional electrostrictive parameter f., defined as

&1 = fesa (]‘04>

where f, > 1 in order to ensure positiveness of 5 and e.. High values
of the parameter f. are associated to highly electrostrictive materials (for a
constant value of ;) leading to a high value of 12 in detriment of - - (103).
An additional stiffening parameter can be 1ntroduced for the convex multi-
variable constitutive model Wy, (102), defined as

124, = fs,u- (105)

High values of the stiffening parameter f, lead to mechanically stiffer
constitutive models. Notice that the energy functional W, ; in above equa-
tion (102) contains the invariant Wgg. This invariant results after stabilising
the non-convex multi-variable invariant IIrI1,, where the same stabilisation
procedure as that for Wgp, and Wgp, in equation (92) has been utilised
(refer to Section 6). Following the same procedure as that for the constitutive
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model in (94), the spatial dielectric tensor is obtained as

1. 4J !
e(F,d) = (—I + —IIpI +& '(J,F, d)) :
€1 Ee
4. 8J Jb~t (106)
e (F,d)=5—1Iib"' + 5 —dod+ ,
geILLC gelu’e 82

where b is the left Cauchy-Green deformation tensor, defined as b = FF7.
Evaluation of the expression for € in above (106) for a vanishing electric

displacement field, namely Dy, = 0 leads to the following expression for
e(F,0)
1. 4] J. o\
e(F,0) = (—I + —IIpl + —b‘1> . (107)
€1 Ee Sp]

Particularisation of the kinematical restrictions of the experimental set
up described in equation (98) enables a diagonal representation of the above
electric permittivity tensor as

€11 0 0
g = 0 €11 0 s (108)
0 0 £33

where an expression for the component €33 can be obtained in terms of the
stretch \ as

-1

eas(A,0) = (8—11 4 éf@) + iA‘*) L) =224 % (109)

For the shake of simplicity, the material parameter €5 is prescribed as e; =

oo. Notice that the resulting energy functional would be convex in a reduced

set {F,H,J d} C V. Choosing the extreme values of the deformation in

the experiment considered in reference [76], namely A\ = 1 and A\, = 6, the
following system of equations is obtained

(l + lf()‘l)) _ = €rZhao(A1)€0; (gi + ! f()‘2)) _ = €rzhao(A2)0

€1 Ee 1 8_
(110)
The above system of equations in (110) enables £; and &, to be determined
as
g1 = 1.05e = f. = 1.05; €e = 202¢. (111)
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Figure 4 shows the good agreement between the predicted spatial per-
mittivity for the constitutive model proposed by Zhao et al. [76] and for the
convex multi-variable (with electric material parameters chosen as in (111))
constitutive models in equations (102), for the range of deformations con-
sidered in the experiment, i.e 1 < A\ < 6 and for the particular scenario for
which Dy = 0. Notice that in the material characterisation carried out to
predict the electrostrictive behaviour of the constitutive model in equation
(102), the elastic parameter p,. did not have any influence. This characteri-
sation was performed at the specific scenario for which Dy = 0. In the more
general case, i.e. Dy # 0, the parameter p,. introduces a further nonlinear
dependence of the spatial electric permittivity upon the material electric dis-
placement field which, for extreme values of the electric field, resembles the
physical behaviour known as electric saturation. This nonlinear effect will
be observed in the following section.

7.2. Numerical experiment

In this section, in addition to the constitutive models Wigeas and W1 in
equations (94) and (102), respectively, a non-convex multi-variable internal
energy functional very similar to the convex multi-variable model in (102)

containing the invariant I /gl14 without the additional stabilising invariants
will be defined as

. . 1 2
Wel72 :/,61[]F+IU/QIIH+ B []d+ TI[FIId
2J¢, Ee
Non-convex multi-variable invariant (112)
1 . . K
+ — I]DO—(2M1+4M2)1HJ+—(J—1)2.
282 2

Equivalence in the reference configuration between the convex multi-
variable constitutive model in equation (102)-(103) and the non-convex multi-
variable model in above (112) is guaranteed if the parameters (i1, fis, &, &2
and & are related to the material properties of the material in the reference
configuration, namely u, x and ¢ as

A . S . 1 1 112
= 21+ 2fip; A=K+ 4fi; —=r =+ (113)
£ €1 E9 Ee

An electrostrictive parameter similar to that in equation (104) can be
defined for the constitutive model in above equation (112) as
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é = fe. (114)

Notice that the following choice of material parameters, i.e,
& =105 = f. =1.05; & = 252, (115)

would replicate the electrostrictive behaviour (variation of the spatial electric
permittivity with the deformation for Dy = 0) of the model in (102) with
the particular choice of electric material parameters €1, ¢; and ¢, in equation
(115).

The objective of this section is to study the behaviour of the convex
multi-variable and non-convex multi-variable constitutive models in equa-
tions (102) and (112) respectively, for the experimental set up depicted in
Figure 3 under a more general scenario where Dy # 0. For a given value of
the only component of the material electric field, i.e, Ejy, the stretch A and
the only component of the material electric displacement field, namely Dy
are obtained via minimisation of an energy functional per unit undeformed
volume 7(\, Dy) defined as

7T()\, D()) = | ll)n{W(F(A), Do(Do)) — E()Do} . (116)
»20
The stationary conditions of the energy functional 7(\, Dy) in above (116)
are obtained as
ow OF

ow 0D
DW()\,D())[éDo] = <6D0 . aDZ

(117)

— E0> 0Dy = 0.

Since equation (117) must hold for any arbitrary virtual variations {d\, 6 Dy},
the final system of nonlinear equations is obtained

R)\()\aDU)
R(\, Dy) = 0; R(N, Dy) = 11
( ) 0) ) ( ) 0) [RDO(A7D0>:| 5 ( 8)
with
ow OF ow oD
RA()\,D()) = a_F . 57 RDO()\J Do) = a__DO . 5’_D§ — EO- (119)
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For the particular experimental set up described in Section 7.1, where
the deformation gradient tensor F' is defined as in equation (98) and where

the material electric displacement field is defined as Dy = [O 0 DO}T, the

derivatives 2F and ‘;%Ol featuring in equations (117) and (119) are obtained

oA
as
10 0
F D
?97: 01 0 |; gDoz[O 0 1]. (120)
00 —2\73 0

A combined Newton-Raphson/arc length algorithm has been applied to
solve the above system of nonlinear equations in (118)-(119). Figure 5 shows
the result of the nonlinear equations (118) replicating the experimental set
up in Figure 3. The predicted behaviour of the dielectric elastomer film
considering the convex multi-variable constitutive model in equation (102)
(where different values of the stiffening parameter f, (refer to equation (105))
have been considered), the non-convex multi-variable constitutive model in
(112) and the ideal dielectric elastomer model in (94) has been studied. The
three models considered have identical material properties in the reference
configuration, namely pu, A and £. As it can observed from Figure 5(b), a
constitutive model with a low value of the stiffening parameter f, is more
prone to develop electric saturation. In other words, a highly nonlinear
behaviour of the curve relating E and D occurs, which in the ideal case,
would tend to a stagnation scenario.

Additionally, Figure 6 studies the influence of the electrostrictive electric
parameter f. on the convex multi-variable constitutive model in equation
(102). Notice that in this case, unlike that one depicted in Figure 5 (for
which the stiffening parameter f; is changed), the electrostrictive behaviour
of the convex multi-variable constitutive model for Dy = 0 is not the same
for different values of f., since f. (refer to equation (111)) takes place in
the definition of electrostriction for Dy = 0, as shown in equation (109). A
comparison of the response of the convex multi-variable constitutive model
in equation (102) for different values of the electrostrictive parameter f, for a
fixed value of f, is carried out against that of the non-convex multi-variable
constitutive model in equation (112) (with f, chosen according to equation
(115)) and the ideal dielectric elastomer model in equation (94). As it can
be observed from Figure 6(b), a constitutive model with a high value of the
electrostrictive parameter f, is also more prone to develop electric saturation.

Finally, Figure 7 shows the graphical visualisation of the inverse of the La-
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Figure 5: Relation between (a) e3 and A, (b) E and D, (¢) P, x, — P.,x, and
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model in equation (102) (for different values of the stiffening parameter f;),
the non-convex multi-variable model igy(112) and an ideal dielectric elastomer
(94). Material parameters: f. = 1.05, e = 00, €9 = 252¢ and p; = 2uy for
the convex multi-variable model and with fe = 1.05, é&5 = oo and i3 = 2/ip
for the non-convex multi-variable model. &, = 4.68, u = 7.5 x 10* N/m? and
A =106 N/m?.
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grangian dielectric tensor 6, the piezoelectric tensor @7, and the Lagrangian
electrostrictive tensor B computed according to equations (C.8), (C.5) and
(C.10), respectively, for the convex multi-variable constitutive model in equa-
tion (102), the non-convex multi-variable constitutive model in (112) and the
ideal dielectric elastomer model (94), having the three models the same ma-
terial properties in the reference configuration, namely, u,~5\ and ¢. For the
visualisation of these tensors, their associated moduli %, Q, and B, are de-
fined via a spherical parametrisation of the arbitrary direction n as in [83]'6:

é:n-en; Q=9: (Mdn®n); B,=(n@n):B: (n®n).
(121)
As predicted from Figures 5 and 6, for increasing values of the dimension-
less electric field E/ \/u_/a, the differences in the three constitutive tensors
between the three constitutive models involved increase.

8. Concluding remarks

This paper has proposed a new variational framework to formulate large
strain/large electric field electro-elasticity. This work extends for the first
time the ideas presented by Bonet et al. [1] in the field of polyconvex
elasticity to nonlinear electro-elasticity. With that in mind, a new inter-
nal energy density functional has been introduced in the form of a convex
multi-variable function with respect to an extended set of electromechanical
variables V = {F, H, J, Dy, d}, which enables the ellipticity condition and
hence, material stability to be satisfied for the entire range of deformations
and electric fields. Notice that the focus of this paper is on material stability
and not on the existence of minimisers. The latter would also require the
study of the sequentially weak lower semicontinuity and the coercivity of the
energy functional.

The introduction of the spatial vector d as an element of the set V proves
to be extremely relevant since it permits the electromechanical energy of the
vacuum and hence, that of ideal dielectric elastomers, to be considered as
a degenerate case of a convex multi-variable functional. Furthermore, the

16 An additional modulus can be associated to the forth order tensor B, namely B, =
%I : B:n ®n., resembling both B, and B, the shear C,, an volumetric C,; counterparts
of the elasticity tensor C (C.2).
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Figure 7: Numerical experiment for the experimental set up in Figure
3. From left to right: convex multi-variable constitutive model in equa-
tion (102); non-convex multi-variable constitutive model in (112); ideal
dielectric elastomer (94). Graphical representation of 1/ (121), for (a)

E/\/ju/e = 0.028, (b) E/\/1u/e = 0.14 and (c) E/+/jt/e = 2.35. Graphical
representation of Q (121), for (d) E/\/jfe = 0.028, (e) E/\/uje = 0.14
and (f) E/\/u/e = 2.35. Graphical representation of BVM (121), for (g)
E/\/uje = 0.028, (h) E/\/p/e = 0.14 and (i) E/\/pu/e = 2.35. Mate-
rial parameters: f. = 1.05¢, g5 = 00,4l = 252¢ and 1 = 2o for the convex
multi-variable model in (102) and fe = 1.05, &3 = oo and ji; = 2/is for the
non-convex multi-variable model in (112). &, = 4.68, p = 7.5 x 10* N/m?
and A\ = 10° N/m?.




authors show simple techniques, denoted as convexification or stabilisation,
which enable to create convex multi-variable electromechanical invariants by
modifying a priori non-convex multi-variable invariants.

An additional set of variables ¥y = {¥p, Xg,%;, ¥p,, Xa}, dual (work
conjugate) to those in V is presented for the first time in the context of
nonlinear electro-elasticity. Very remarkably, the one to one relationship
between both sets }V and Yy, enable the definition of new interesting extended
Hu-Washizu type of mixed variational principles which are presented. The
use of a tensor cross product [1, 3, 75] operation and its associated algebra,
greatly facilitates the algebraic manipulations of expressions involving the
adjoint of the deformation gradient and its derivatives.

The Finite Element implementation of some of the mixed variational prin-
ciples presented in this paper as well as the development of a general conser-
vation law system (along with the analysis of its hyperbolicity) will be the
next steps of our work.
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Appendix A. Cross product tensor product

The left cross product of a vector v and a second order tensor A to give
a second order tensor denoted v X A is defined so that when applied to a
general vector w gives:

(vxA)w=vx (Aw); (vXA); = Envdy, (A.1)

where &;; denotes the components of the standard third order alternating
tensor and X is the standard vector cross product. The right cross product of
a second order tensor A by a vector v to give a second order tensor denoted
A X v is defined so that for every vector w:

(A X 'U) w=A (’U X ’UJ) ; (A X v)ij = jklAikUl- (AQ)

The cross product of two second order tensors A and B to give a new
second order tensor denoted AX B is defined so that for any arbitrary vectors
v and w gives:

v - (AXB)’U] = (’U XA) : (.B)(’LU)7 (AXB)Z] = iklgjmnAkmBln- (Ag)

In the framework developed in this paper the tensor cross product will
be mostly applied between two-point tensors. For this purpose the above
definition can be readily particularised to second order two-point tensors as,

(AXB)U — 5ijk(€[JKAjJBkK. (A4)

When applied to a second order tensor A and a fourth order tensors H,
two possible operations are defined as:

(HxA) pi; = Ein€ricppisAvr; (AXH);pp = Ein€rin AjiHixpp-
(A.5)
Moreover, the double application of the tensor cross product between a
fourth order tensor and two second order tensors is associative, namely:

AxHxB=(AxH)xB=Ax(HxB). (A.6)

Finally, when applied to a second order tensor A and a third order tensors
Q, two possible operations are defined as:

QX% A)p;; =EiinlrinQpisAr; (AXQ).p = i€k AjHixp. (AT)
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Some useful properties of new cross product are enumerated below. Let
a be a scalar, V and W material vectors, v and w spatial vectors, I the
identity tensor with Kronecker delta components (I);; = ¢;; and A, B and

C second order tensors

AXB=BXA,
AxB=A"xB7;
AX(B+C)=AxB+ AxC;
a(AXB)=(aA)xB = AX(aB);
(VRV)X(wW)=(vxw)((VxW);
VX(AXV)=(vXA)XV =vXAXV;
AX(v@V)=—-vXAXV,
(AXxB):C=(BxC): A= (AxC): B,
(AxB)(VxW)=(AV)x (BW)+ (BV) x (AW);

AXT = (trA) T — AT,
IxI=2I;
(AXA): A=6 detA;

CofA = %A X A;
(AC) x (BC) = (A X B) (CofC) .

50




Appendix B. Proof of convexity of stabilised invariants

Appendixz B.1. Stabilisation strategy 1 in Section 6.1
Convexity of invariant Wgp, (F, Dy) in equation (92) is subject to posi-
tiveness of the variable F defined as

*Wrp, 0*Wrp,

OFOF OF 0Dy - oF
F=[06F: 6Dy | ' >0, (B.1)
0D
*Wrp, 0°Wrp, 0
0DyOF 0Dy0Dg

where each of the terms featuring in the Hessian of Wgp, in (B.1) are ob-
tained as

PWrpy _gpo py A(ITp ++*11p,)T;

OFOF o
—— 20 _ 84?F ® Dy; B.2
82WFD0

——— 20 =84 Dy @ Dy + 443 (11 2IIp)I.
9Do0D, v Dy ® Do+ 4v*(I1p +v*11p,)

Introduction of above equation (B.2) into (B.1) yields

F =8(0F : F)> + Allp1I;p + 491 1p, I Isp

F1 F3
+87'(0Dg - Do)* + 44" I1p I Isp, +47° 111 Isp, (B.3)
+167*(6F : F)(6Dy - Dy).

7

Application of the Cauchy-Schwarz inequality to the tensors F and 6 F
and to the vectors Dy and d D, reads as,

IIpll;p > (6F : F)*; IIp,II;p, > (6D, - Dy)>. (B.4)

Equation (B.4) enables a set of inequalities for F; and F3 in (B.3) to be
written as,

Fi=8(0F : F)? +4lIpllsp > 12(6F : F)?%

B.5
FQ = 8’}/4(6D0 . D0)2 + 4’}/4[[D0]I§DO Z 12’74(5D0 . DO)Z. ( )

ol




Introduction of the inequalities for F; and F5 in (B.5) into equation (B.3)
yields the following inequality

F > 12(0F : F)? +49*1p, I I;p +127*(0Dg - Dy)?

#i 7 & (B.6)
4 2 . :
+ 49 1IplIsp, +1672(0F : F)(6Dy - Dy).

Notice in above (B.6) that F3 > 0 and F; > 0. Therefore, inequality
(B.6) can be further modifed as

F>F5 F=F+F+F (B.7)

Introduction of equation (B.6) into equation (B.7), enables the interme-
diate variable F* in (B.7) to be written as

Fr=F+F;+Fs=12(0F : F)* +1274*(6 Dy - D)* +16+*(6F : F)(0 D, -
a? b ab
(B.8)

Notice from equation (B.8) that F* can be re-written in a more compact
and clearer form in terms of a and b (B.8) as

F* =12a* + 12b* + 16ab = 4(a* + b* + 2(a + b)*) > 0. (B.9)

Positiveness of F* in above (B.9) yields positiveness of F in (B.6) (inferred
from (B.7),). Hence, the invariant Wgp,(F', Dy) in equation (92) is convex
with respect to its arguments, namely {F, Dy}.

Appendixz B.2. Stabilisation strategy 1 in Section 6.2

Convexity of invariant W p, in equation (93) is subject to positiveness
of the variable G defined as

#®Wup, O*WHD,
OHOH  9HOD, - SH
> 0,
0D,

G=[6H: 6Dy | (B.10)

#®Wup, O*WHD,
dDodH  dDodDg
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where each of the terms featuring in the Hessian of Wgp, in (B.10) are
obtained as

Wb,
OHOH
Wb,
OHOD,

=8H ® H + 411y + 27°T;
=8v'Dy ® Dy + 2v*(H"H + 2+*11p,I)1.

with Zi;j; = 6;;D0,Dy, and S;;y = H;yDo; + (HDy), 67;. Introduction of
above equation (B.11) into (B.10) enables G in (B.10) to be re-written as

G = Al Iy +4v* [ Ip,1sp, + 4> (SHDy - H6Dy + HDy - SHSDy)

G G Fs
+8(6H : H)" +8y" (Dy - 6Dy)" + 29°I sup, + 27 Tusp, -
A

(B.12)
Application of the Cauchy-Schwarz inequality to the term G; in above
(B.12) yields the following inequality

G =4lIyllsy > 4tr (H'HOH"6H) = 4tr (H'0HOH"H) . (B.13)

Introduction of inequality (B.13) for G; into equation (B.12) renders the
following inequality for G (B.12)

G > 4tr (H'OHSH"6H) + 4v*I1p,1Isp, +4v* (SHD, - HSDy + HD, - §HSDy)

+8(6H : H)’ +8y* (Dy - 6Dy)* + 27y I Isup, + 271 Iasp, -
G

(B.14)
Notice in above equation (B.14) that G4 > 0. Therefore, inequality (B.14)
can be further modified as

G>G G =G +G+0s (B.15)

Introduction of equation (B.14) into (B.15), enables the intermediate vari-
able G* to be written as

G =G +G,+Gy=4tr (B"B); B=¢H"H++°Dy® D,. (B.16)
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Finally, positive definiteness of the tensor BT B in above equation (B.16)
implies positiveness of G* and hence, positiveness of G (inferred from equation
(B.15),). Therefore, convexity of invariant W p, in (93) with respect to its
arguments, namely {H, Dy} is proved.
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Appendix C. Material characterisation in the reference configu-
ration

Proper material characterisation in nonlinear electro-elasticity is at its
early stage. Experimental studies reporting the behaviour of specific materi-
als at various high deformation scenarios and for large values of the applied
electric fields are not available. Therefore, material characterisation in non-
linear electro-elasticity relies upon characterisation in the reference configu-
ration [38]. The following section shows how the different constitutive tensors
emerging in electro-elasticity (45) can be expressed in terms of the elements
of the extended set V. Then, material characterisation in the reference con-
figuration is achieved by replacing {F', H, J, D, d} with {I,1,1,0,0} in the
expressions obtained for the different constitutive tensors.

Appendiz C.1. Elasticity tensor

From equation (44), the second directional derivative of the internal en-
ergy e with respect to changes of the geometry can be obtained as

D¢ [du;u] = Vodu : C : Vou. (C.1)

Comparison of equations (C.1) and (46) enables the elasticity tensor C to
be alternatively re-written in terms of the derivatives of the electro-kinematic
variable set V as

C=Wprp+FXWggXF)+W;;H® H+C,
+2(Wrpg X F)¥" + 2(Wp; @ H)™™ + 2(Wgq @ D)™™
+2(FxWgy) @ H)M 4+ 2((F X Wiq) @ Dg)™™
+2(H ® (Wjyq ® Dg))™™ + A,

(C.2)

where
Airjs = Eip€rip (Bu + X,8m),p5 Crirjg = Wada)y; DorDos. (C.3)

Moreover, for any fourth order tensor 7 included in equation (C.2), the
symmetrised tensor 7™ is defined as ’1;?]”}1 = % (Tirjg + Tigjr)-

%)




Appendiz C.2. Piezoelectric tensor

From equation (44), the second directional derivative of the internal en-
ergy e with respect to changes in geometry and electric displacement field
leads to the following expression

%e [6u; ADg) = (Vodu : Q7) - AD,,. (C.4)

Comparison of equations (C.4) and (46) allows to re-express the piezo-
electric tensor Q7 in terms of the elements of the set V as

QTZWFDO+FXWHDO+H®WJDO+Q{

5
+ol+ol+ o+ ol vy, 1 (C5)

where the expressions for the tensors Q7 in above equation (C.5) are given
as

(21,1, = (Wapy);; Dor: (C.6a)
(Qg)m (Wrair;) Fjrs (C.6b)
(25),1, =(F X Wra)ir; F; (C.6¢)
(Q;{)ZI] =(H @ Wia)ir; Fjs; (C.6d)
(Qg)ZIJ = (Waa),; FjsDor- (C.6e)

Appendiz C.3. Dielectric tensor

The second directional derivative of the internal energy e with respect
to changes in the electric displacement field can be identified from equation
(44) as

26 [5D0, AD()] = 5D0 : OADO (C?)

Comparison of equations (C.7) and (46) enables the inverse of the di-

electric tensor @ to be re-expressed in terms of the elements of the set V

as
0 = WDoDo + (WDOdF + FTWdDo) =+ FTdeF. (08)
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Appendiz C.4. Electrostrictive tensor

A very important constitutive tensor described as a second order effect (it
does not appear in the tangent operator of the internal energy e (Vox, Dy)
in (44)) is the electrostrictive tensor, defined as

_ 02"

B|F:V0w - 8D0 (09)

Introduction of equation (C.5) into (C.9) enables B to be expressed in
terms of the elements of the set V as

(Blr—voz);r i = WEDoD) i1k + (WED0) ;1 Frnic
+ (F X WHD0D0>iIJK + (F x WHDod>qu Frnk
+ (H ® WJDODO)HJK + (H ® WJDod)iIJm Fo
+(Bi+By+Bs+ By +Bs), 0 + Wabg )ik 015 + Waa),,, Frrdr,

(C.10)
where Wape = fmaag—giac and with
(B1)irsx = Wapono) s 11, Dor + Wapod) ;g Fmic Dor + (Waby )5 0153
(C.11a)
(B2)i175 = Wrapo)irjx Fis + Wrad)rj, FjoFir (C.11b)
(BB)UJK = (F X WHdDU)inK Fyr+ (F X WHdd)ink FjyFrk: (C.llc)
(34)z‘1JK = (H ® WJdDo)i[jK Fjy+ (H ® WJdd)z‘Ijk FjrFrk; (C-lld)
(Bs)irsie = Waan,)ijx FjsDor + (Waaa) i FjoFix Dor + (Waa);; Fis01xc.
(C.11e)
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