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A new framework for large strain electromechanics
based on convex multi-variable strain energies:
conservation laws and hyperbolicity and extension to
electro-magnetomechanics.

Rogelio Ortigosa, Antonio J. Gilt

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

Abstract

This work is the third on a series of papers by Gil and Ortigosa [1, 2] on
the development of a new computational framework for the analysis of Elec-
tro Active Polymers, where the concept of polyconvexity [3] is extended to
the case of electro-magneto-mechanical energy functionals. Specifically, four
key novelties are incorporated in this paper. Firstly, a new set of first order
hyperbolic equations is presented in the context of nonlinear electro-magneto-
elasticity, including conservation laws for all the fields of the extended set of
arguments which determine the convex multi-variable nature of the internal
energy. Secondly, the one-to-one and invertible relationship between this ex-
tended set and its associated entropy conjugate set enables the definition of
a generalised convex entropy function, resulting in the symmetrisation of the
system when expressed in terms of the entropy variables. Thirdly, this paper
shows that, after careful analysis of the eigenvalue structure of the system,
the definition of multi-variable convexity in [1] leads to positive definiteness
of the electro-magneto-acoustic tensor. Therefore, multi-variable convexity
ensures the satisfaction of the Legendre-Hadamard condition, hence showing
that the speeds of propagation of acoustic and electro-magnetic waves in the
neighbourhood of a stationary point are real. Finally, under a characteris-
tic experimental set-up for electrostrictive dielectric elastomers, a study of
the material stability of convex and non-convex multi-variable constitutive
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models is carried out.

Keywords: Dielectric elastomers, Magneto Active Polymers, Nonlinear
electro-elasticity, Conservation laws, Polyconvexity, Hyperbolicity

1. Introduction

Dielectric elastomers [4-7] and piezoelectric polymers have become in-
creasingly relevant due to their outstanding capabilities as artificial actuators
[4-8], energy harvesters and as power generators [9]. Another type of smart
materials with potential applications within the field of artificial actuators is
that of magneto-active elastomers [10].

In the present manuscript, a general computational framework for the
analysis of electro-magneto-mechanical interactions is presented. The frame-
work can be particularised to more simplified scenarios, where only electrome-
chanical or magnetomechanical interactions are considered. The present
manuscript is the third of a series of papers written by the authors [1, 2].

Despite the enormous interest of the experimental [4-8] and computa-
tional scientific communities [10-22], the definition of suitable constitutive
models for both electro-active and magneto-active materials is still at its early
stages. As customary in nonlinear continuum mechanics and as dictated by
thermodynamics, the constitutive behaviour of the material is encoded in an
energy functional which typically depends upon appropriate strain measures,
Lagrangian electric and magnetic variables and, if dissipative effects are con-
sidered, appropriate internal variables. Several authors have proposed alter-
native representations of the energy functional in terms of electromechan-
ical or magnetomechanical invariants [12-17]. However, some restrictions
need to be imposed on the resulting invariant representation if a physically
admissible behaviour is expected to occur. Bustamante and Merodio [23]
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 can violate the aforementioned inequalities
for very specific deformation scenarios.

The most well accepted constitutive inequality is ellipticity, also known
as the Legendre-Hadamard condition [3, 24]. This inequality has important
physical implications. In particular, it guarantees positive definiteness of the




generalised electromechanical acoustic tensor (or electro-magneto-mechanical
acoustic tensor in the more general scenario of electro-magneto-elasticity) [25]
and hence, existence of real wave speeds in the material in the vicinity of an
equilibrium configuration. Moreover, this condition is intimately related to
material stability [26] of the constitutive equations. Several authors have also
studied under what conditions positive definiteness of the generalised elec-
tromechanical acoustic tensor and hence material stability is compromised
for a specific invariant representation of the energy functional [25, 27, 28].

In nonlinear elasticity, polyconvexity [3, 24, 26, 26, 29-46] of the (strain)
energy functional, namely, convexity with respect to the components of the
deformation gradient tensor F', the components of its adjoint or Co-factor H
and its determinant J, automatically implies the satisfaction of the Legendre-
Hadamard condition.

In Reference [1], a new electro-magneto-kinematic variable set is intro-
duced including the aforementioned kinematical entities, namely {F', H, J}
and the Lagrangian electric displacement field Dy, the Lagrangian magnetic
induction By, and two additional spatial or Eulerian vectors d and b. The
latter entities, namely d and b are computed as the product between the de-
formation gradient tensor and the Lagrangian electric displacement or mag-
netic induction, respectively. The resulting energy functional is called the
internal energy and as presented in Reference [1], its convexity with respect
to the elements of the new extended set permits an extension of the Legendre-
Hadamard condition [24], not only to the entire range of deformations but
also to any electric and magnetic fields.

It should be emphasised that the focus of this paper is on material stabil-
ity 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 [3, 40]. This is the fundamental reason behind the use of
the more appropriate term multi-variable convexity for the general context
of electro-magneto-elasticity as opposed to polyconvexity in the particular
case of nonlinear elasticity.

The present manuscript provides a physically meaningful interpretation
of the proposed definition of multi-variable convexity of the internal energy
as a result of the strong relationship between the Legendre-Hadamard condi-
tion (satisfied by convex multi-variable functionals) and the hyperbolicity of
the dynamic equations. More specifically, the Legendre-Hadamard condition
is intimately related to the nature of the arguments of multi-variable convex-
ity, which must be expressed in terms of first order hyperbolic equations. A




system of first order hyperbolic conservation laws is presented for each of the
arguments of the extended set of variables which define multi-variable con-
vexity, namely {F, H,J, Dy, By,d,b}. First order conservation laws have
already been presented for F';, H and J in References [36, 42, 47-52]. The
set of Maxwell equations is also comprised of a first order hyperbolic conser-
vation laws for Dy and By [53]. Two completely new conservation laws for
the variables d and b are presented in the present manuscript.

The extended set of variables {F', H, J, Dy, By, d, b} enables a new set
of entropy conjugate variables {¥Xp, X g, ¥, ¥p,, XB,, 2a, Xb} [D4] to be
introduced. Multi-variable convexity of the internal energy guarantees that
the relationship between both sets of variables is one-to-one and invertible.
Crucially, in line with the pioneering work of Hughes et al. [55] in the context
of Computational Fluid Dynamics and later Bonet et al. [49] in the context
of nonlinear Computational Solid Dynamics, the new definition of multi-
variable convexity enables, for the first time, a generalised convex entropy
function to be defined in the context of nonlinear electro-magneto-mechanics.

This innovative idea facilitates the transformation of the system of con-
servation laws in electro-magneto-mechanics into a symmetric set of hyper-
bolic equations when expressed in terms of the entropy conjugates of the
conservation variables. The physical implications of this symmetrisation are
extremely relevant, as existence of real travelling waves (hyperbolicity) is au-
tomatically satisfied [55]. Furthermore, the eigenvalue structure [25, 26] of
the full new set of hyperbolic equations is studied in this paper. In this case,
it can be proved that multi-variable convexity entails positive definiteness of
the electro-magneto-mechanical acoustic tensor [25, 26].

From the computational standpoint, the new definition of multi-variable
convexity has been shown very useful for the development of new extended
Hu-Washizu type of mixed variational principles [1, 2] in the context of non-
linear electromechanics, which can help overcoming the inherent difficulties
of displacement-potential based formulations. An extension of these new Hu-
Wahizu type of mixed variational principles to the field of magneto-elasticity
would be straightforward. In addition to these new Hu-Washizu type of
mixed variational principles, the new set of conservations laws proposed in
this paper opens up very interesting possibilities to use stabilised based for-
mulations, in line with those published in References [36, 42, 48, 49, 52, 56]
in the context of nonlinear elasticity.

This paper is organised as follows. Section 2 succinctly revises fundamen-
tal concepts of large strain kinematics with the help of a tensor cross product
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notation initially introduced by de Boer [57] and further developed by Bonet
et al. [41]. Section 3 revisits the definition of multi-variable convexity in-
troduced in Reference [1] for nonlinear electro-magneto-mechanics. Further-
more, a new extended set of first order hyperbolic conservation laws is derived
for the first time in the context of nonlinear electro-magneto-mechanics. In
particular, conservation laws are presented for all the elements of the new ex-
tended set of arguments, namely {F, H, J, Dy, By, d,b}. Section 4 presents
the eigenvalue structure associated with the set of first order hyperbolic equa-
tions, proving the existence of real eigenvalues (wave speeds) for constitutive
models complying with the new definition of multi-variable convexity. Sec-
tion 5 defines the generalised convex entropy function and its associated flux
and presents the symmetric set of conservation laws expressed in terms of
the new set of extended entropy variables. Finally, Section 6 focusses on
the analysis of material stability of convex and non-convex multi-variable
constitutive models suitable for the description of electrostrictive dielectric
elastomers [4-7].

Five appendices have been included for the sake of completeness. Ap-
pendix A presents the algebra associated to a tensor cross product operation
introduced by de Boer [57] and further exploited by Bonet et al. [41, 58].
This tensor cross product operation proves very convenient when dealing with
the derivatives of the Co-factor and hence will feature heavily in the convex
multi-variable framework under study. Appendix B presents complementary
information necessary to Section 4. Appendix C includes a re-expression
of the relevant constitutive tensors emerging in nonlinear electro-magneto-
mechanics in terms of the algebraically more convenient components of the
extended Hessian operator of the convex multi-variable representation of the
internal energy. Appendix D includes the proof of a theorem relevant to the
eigenvalue structure of the set of hyperbolic equations in nonlinear electro-
magneto-mechanics, developed in Section 4. Finally, Appendix E includes
some algebraic manipulations which facilitate the derivation of explicit ex-
pressions for the speed of propagation of acoustic waves for simple convex
multi-variable electromechanical constitutive models.

2. Motion and deformation

Let us consider the motion of a continuum that could represent an electro
and /or a magneto active material. Let this continuum in its initial or material
configuration be defined by a domain V' of boundary 0V with outward unit




normal IN. After the motion, the continuum occupies a spatial configuration
defined by a domain v of boundary dv with outward unit normal 7.

The motion of the 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). The two-point de-
formation gradient tensor or fibre-map F', which relates a fibre of differential
length from the material configuration dX to the spatial configuration dex,
namely de = FdX, is defined as the material gradient V( of the spatial
configuration [3, 24, 29-31, 59-63|

0p(X,t)

F:VOZD: 0X . (1)

x=¢(X,t)

da = HdA

Figure 1: Deformation mapping of a continuum. Associated kinematics magnitudes:
F H,J.

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
adjoint tensor H as da = HdA, which is related to the deformation gradient




tensor via the so-called Nanson’s rule [59]
H=JF " (2)

Figure 1 depicts the deformation process as well the three kinematic maps,
that is, ', H and J. With the help of the definition of the tensor cross
product operation X introduced in [57] and rediscovered and utilised in the
context of computational nonlinear continuum mechanics in [41, 58], 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 = igz‘jkgqu}JFkK; (3a)
1 1

J = §H . F; J = gHuFil, (3b)

where & (or £rk) 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 [49]

DIVH =0; CURLF =0, (4a)

where the material CURL and DIV of a second order tensor A are defined
as

9Auc. 0y 6
aXJ ’ aX] .

In the context of the conservation laws that will be developed in the
following Sections, equations (4) represent two sets of involutions [49] that
need to be satisfied by the conservation variables.

[CURLAJ,, = &k

(DIVA),

2Lower case indices {i, 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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3. Conservation laws in convex multi-variable nonlinear electro-
magneto-mechanics

In this Section, the set of first order hyperbolic equations in large defor-
mations and large electric/magnetic fields scenarios will be presented.

3.1. General remarks

The aim of this Section is, following the work in Reference [49] in the
particular context of nonlinear elasticity, to express the equations of electro-
magneto-mechanics in the form of a set of global conservation laws for a set
of conservation variables U = [U,] with fluxes F = [F,;]| and source terms

S = [S,], where o = 1,...,n represents the set of unknowns and I =1,2,3
the reference coordinates. Global conservation laws are generally expressed
as [49]

d

—/UdV+/ ]:dA:/SdV. (6)

dt Jy oV v

For smooth functions, this integral expression is equivalent to the set of
first order differential equations

aa_u +DIVF = S. (7)

In addition, for discontinuous solutions, the integral conservation laws
also lead to the following jump conditions across a discontinuity surface with
normal N moving with normal speed U [51, 64, 65]

vlu] = |F|N, (8)

where the notation [[qﬁ]] = (¢4 — ¢_) is used to denote the jump of a vari-
able across a moving discontinuity surface. It is often convenient to express
equation (7) in the quasi-linear form,

ou ou OF
_— —_— S = a = —’ 9
ot + AI@X[ ) A[ [A ﬁ]f ou ( )
where F; denotes the columns of the flux matrix and, in general, the square
nxn matrices A; (with a, 3 = 1,...,n) will not be symmetric. Alternatively,
the flux matrix F defined in (7) can be expressed as
1 0 0
F=FiQFEp E, =10 L E;= |0 (10)
0 0 1




3.2. Conservation of mass and momentum

For Lagrangian formulations, conservation of mass is simply stated as

The above equation (11) simply implies that the initial density of the
material, namely py, is constant and therefore does not need to be considered
as part of the vector of problem unknowns U.

Global conservation of linear momentum p = pyv is established for any
arbitrary Lagrangian volume V' as

d
— pdV—/ tOdA:/deV, (12)
dt Jy ov 1%

where f represents a body force per unit undeformed volume and ¢, the
traction vector associated with the initial normal IN. Assuming the exis-
tence of a first Piola-Kirchhoff stress tensor P such that the traction vector
associated with the initial area with normal N is t, = PN, the equivalent
local equilibrium equation and jump condition can be written as

op

5 ~DIVP = f;; Ulp] =-[P]N. (13)

3.3. Conservation of electric charge and Mazxwell equations

In a Lagrangian setting, conservation of electric charge is simply stated

d
— o dV = 0. 14
i (14)

Analogously to the equation of conservation of mass in (11), equation (14)
implies that the initial electric density charge of the material pf is constant
and therefore does not need to be considered as part of the vector of problem
unknowns U. The Faraday and Ampere laws for an arbitrary Lagrangian
volume can be established as

as

dt Jy ov

d
—/DOdV+ H, x dA:—/ JodV, (15b)
dt Jy oV v




where Dy and B, denote the material form of the electric displacement
field and the magnetic induction vectors. Eq and H denote the electric and
magnetic fields, respectively, and J is the volume current density in the ref-
erence or material configuration. The equivalent local differential equations
and jump conditions are

0B,

0+ CURLE, = 0; U|Bo| = =[BEo] x N;  (16a)
8@2“ — CURLH, = —Jy; U[Do| = [Ho| x N. (16b)

Maxwell equations are completed with an additional set of partial differ-
ential equations including the Gauss law and the Gauss law for magnetism,
which can be expressed as

DIVD, = pi:  DIVB, = 0. (17)

There exists a clear similitude between equations in (17) and equations
in (4). In fact, both Gauss laws in (17) can be seen as an additional set of
(electro-magnetic) involutions [53] to those described in equation (4) which
also need to be satisfied by the conservation variables U.

3.4. The internal energy in nonlinear electro-elasticity

Equations (12), (15a) and (15b) establish a balance between the evolution
of the conservation variables p, By and Dg and their associated fluxes, re-
lated to the first Piola-Kirchhoff stress tensor P and the material form of the
electric and magnetic fields, namely Ey and H,. In addition, the latter vari-
ables {P, Ey, Hy} are determined based upon an appropriate constitutive
law.

In the case of reversible electro-magneto-mechanics, where thermal effects
and any other possible state variables (i.e. accumulated plastic deformation,
electrical relaxation, etc) are disregarded, constitutive laws can be derived
from the internal energy density e per unit of undeformed volume, defined
as

e = G(Vow,Do,B()). (18)

The first principle of thermodynamics (under the assumption of no dis-
sipative effects) yields the following expression for the time derivative of the
internal energy e(Vox, Dy, By)

é:PIVQU+E0'DQ+HO'Bo. (19)
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Combination of equations (18) and (19) establishes the necessary con-
stitutive relationships which enable the first Piola-Kirchhoff stress tensor P
and the material form of the electric and magnetic fields, namely Eq and H
respectively, to be defined as

a@(V0$,D0,BQ)' H. — 86(V0w,D0,B0)
0D i & 0B, ‘

(20)

_ 8€(V0$,D0,Bo),

P = E, =
aVOCB 0

3.5. The convex multi-variable internal energy in nonlinear electro-magneto-
elasticity

Constitutive equations must satisfy appropriate restrictions if a physically
admissible behaviour is expected to occur. The most well accepted constitu-
tive restriction, namely the Legendre-Hadamard condition [24], ensures the
existence of real travelling wave speeds in the vicinity of a stationary point
[26]. Typically, suitable convex requirements on the internal energy e (18)
can lead to the fulfilment of the Legendre-Hadamard condition. In the field
of nonlinear elasticity, it is well known [3] that convexity of the internal
(strain) energy e(Vox) with respect to Vox complies with the Legendre-
Hadamard condition. However, this is too stringent of a restriction, as it
precludes other physical behaviours such as buckling [3]. Analogously, in the
more general context of electro-magnetomechanics, convexity with respect to
{Vox, Dy, By} should also be discarded as a plausible convex restriction on
e (18).

A definition of the internal energy compliant with the Legendre-Hadamard
condition which does not exclude buckling can be achieved via a relaxation
of the convexity requirements on e(Vox, Bg, D). In the context of non-
linear elasticity, quasiconvexity [66] and polyconvexity [3, 24, 30] are suc-
cessful examples of relaxation. In a previous work [2], the authors have
postulated an extension of polyconvexity to the field of electromechanics
(where the more appropriate term multi-variable convexity has been adopted)
and hinted its immediate extension to the more general context of electro-
magneto-mechanics. In Reference [2], the internal energy e(Vox, Dy, By) is
defined as convex multi-variable if it can be expressed as

¢ (Voz, Do, Bo) = W (V) (21)
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where W represents a convex muti-variable functional in terms of the ex-
tended set of arguments V), defined as

V:{F7H7J7D07B07d7b}7 (22)
with the spatial vectors d and b defined as

3.5.1. Work conjugate variables in convex multi-variable electro-magneto-
mechanics
The definition of multi-variable convexity in equation (21) enables the in-
troduction of a set of work conjugate variables ¥y = {¥p, X5, ¥, Xp,, LBy, Xd, b}
to those in V (22) defined as

i _OW oW
F — aFa H—aHa J — 8J>
oW oW
Do= 9D, TP oB,’ (24)
oW oW
=g T g

Using the properties of the tensor cross product operation X in Reference
[41, 49], it is possible to obtain the time derivative of the internal energy e
(18) now expressed in terms of the set V (22) as

é(F,Dy,By) =W(F,H,J Dyd,B,b)
=Yp: F+ Yy H+Y%,J
+Xp, - Do+ Zg, - By
+3,-d+3p-b
=X+ YXgXF+YX/H+3Y;0 D)+ 3, ® By) : Vv

+ (Zp, + F'S4) - Dy + (B, + F'Sy) - By,
(25)
Comparison of equations (25) against (19) enables the first Piola-Kirchhoff
stress tensor P and the material form of the electric and magnetic fields,
namely Ey and H respectively, to be expressed in terms of the elements of
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both sets V and >y as

P:EF+EHXF+EJH+Ed®DO+Eb®BO, (26&)
Ey=Xp, + F'%y; (26D)
H,=3Xp, + F'%,. (26¢)

Finally, a convex multi-variable representation of the internal energy as
that in equation (21) ensures that the extended Hessian operator of the
extended internal energy, namely [Hyy| (21) is positive definite, with [Hyy]
defined as

Wrr Wra Wr; Wrp, Wre, Wra Wrs
War Wua Wa; Wwap, Wes, Woa Whab
Worp Wi Wy Wip, Wi, Wi Wp
[Hw] = |Wpyr Wpor Wby Wbep, WboB, Wpea Wb | - (27)
We,r Weow Waos Weip, Wiee, Wbsa Wheb

War Wag  War Wap, Wi, Waa Was

WbF WbH Wb] WbDo WbB 0 Wbd Wbb _

3.5.2. A simple convexr multi-variable electro-magneto-mechanical constitu-
tive model
As an example, a simple energy functional which complies with the defi-
nition of multi-variable convexity in equation (21) can be defined as

1 1 1 1
Wl :ILL1[IF+/LQIIH+JC(J) + _I[DO + _[[d+ - I[BO + - IIb,
2e1 2¢e5 24l 2}ia

(28)
where 1) denotes the squared of the Euclidean norm for vector entities
and the Frobenius norm for second order tensors. A possible definition of
the (convex) function f(J) in equation (28) could be [41]

() = =2 +2m) InJ + 5 (J = 1)°. (29)
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Moreover, multi-variable convexity requires positiveness of all the ma-
terial parameters in equations (28) and (29). Among those, pu1, e and K
have unit of stress, namely [N/m?], e; and &5, units of electric permittiv-
ity, namely [N/V?] and fi; and ji; units of magnetic permeability, namely
[N/A?%]. These material parameters are related to the shear modulus p, the
first Lamé parameter 5\, the relative electric permittivity €, and the relative
magnetic permeability /i, of the material in the reference configuration as

“ 1 1 1 1 1 1
= 24 + 2p9; A= K+ dpo; —t+t == ; —t ==
€1 &2 €r&o H1 2 o o
(30)

where g¢ and /iy denote the electric permittivity and magnetic permeability
of the vacuum, respectively, with g = 8.854 x 1072 N/V? and fip = 1.256 x
1076 N/A2.

The work conjugates in (24) for the internal energy functional in (28) are

obtained as )
Yp=2mF; Xg=2uH;, %;=f(J)

1 1
Yp, = —Dy; Zq=—d;
Dy s 05 d £ ) (31)
1 1
EBO = —BO; Eb — A—b
€2 M2

The first Piola-Kirchhoff stress tensor and the material electric and mag-
netic fields for this constitutive model are obtained according to equation
(26) as

1 1
2 2

1 1 1 1 (32)
E,=—D,+ —F'd; H,=—B,+ —F7b.
€1 €2 451 2

Finally, the Hessian operator [Hy,] in above equation (27) adopts the
following diagonal positive definite representation,

[omZT 0 0 0 0 0 0
0 2wZ O 0 0 0 O
0 o f(J) o 0 0 O
[Hy]=| O 0 0 I 0 0 O : (33)
0 0 0 0 I 0 0
0 0 0 0 ﬂilI 0
0 0 0 0 0 O ﬂizI |
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where I is the second order identity tensor and Z, the fourth order identity
tensor, i.e. Ii[jj = (5@‘51].

3.6. Additional set of conservation laws in nonlinear electro-magneto-mechanics

The definition of multi-variable convexity in equation (28) represents a
suitable relaxation of the convexity criteria on the internal energy e(Vox, Dy, By)
which is compatible with the Legendre-Hadamard condition (refer to Refer-
ence [1]) and which does not preclude buckling. This relaxation relies on
the definition of the internal energy in terms of the extended set of vari-
ables V (22). Remarkably, each of the elements of the extended set V can
be expressed as a first order conservation law, which enables to identify all
the variables in V as conservation variables. For instance, equations (15a)
and (15b) represent a set of conservation laws in terms of the conservation
variables Dy and B,. Moreover, the authors in Reference [36, 42, 48-52]
have presented the conservation laws associated to the purely kinematic en-
tities of the set V (22), namely {F', H,J}. The objective of this section is
to briefly recall the conservation laws for {F, H,J} and then, to present
two completely new conservation laws for the remaining variables in V (22),
namely d and b.

3.6.1. Conservation of fibre, area and volume maps

The global form of the conservation laws associated to the kinematical
entities of V (22), namely {F, H, J} can be expressed as (refer to [49])

d / / 1
Yl Fav- | “poda=o 34a
dt Jy av Po (342)
1
i/HdV—/ Fx(—p®dA):0; (34D)
dt Jy ov Po
d 1
Sl gav-| H:(=peda)=o. (34¢)
dt Jy ov Po

The corresponding local differential equations and jump conditions to
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those in equation (34) are

oF 1
— — DIV | — I
ot (Pop @ )

0; U[[F]] = —Hipﬂ ® N, (35a)

o0H 1 1
~—~ — CURL (—pXF) = 0; U[[H]] = _Fx <[[—p]] ® N) . (35b)
ot Po
1

97 _pry —H'p) =0, U|J|=-H:

ot Po
3.7. Conservation of d

In order to evaluate global and local conservation laws for the electrome-
chanical variable d (23),, let us recall its definition d = F Dy. In the regions
of the domain V' where the fields are smooth, it is possible to obtain
od OF 0D, ( 1

——~=__D F— = —p | D F LH, —
ot ot 0 + ot Vo p0p> 0 - (CUR 0 Jo)

ﬂipﬂ ® N) . (350)

Po

1 1
— DIV (p—p ® D0> — (DIVDy) <—p> + F (CURLH, — Jy),
0

Po
(36)
where the local conservations laws for F' and Dy in equations (35a) and
(16b), respectively, have been conveniently substituted in above (36). Use of
the involution equation for Dy (17), into above equation (36) yields

86_? — DIV (v ® Dy) — %p + F(CURLH, — Jo). (37)
0

Let us now focus on the term FCURLH |, in above equation (37). Consid-
eration of the curl-free involution equation for F' in (4) enables us to re-write
this term as

0(H 0
(FOURLHQ), = Fuéro S50 = —Co (el (o)), (39)
and hence,
FCURLH,=-DIV(FxH,). (39)

Substitution of the above expression (39) into equation (37) finally yields
the local conservation law for the variable d as

d 1 G
ot Po Po
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With the purpose of deriving the correct jump conditions for the variable
d across a discontinuity surface with unit normal IN and moving with ve-
locity U, let us note first that the jump of any product operation (e) of two
conservation variables a and b across the discontinuity can be obtained as

l[aeb] =ae[b] +[a] b, (41)

where @ and b denote the average values of both variables at both sides of

the discontinuity, i.e, @ = 5 (a™ + a~). Hence, above equation (41) can be

applied in order to compute the jump of the variable d as
[d] = [FD,| = F[Do| + [F] Do. (42)

Introduction of the jump conditions for both Dg (16b) and F' (35a) into
(42) gives
_ 1 _
Uld] = F ([HO]] X N) . ([[—p]] ® N) D,. (43)

Po

Moreover, note that the second term of the right hand side of above
equation (43) can be alternatively written as

(E15%) - ()i w1 ()
[[%p ® Dy N — (ip) ([po] - ™)

— H%p@gDOHN_\(ULpOp) (HHOH » N) ]\i (44)
= [[%p@DO]]N. 7

Similarly, the first term on the right hand side of above equation (43) can
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be alternatively written as
F ([Ho] x N) =~ (FxN) [Hq
= -[(FxN)H,| + [Fx N]H,

= [[FxHO]]N—L

o
(

— [[F x HU]]N.

Introduction of both equations (44) and (45) into equation (43) finally
yields the jump condition for d

UM __ ( ﬂ%p@@mﬂ Z HFxHOH) N. (46)

Combination of the local conservation law for d in (40) and the jump
conditions in (46) finally gives the global conservation law for this variable
as

1 (&
a ddV—/(—p®D0> dv + FxHOdA—/(FJO+@p) dv.
at Jy v \Po ov v 00(47>

3.8. Conservation of b

Following a similar approach to that in the preceding Section, it is possible
to derive the local form of the conservation law for the variable b (23), and
its associated jump conditions as

1 1
% _prv (—p®B0+FxEO) —0: UM __ (|L)—p®Boﬂ + ﬂFxEoﬂ) N.
0

" " (48)
48

Combination of the local conservation law for b and its associated jump
condition in above equation (48) enables to obtain the global conservation

18



law for b as

d de—/ (1p®Bg> dA—/ (FXE)) dA=0. (49
dt Jy av \ Po oV

3.9. Combined equations

Combining the results of the Sections above, a full set of first order con-
servation laws (7) can be established with vector of variables U, vector of
fluxes F; and vector of source terms S defined as

- - ) £ }
F Ff 0
H FH 0
T | F] N 0
u— _DO 3 ]:'[f fIDD 3 S* _JO 5 (50)
B, Fho 0 c
d F —~FJ,—"%p
L b ] L Fy i 0 ]

where the components of the flux vector F; are defined as

1
F? = -PE;; Fl =——pREp
Po
H 1 J 1
Fr =—Fx{—poE;|; Fi=-H:|—poE);
Po Po
fIDOZH()XE[; f?OZ—E()XE[;

Fé= _plp<DO . E[) + (FXHO) Ey; Fb = —%p(Bo : E[) — (FXE[)) E;,
i (51)
where P, Eq and H are defined in terms of the extended sets V and Xy, as
in equations (26a), (26b) and (26¢), respectively. Let us recall the quasilinear
form for the system of hyperbolic equations with vector of variables U, vector
of fluxes F and vector of source terms S in (50), that is

ou ou

- - = 2

ot + AIaX] 87 (5 )
*
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where the ‘non-trivial” second term on the left-hand side of above equation
(52), namely o* can be expressed as

O3x3 Y o

(53)

S

Q

=
SaBD e ma

where the entries in the first column of above matrix A; can be written in
indicial notation as

F H J
[8}-1 } = 15%511(; [8}-1 } = i5imk€1r<1\41FmM; {8‘7:]} = iHu;
iKk iKk ;

op Po Op Po op o
OF¢ 1 OF® 1
[ op :|zk Po « (Do ) [ ol Po +(Bo 2

(54)

In addition, the inner products (-) and (:) appearing in the vector of con-
servation variables in (53) represent standard contraction of repeated indices.
For simplicity, the expressions for both matrices W 1** and W 1* (53) have
been carried out in Appendix B (see equations (B.1) and (B.4), respectively).

4. Eigenvalue structure of the equations in nonlinear electro-magneto-
mechanics

The objective of this Section is to analyse the eigenvalue structure of the
combined set of conservation laws for electro-magneto-mechanics presented
in equation (50) and demonstrate its hyperbolicity. Two scenarios will be
considered: firstly, that defined by the system of conservation laws (50) and,
second, a simplified case for low frequency simulations.
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4.1. Figenvalue structure

The eigenvalues or wave speeds and the corresponding eigenvectors of the
system of conservation laws in equation (50) can be determined by identifying
possible plane wave solutions (in the absence of source terms) of the type

Pa

U=¢dX N —cotlUy=¢(X - N —cot) Ja

Dy,
BOa
Ela
ba

where ¢, are the wave speeds corresponding to the eigenmode U, and IV,
the normalised direction of propagation. The above expression in (55) for
the set of conservation variables U leads to an eigenvalue problem (refer to
equation (9)) given by

ANI;IQ == Caaa; AN = A[N], (56)

with the flux Jacobian matrix A; defined in equation (53). Particularisation
of the involution equations for Dy and By in equations (17) (for the case in
which p§ = 0) to plane wave solutions of the type described in equation (55)
yields

(Dyo - N)¢' = 0; (Boo - N)¢' = 0. (57)

For non trivial solutions ¢’ # 0, equation (57) leads to (refer to Figure 2)
(D()a . N) = 0, (B()a . N) = 0, (58)
which enables to re-define U, (55) as

Nyl
2
Il

(59)




with the projection operator Inn defined as
Inn=I—-N®N. (60)

Particularisation of the local conservation equation for the deformation
gradient tensor F' (3ba) to plane wave solutions of the type described in
equation (55) yields (refer to Figure 2)

- 1 / — -
_CaFa¢_p_pa®N¢:0:>Fa:fa®Nv (61)
0

where f, = —c;po P, Moreover, substitution of the above plane wave-like
solutions (55) in conjunction with (61) into equations (35b), (35¢) and (40),
(48) yields

H,=Fx(f,®N); Jo=H:(f,®N);
do = fo(Do-N)+F (InnDo,) ; bo = fo(Bo-N)+F (InnBo,) -
(62)

*N)+ F (InnDo.)

*N)+ F (InnByo)

Figure 2: Eigenmodes F, I__Ja, jg, INNDOQ7 INNBOQ, d, and b, at a discontinuity
surface I'g. The eigenmodes Dy, By, are perpendicular to the vector of propagation IV,
thus complying with the involution equations (58).

_ The expressions in above equations (61)-(62), where the eigenmodes F,
H,, Ja,_da and I_)a have be_en expressed in terms of a reduced set of eigen-
modes { f,, INnDo,, InnBy,}, enable to re-write and reduce the eigenvalue
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problem in (56) (with Ay defined as in equation (53)) to
caldy, = ANU,,. (63)

in terms of the reduced set of eigenvectors U, and of the reduced Jacobian
matrix Aj defined as

Do 0 CnnN on’  InT

- f . Ly 0 0 0
u = a . — | ro 64
* | INNDoa N 0 -WIn -WR' —-W9|’ (64)

InnBoa 0 W9y W6 WR

where the second order tensor W' in above equation (64) is defined as W;; =

Er1x Ng. Moreover, the second order tensors Cnypn, Qn and T in (64) are
defined as

(Cvn)y; = CirjuNINy; (On)1j = QrjuNy; (In)1j = T150Ny, (65)

and with the different constitutive tensors C (fourth order elasticity tensor),
Q (third order piezoelectric tensor), 7~ (third order piezomagnetic tensor), 0
(second order dielectric tensor), R (second order magnetoelectric tensor) and
¥ (second order permeability tensor) featuring in equations (64) and (65) de-
fined in equations (C.2), (C.5), (C.8),(C.11) , (C.15) and (C.13), respectively,
in terms of the components of the Hessian operator [Hyy] (27).

Careful analysis of the matrix A in (64) enables to identify the following
multiplicative decomposition of A} as

\ = SU. (66)

where the second order tensors S and U are defined as

oI 0 0
I 00 0 LT 0y
= : e PO
S=loo o -w|® U [ogxg Q| (67)
00W 0

with @ the so-called electro-magneto-mechanical acoustic tensor, defined as

CNN QNT TNT
Q=9 6 R |. (68)
v R' @
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Following a fundamental theorem in the theory of hyperbolic equations
[55], summarised in Appendix D for completeness, given the symmetric
nature of S (67),, a sufficient condition for the existence of real eigenvalues
for the above Jacobian matrix A} (refer to (64) and (66)) would be the
symmetric positive definiteness of U (67), and hence, of @ (68). Moreover,
positive definiteness of the electro-magneto-mechanical acoustic tensor Q can
be shown by noticing the following relationship between  and the Hessian
operator [Hyy |, namely

- T ~

F, F,
H, H,

}104 ! j.a jOé joé
INNDo,| Q |INnDo,| = | INNDoo | [Hw] | INNDos | > 0.
Inn By, Inn By, InnBa InnBa

d, d,
| ba | b

(69)

As can be seen, the positive definiteness of the electro-magneto-mechanical

acoustic tensor @ is implied by the positive definiteness of the extended Hes-

sian operator [Hyy ], always satisfied by convex multi-variable energy function-

als (21). Results in this Section enable the extension of the multi-variable

convexity concepts presented in [1] to more general ‘dynamic’ and ‘electro-
magneto-mechanics’ scenarios.

Remark 1. Equation (69) makes it possible to highlight the relationship
between multi-variable convexity, ellipticity (rank-one convexity) and the
Legendre-Hadamard condition (existence of real wave speeds). Notice first
that it is possible to re-write the first term on the left hand side of (69) as

) c @ T [f.oN
[fa X N NJ_’l' NJ_Q'} Q 0 R NJ_’l > 0, (70)
T R" 9 N,

where IN | ; and N | » represent two arbitrary vectors orthogonal to IV.
Above expression (70) is a generalisation of the concept of ellipticity [24]
to the case of electro-magneto-mechanics. Moreover, this equation, in con-
junction with (69) links this property to the satisfaction of multi-variable
convexity and, as a result of Appendix D, to the Legendre-Hadamard con-
dition.
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Finally, notice that expression (70) is nothing more than the generalisa-
tion to electro-magneto-mechanical scenarios of the simpler electro-mechanical

condition - _ N
(f.®N: N, [g %} [ fﬁ,i } >0, (71)

Above equation (71) is identical to Remark 4 in Reference [1], which
establishes the relationship between multi-variable convexity and ellipticity.

4.2. Low frequency scenarios. Constrained case

In this Section, a particular scenario, interesting from the point of view of
possible engineering applications characterised by the absence of current and
electric charge densities (Jo = 0 ad p§ = 0) and by low frequency electro-
magnetic waves is analysed. This scenario enables the analysis of the system
of conservation laws presented in equation (50) to be dramatically simplified.
Specifically, the Maxwell equations (refer to both (16a) and (16b)) are now
treated as constraints®, as shown in Reference [67]. The resulting system of
hyperbolic equations is then

_ - i PE; T F
b 1
—~p® E; 0
PO
IF{ Fx plop ® By g
U= J N f] = — 1 ; S= 0 ) (72)
d H p—op® E; 0
b ~—p(Dy - Ey) 0
- Lp(By- E) -

L po

subjected to the following constraints (different to the concept of involutions
[53])
CURLE, = 0; CURLH, = 0. (73)

For the constrained set of first hyperbolic equations in equation (72), the
associated eigenvalue problem can be obtained following a similar procedure
to that presented in Section (4.1) for the unconstrained case, yielding a simi-
lar expression for the eigenvalue problem as that presented in equation (64),

3For low frequency scenarios, it is customary to adopt the simplification 350 ~ 0 and
9Bo o, 0
ot TV
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now subjected to the constraints in equation (73), that is

Pa 0 CnN on’  InT Pa
f I 0 0 0 f
| 0 Ja | =0 74
“ 10|t W7y -WR' —-W9| | Doa (74)
0 0 WQOn W6 WR]| |Bo

Notice that the last two rows in above equation (74) are in fact constraints
imposed on the eigenmodes Dy, and By,. These two rows can alternatively
be written in terms of the auxiliary scalar parameters A\p, and Ag, as

TN}@ + RTDOOc + r1930(1 = )\BON;

S _ _ 5
OnNf,+ 0Dy, + RBy, = A\p,IN. (75)

Notice that the scalar parameters Ap, and Ag, in above equation (75) are
used to indicate the collinear nature between the vector IN and the vectors
Onf.,+ 6Dy, + RB, and Inf, + R' D, + 9B, respectively. From
equation (75), it is possible to obtain both By, and Dy, as

Boo =97 (Ag,N — Inf, — R"Dy,);

e A (76)
Doo =607 (Ap,N = @nF. — RBua).

~ Consideration of the involutions in equation (58) (namely Dy, - N =
By, - N = 0) yields an expression for the two scalar parameters Ag, and Ap,
as

_ N9 (Info+ R' Do) |

N0 (Qnfo+ RBy)
N .9 'N ’ B '

ABy N-6'N

Dy

(77)

~ Substitution of equation (77) into equation (76) enables both eigenmodes
By, and Dy, to be expressed in terms of the eigenmodes f, as

By, =— [0 — BRT60"'CR] ™' (In* — BRT07'Qn) f.;

78
Dy, =-[0 —CRY 'BR"] - (N —CRY'Ty) f.. (7%)

where the modified (coupled) matrices QOn*, Tn™, Ry and R}y are defined
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as

| Wee'N) | | Wev Nyl
e i v e S
— _1 B -1
ool el

(79)
Finally, the first two equations (rows) in above equation (74) can be
written as

Pa

. D, n 0 Cnn 9N’ Tn' fa
« %I 0 0 0 Dy,
BOa

—0, (80)

with Dy, and By, defined in terms of f, in equation (78). Finally, sub-
stitution of the second row into the first row in above equation (80) and
consideration of the expressions for both Dy, and By, in terms of f, (refer
to equation (78)) yields the following eigenvalue problem

(pocal — Q") po =0, (81)

where the generalised electro-magneto-mechanical acoustic tensor Q™ in above
equation (81) is defined as

Q" = CNN —9N" [0 - CRO'BRT] " (Qn* — CRY 'Tw)
—— 4

Vv
Electric contribution to the acoustic tensor

—Tx" [0 — BRT0"'CR] ™' (In* — BRT07'Qy) .

-

Classical acoustic tensor

Magnetic contribution to the acoustic tensor

(82)

Remark 2. Particularisation of the expression for the generalised electro-
magneto-mechanical acoustic tensor @* in equation (82) to the field of elec-
tromechanics yields the following expression for the generalised electrome-
chanical acoustic tensor, also derived in Reference [25], as

(83)

N®6 'N)
* C . Te—l I — ( )
Q NN — 9N [ N 0N ] N
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Similarly, the expression for the generalised magnetomechanical acoustic
tensor can be obtained as

Q" = Cnn — Tn"0! [I _(Ned N )] Tn. (34)

N -9 !N

5. Symmetrisation of the equations in nonlinear electro-magneto-
mechanics

For completeness, the objective of this Section is to show that multi-
variable convexity of the internal energy enables the introduction of a gen-
eralised convex entropy function which, in turn, guarantees symmetrisation
of the system of conservation laws [55, 68] presented in equation (50). This
symmetrisation confirms (see Section 4.1) existence of travelling waves in the
material, as shown by Hughes et al. [55] in the context of Computational
Fluid Dynamics.

5.1. Entropy

Quasi-linear first order hyperbolic systems can be symmetrised with an
appropriate change of variables [69], if there exists a generalised convex en-
tropy function S(U), a corresponding entropy flux A(U) and a source term
Ws such that for all admissible solutions

as
5 + DIVA — Wg > 0. (85)

The above inequality becomes an equality for smooth solutions in the
absence of dissipative effects such as viscosity or heat flow (including Joule
effect). It is now possible to define a new set of conjugate entropy variables
V = 2 for which the conservation laws (9) become

ay -~ 0V
A{)E—FAIG—X,I =S8, (86)

where the symmetric system matrices Aq and A; are

Ao

ou [ 925

-1 ~
= —_—— N A = = T
= v 81/{81/{} : Ar=AA = A;, (87)
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and the entropy flux A; satisfies

ONr
= VAL (88)

Consideration of the symmetry of the matrix A; enables to re-write the
above conjugate set of equations for the entropy variables as

ov LoV
o ATy =AS (89)

5.2. Conservation of energy and generalised convex entropy

In order to derive the suitable generalised entropy and entropy flux func-
tions for electro-magneto-mechanics, let us consider the following convex en-
tropy function defined as

1
S<p7F7H7JJDO7B07d7b) :gp‘p‘f—W(F,H,J,Do,Bo,d,b), (90>
0

which clearly represents the kinetic and internal energy per unit undeformed
volume. The corresponding flux vector is defined as

1
A= —p—PTer So: So=Eyx Hy, (91)
0

where Sy in above equation (91) is the Poynting vector in the Lagrangian or
material configuration. In addition, the source term Wy is defined as

Wg:’v'fo—EO'Jo. (92)

Having defined the entropy S of the system, note first that the conjugate
entropy variables are given by the derivatives of S as,

(93)
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Multiplication of each of the conservation laws in equation (50) by the
corresponding conjugate variables (93), with the use of the involution equa-
tions (4) for the deformation gradient and its Co-factor and (17) for D, and
By yields

S=v - p+Xp  F+Xy - H+X,J
+3p, - Do+2p, - Bo+3q-d+3,-b
=v-DIVP+v- fy+XF: Vov+ Xy : CURL (v X F) + $,DIV (H"v)

+ EDO : DO + EBO : BO + Ed : (Vo’UDO + FD()) + Zb . (Vo’UBO + FB())

(94)

Introduction of the expressions for P, Ey and H, in equations (26a),
(26b) and (26¢) into above equation (94) yields

S=v-DIVP+wv-f,+P:Vow+E, D+ H,- B,. (95)

Finally, use of equations (16a)-(16b) enable to re-write above equation
(95) as _
S =DIV (P"v—8S) +v-f,— Eq- Jo, (96)

with S defined in (91). Notice that use of the property
E, - CURLH, — H, - CURLE, = —DIV (E, x Hy) (97)

has been made in above equation (96). The statement in equation (94) is
in fact a simplified version of the energy conservation law, or first law of
thermodynamics, which, in the absence of the heat sources and heat flow is
globally stated as

d
— | EdV = to-vdA+/ forvdV— So - dA—/ Ey-JydV, (98)
dt Jy ov v ov v
where E denotes the total energy per unit undeformed volume. The local
version of this equation gives,

oF

—; — PV (P"v—So) = fo-v—Eq- Jo. (99)

From the comparison of both equations (96) and (99), it is therefore clear

that for the reversible scenarios and under consideration of smooth solutions
(i.e. in the absence of physical shocks), the generalised entropy can be simply
identified as the total energy per unit undeformed volume, that is, S = F,
coinciding with the notion of Hamiltonian per unit of undeformed volume.
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5.8. Symmetric hyperbolic equations for elastodynamics

With the definition of the conjugate entropy variables given above (93), it
is now possible to derive a symmetric quasi-linear system for these variables.
Consideration of the involution equations for F' and H in (4) and those for
D, and By in (17), enables us to re-write the local form of the conservation
law for linear momentum p (refer to equation (13) where first Piola-Kirchhoff
stress tensor P is substituted by its equivalent representation in (26a)), the
deformation gradient tensor F' (refer to equation (35a)), the Co-factor H
(refer to (35b)), the Jacobian J (refer to (35¢)), Dq (refer to (16b) where
H), is substituted by its equivalent representation (26¢)), By (refer to (16a)
where Ej is substituted by its equivalent representation (26b)), d (refer to
(40) where Hj is substituted by its equivalent representation (26¢)) and b
(refer to (48) where Ej is substituted by its equivalent representation (26b))
as

pgg—’: — DIVEF + Fg X CURLEH - HEVOEJ - V()EdDog - V(]Engg = -fO - ,082,1,
(100)
which represents the conservation of linear momentum and
[ EF i [ VQ’U T [ 0 T
X FyxXVyv 0
o ZJ HE : V()’U 0
[Hw]_l - ED() — CURLZBO + FET X V()EbT = J() ,
o sp _CURLEp, — Fs” x V4" 0
3a Vov ® Dy — Fs (CURLE g, + Fs' x V3,") FyJ,
| 3% | | Vov® Bo+ Fs (CURLYp, + Fs' x Vo2g")| | 0 |
(101)

which represents the remaining set of conservation laws. Notice in above

equation (101) that the notations F's;, Hyx, Dys and Bgx have been used

here to explicitly indicate that these variables are now being evaluated from

the conjugate variables in (93) using the reverse constitutive relationships,
namely

Fz = F(EF, EH, EJ, EDO, 2307 Ed, Eb);

Hg = H(EF,EH,EJ,EDO,EBO,Ed, Eb),

Dos = DO(EF, YH, %75, XDy, XBy, 2d; Eb);

Bos = Bo(2p, X5, 27, XDy, 2By, 2d, 2b)-

The reader is referred to Appendix A for a better understanding of

the tensor cross product operation X and of the different cross products x

(102)
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between second order tensors featuring in equations (100) and (101) (see
[41, 49, 58] for further details). The symmetric nature of this system is more
easily appreciated combining the above set of equations (100) and (101) to
give

oy L IV
i — =8 1
Agr T AGx, =S (103)
ﬁ*
where matrix Ay in above equation (103) is defined as
pol 0 }
- o 104

with Hy, defined in equation (27). It is therefore certain that the matrix
A, is symmetric positive definite provided that the internal energy e (18) is
convex multi-variable in the sense described in equation (21). Finally, the
second term on the left-hand side of (103), namely §* can be expanded in
indicial notation as

[0 0udxr EijwErixFy Hy 0 0 di Do dir Bor
0 0 0 O 0 0 0
0 0 O 0 0 0
g 0 0 0 0 0
B 0 &k 0 Errx Fri
0  E&kifrk 0
sym 0 EnxFisFrk
- O .
A

(105)

The symmetrisation displayed in (103) confirms once again the existence

of real waves (e.g. legendre-Hadamard condition) and opens up very in-

teresting possibilities to use stabilised based formulations, as in [55] in the

context of Computational Fluid Dynamics and in line with those published
in References [36, 42, 48, 49, 52, 56| in the context of nonlinear elasticity.

6. Numerical examples

The objective of this Section is to analyse the behaviour of convex multi-
variable constitutive laws in different scenarios. First, the convex multi-
variable electro-magneto-mechanical constitutive law in equation (28) will be
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analysed. In particular, the speed of propagation of acoustic and electrome-
chanical waves for this model will be studied for a particular experimental
set-up. Finally, an interesting analysis of convex multi-variable constitutive
models for the particular case of electromechanics will also be carried out in
this Section.

6.1. Analysis of eigenvalues (wave speeds) for conver multi-variable electro-
magneto-mechanical materials
Let us consider the constitutive model presented in equation (28), suitable
for the description of the behaviour of electro-magnetrostrictive materials
in the large deformation and large electric and magnetic fields scenarios.
For this specific simple convex multi-variable constitutive law, the non-zero
components of the matrix A} in equation (64) can be written as

Cnn =2l +2u, (FN®FN)— (FN-FN)I - FF" + (F: F)I|
1 1

+ f"(J)(HN ® HN) + €—D§NI + ﬂ—BgNI;

2 2

1
QNng—z(d®N+F(DO-N));

1
In' = —(b@ N+ F(By-N));

M2

1 1
0=—I+—F'F;

&1 E9

1 1
9=—I+—F'F.

H1 H2

(106)

In the reference configuration, Dy = By =d=b=0, F = H = I and

J =1, an explicit expression for the the eigenvalues of the matrix Ay can
be obtained (e.g. by using a standard symbolic algebra computer package)
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as

c1 =co =0;

I \/(m + i) (2 + 21)
Cl =C3 =C = —Cj5 = —Cg — = CoCr;
€981 [loflo

12 (p1 + 1) (107)
Cs = Cr =C = —Cg = —Ci10 =

\/2(M1+M2
Cp = C11 = Ci12 = =

Po Po

The set of eigenvalues denoted as ¢; represents the speed of light in the
material. Therefore, ¢y and ¢, < 1 in above equation (107) represent the
speed of light in vacuum and the dimensionless relative speed of light in the
material, respectively. The set of eigenvalues denoted as ¢y corresponds to
the speed of propagation of shear waves [48]. Finally, the set of eigenvalues
¢, corresponds to the speed of propagation of pressure waves [48] in the ma-
terial. For a Young’s modulus F = 10° Pa, Poisson ratio v = 0.48%, relative
permittivity €, = 4, relative permeability i, = 4 and a density of 720 kg/m?,
all of them in the reference configuration, the speed of propagation for shear,
pressure and electromagnetic (speed of light) waves is

cs = 6.85m/s; cp = 34.25m/s; ¢, = 0.25. (109)

Let us now consider a different configuration characterised by a purely vol-
umetric deformation gradient tensor defined in terms of the uniform stretch
Aas F' = A\I. Moreover, let the electric displacement and magnetic induction
be defined in terms of their dimensionless moduli, Dy and By respectively,
as Dy = \/;EDOEQ and By = /1By Es, with the unit vectors Ey and Ej
defined in equation (10). For this specific configuration, Figure 3 shows the
speed of propagation of the pressure waves for different values of {\, Dy, BO}

4Given the Young’s modulus E and the Poisson ratio v, the shear modulus y and the
first Lamé parameter A are obtained as

FE Ev

010 T Orn(-w) (108)

n=
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and for different orientations of the propagation vector IN, which can be
spherically characterised in terms of the angles 0 < o <2rand 0 < g <«
as

N = [sinﬂcosoz sin [ sin « cosﬁ]T.

(110)

Similarly, Figure 4 displays the evolution of the speed of propagation of
shear waves for different values of {\, Dy, By} and for different orientations of
the propagation vector IN. The speed of light in the material ¢; remains prac-
tically unaltered throughout the entire range of deformations. This confirms
that the speed of propagation of acoustic waves are dramatically changed in
the presence of an electric field and/or magnetic field. However, the speed of
propagation of electromagnetic waves is almost unaffected by the deformation
in the material and hence, not displayed.

6.2. Analysis of electro-mechanical constitutive models

In this Section, an analysis of the behaviour of electro-active materials
described via convex and non-convex multi-variable constitutive models is
carried out.

6.2.1. Analytical derivation of wave speeds in simple convexr multi-variable
constitutive models for dielectric elastomers

The aim of this Section is to obtain the explicit representation of the
speed of propagation of the acoustic waves for the particular scenario of elec-
tromechanics, for a simple convex multi-variable constitutive model. For the
constitutive model in equation (28) (and neglecting magnetic contributions),
the expression for the generalised electromechanical acoustic tensor Q* (83)
is

Q" =2uI+2u (FN®FN)— (FN-FN)I - FF" + (F: F)I| + f'(J)(HN ® HN)

. 2 . 2 N®6'N
+€2(Do N> _(Do N) e [I_w P

%) Sp) N - HilN

-~

Cp

J

(111)

In this Section, we restrict our analysis to the case where the propagation
vector IN is a principal direction of the deformation. In this case, let the
eigenvalues of the deformation {A1, A2, A3} be associated to the (unitary)
principal directions in the deformed and undeformed configurations, denoted
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Figure 3: Representation of the pressure waves for the convex multi-variable constitutive
model in equation (28) for different orientations of the propagation vector IN, spherically
parametrised as in equation (110). The values for the set {\, Do, Bo} are a) {0.54,0.01,1};
b) {0.58,0.1,1}; ¢) {0.62,0.2,1}; d) {1,0.2,1}; e) {1.4,0.2,1} and f) {1.14,0.3,1}.
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Figure 4: Representation of the shear waves for the convex multi-variable constitutive
model in equation (28) for different orientations of the propagation vector N, spherically
parametrised as in equation (110). The values for the set {\, Do, By} are a) {0.54,0.01,1};
b) {0.58,0.1,1}; ¢) {0.62,0.2,1}; d) {1,0.2,1}; ) {1.4,0.2,1} and f) {1.14,0.3,1}.
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as {t1,ty,n} and {T'1, Ty, N}°. In that case, the following relations are easy
to verify

FT, = \oto: FTt, = \Ta;

FN = \sn; FT'n = )\;N;
J J

HT, = t,; Ht, = —T,: (112)
Ao ¥ Ao
J J

HN = —n: Hn = —N.
)\377/, " )\3

Introduction of the different identities in equation (112) into equation
(111) for the specialised scenario considered yields the following expression
for the generalised electromechanical acoustic tensor Q*

2
Q" =2l + 21y (A + A3) I = Ar) + f"(J) (i) nen

A3
D,-N\*> (D, -N\’ . (N6 'N)| _,
+ E FINnnO ' [T —~—— | F",
62( €2 > < €2 ) "4 N.-0°'N
ch
(113)

where the rank-two tensor Az in above equation (113) is defined as
Ar =)\t @t + Mt @ to. (114)

The wave speeds then can be obtained by solving the following equation
(refer to equation (81))

pocs = Do - Q" Py (115)
Combination of equation (115) and the expression for Q* in (113) finally

5The deformation gradient tensor is decomposed as F' = A1t @T 1 +Aat2a@T 2+ Asn@ N
[59].
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yields

) ) ; AN
pocs = 2u1 + 2ps (AT + A3) — Do, - Arp,,) + () ()\—3) (P, - M)

9P

N-0°'N

+ (D_> - (Z Mt p> ((F g,y (T 0N (07N FTp,)

)|

B -CDPa
(116)
where Doy = Dy-IN and where the expression for p,-Cpp,, in above equation
(116) has been obtained in equation (E.11). The first set of eigenvalues

corresponding to p—waves is obtained by taking p, = n to give

2 2
o+ (G + () (£) + 2

£o

C12 = + (117)

The next four eigenvalues correspond to shear waves where the vibration
takes place on the propagation plane. The corresponding velocity vectors are
orthogonal to m and in the directions of the unit eigenvectors {¢1,¢5} of the
rank-two tensor Ap. Particularisation of the expression for Cp in equation
(E.11) to the case of shear waves gives

e PO () (3 (a0 (o onieon (2)'))

e i\ £o

1+ p2A3 + f7(J) <)\_Jg)2_|_ <D€L2N>2 (52 “ (Ch Nt ay <)\_J2)2)>

C =+
5,6 0
(118

where the expression for the coefficients {1, g, a3} in above equation (118
has been determined in equation (E.7).

For more complex convex multi-variable constitutive models, the same
procedure as that followed in the current Section can be followed in order to
derive an explicit representation of the wave speeds for a specific direction of
propagation coinciding with a principal direction of the deformation. How-
ever, the complexity of the model, associated to possible nonlinear effects

)
)
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such as electrostriction [70] or electric saturation [70] could lead to cumber-
some algebraic manipulations.

6.2.2. Analysis of material stability in dielectric elastomers

The Legendre-Hadamard condition is strongly related to the material
stability of the constitutive equations [26]. The objective of this Section is
to analyse the material stability of some relevant convex and non-convex
multi-variable constitutive models suitable for the description of isotropic
electrostrictive [70] dielectric elastomers.

In particular, we focus on dielectric elastomers in the experimental set-
up presented in Reference [2] and depicted in Figure 5. In this set-up, a
thin film of an incompressible dielectric elastomer is subjected to an electric
field applied across its thickness, i.e. in direction OX3. Consequently, a uni-
form deformation in the plane of the film (perpendicular to the axis OX3)
characterised by the stretch A, is observed. However, a slightly different sce-
nario to that in Reference [2] is analysed in the present Section, in which the
deformation in the OX5 is completely constrained. Therefore, the deforma-
tion gradient tensor (accounting for the incompressibility constraint) can be
expressed as

A0 0
F=|01 0]. (119)
00 1/A

The behaviour of two constitutive models is studied in this Section. First,
the following convex multi-variable constitutive model (slightly different to
that presented in Reference [1]) is defined as

1 2 1
W = g + pol Ty + =—11Ig+ pie (H; +——TIIpllg+ — 2[Id)
2e4 eEe pze

TV
Stabilised electrostrictive invariant

1
v IIp,—2(a+28)InJ + 2 (-1,
252 2

(120)
An alternative non-convex multi-variable constitutive model (slightly differ-
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Figure 5: 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 Iy and hg respectively, leads to a uniform axial ex-
pansion in the OX; direction and final thickness h = 1/Ahg, with A the stretch in the
dielectric elastomer.

ent to that presented in Reference [1]) is defined as

1 2 1
Weapo = mllp + jiol g + s—11g + —IIplly +-——1Ip,
28, £, 2¢9
———

Non-convex multi-variable invariant
—2(a+25)1nJ+g(J— 1)2.

(121)
Notice that the only non-convex multi-variable invariant (it cannot be ex-
pressed as a convex combination of the elements in V (22)) in the constitutive
model in equation (121) has been underlined. A convex regularisation (stabil-
isation) of that invariant has been applied on the constitutive model denoted
as Wy 1 in above equation (120), which entails multi-variable convexity of
the resulting stabilised invariant, as shown in Reference [1]. This non-convex
multi-variable invariant and its regularised counterpart have been introduced
in Reference [1] due to their ability to replicate physical electrostrictive be-
haviour in dielectric elastomers [70]. Both material parameters e, and £,
in (120) and (121) have been denoted as electrostrictive parameters. The
elastic material parameter p. in above equation (120) can be understood as

a mechanical stiffening parameter.
As shown in Reference [1], material characterisation in the reference
configuration enables the material parameters {uy, pa, fie, K, €1, 2,6} and
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{fin, fia, R, €1, 89, .} to be related to the shear modulus p, the first Lamé
parameter A and the electric permittivity € in the reference configuration as

- 1 1 12 1
=21 + 2p2 + 12pe; A=k + 8t + 4po; S I
1S €1 Ee €9
- - S - - 1 1 12 1
po= 21 + 2in; A= R+ 4fio; S=—t+ T+
g €1 Ee £9
(122)

As shown in Reference [1], the following electristrictive and stiffening
parameters, namely f. and f, can be defined for the convex multi-variable
constitutive model as

12pe = fsp; €1 = fet, (123)

Analogously, an electrostrictive parameter fe can be defined for the non-
convex multi-variable constitutive model as

& = fee, (124)

Determination of the value of the variables {f., fs} for the constitutive
model W, ; in (120) which minimises the error in the variables { P, \, D, E}
between both constitutive models W1 in (120) and W, in (121) for the
entire range of electric fields used in the proposed experimental set-up has
been carried out. Figure 7 shows the qualitatively accurate agreement in the
response for both convex and non-convex multi-variable constitutive models
in equations (120) and (121), respectively, for a particular value of the elec-
trostrictive parameter of f, = 1.5 (moderate electrostriction), which corre-
sponds (after minimisation) to a value of the parameters { f., fs} of f. = 1.195
and f, = 0.1635.

Certainly, this minimisation procedure entails a qualitative similarity of
the different constitutive tensors relevant in electromechanics, namely C, O
and 0 (refer to equations (C.1), (C.7) and (C.10)) for the entire experimental
set-up for both convex W, ; and non-convex multi-variable Wy, constitu-
tive models. Figure 8 shows the graphical visualisation of these tensors for
both constitutive models in equation (120) and (121) for different stages

6For the remaining values of f. (124) used in Figure 6, namely {1.05,10,100}, the
associated value of the parameters f. and fs (123) resulting after minimisation are
{1.024,1.701,1.833} and {0.019,0.887,0.999}, respectively.
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Figure 6: Numerical experiment reproducing the experimental set-up in Figure 5. Re-
sponse of the non-convex multi-variable constitutive model We; o in (121) for different
values of the electrostrictive parameter fe in equation (124) for material parameters
E = 10° N/m?, v = 048 and ¢, = 4. The following choice of material parameters
was used: fi; = 2fia, €2 = 0o. Representadidn of the relation between (a) E vs D, (b)
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Figure 7: Numerical experiment reproducing the experimental set-up in Figure 5. Re-
sponse of the non-convex multi-variable constitutive model W, 2 in (121) for f. = 1.5 and
convex multi-variable model We; 1 in (120) for f. = 1.195 and fs = 0.163. The following
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of the experimental set-up for a value of the electrostrictive parameter for
the non-convex multi-variable model Wy of fe =1.5 f; = 1.5 (moderate
electrostriction), which corresponds (after minimisation) to a value of the pa-
rameters {f, fs} of fo = 1.195 and f, = 0.163 for the convex multi-variable
model. Based on Reference [71] and [1], a spherical parametrisation of a
vector m permits to define the moduli ji, Q and £ in Figure (8) as

f=(nen):C:(ndn); 0=9: (M®nRn); = nén.
(125)
Figures 9 and 10 study the possible loss of material stability for the
non-convex multi-variable constitutive law W, 5 (121) and the convex multi-
variable constitutive model Wy, (120)7 for the current experimental set-up
considered, depicted in Figure 5. The loss of material stability is associated
with the loss of positive definiteness of the generalised electromechanical
acoustic tensor Q™ in equation (83) [26]. Therefore, a sufficient condition for
material instability (refer to Reference [26]) is

g=min(q1,q2,93) <0; ¢ =QT; ¢2=QNQ% — Q% ¢ =detQ".
(126)
The evolution of the variable ¢ in (126) for all the possible orientations
of the propagation vector N for both constitutive models W,;; (120) and
We o (121) is depicted in Figures 9 and 10, respectively. The same highly
electrostrictive material as in Figure 8 is considered. It can be observed in
Figure 9 that at a certain stage of the experimental set-up, the variable ¢
becomes zero (negative values of the variable ¢ (126) have been set to zero
in order to facilitate the identification of material instability) for the non-
convex multi-variable model W,; 5 (121). On the contrary, it is impossible to
obtain negative values of ¢ (126) for the convex multi-variable model Wy
(120) (refer to Figure 10).

oy | —

7. Concluding remarks

This paper completes the series of publications [1, 2] on a new convex
multi-variable variational and computational framework for the analysis of
Electro Active Polymers. The approach presented in this paper allows also

"Convex multi-variable constitutive models in the sense described in equation (21) are
always materially stable.
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Figure 8: Numerical experiment reproducing the experimental set-up in Figure 5. Evo-
lution of % (125) (left column), Q (125) (center column) and ji (125) (right column) for
the non-convex multi-variable constitutive model We; 2 in (121) for fe = 1.5 and convex
multi-variable model We; 1 in (120) for f. 461.195 and fs = 0.163. The following choice
of material parameters was used: iy = 2fi, €2 = 0o. Results obtained for an electrically
induced strain (actuated strain) of (a)-(b)-(c) A = 1.053, (d)-(e)-(f) A = 1.631, (g)-(h)-(i)
A =3.081 and (j)-(k)-1 A = 3.081




0.00E+00 1.26E+05 252E+05 3.79E+05 0.00E+00 139E+05 277E+05 4.16E+05 0.00E+00 1.15E+05 231E+05 3.46E+05

() (k) (1)

Figure 9: Numerical experiment reproducing the experimental set-up in Figure 5. Evo-
lution of the variable ¢ (126) (a value of zero of this variable would indicate material in-
stability) for the non-convex multi-variable constitutive model W; 5 in (121) for f. =1.5
(124). The following choice of material parameters was used: [i; = 22, €2 = c0. Re-
sults obtained for an electrically induced strain (actuated strain) of (a) A = 1.053, (b)
A= 1311, (c) A = 1.631, (d) A = 2.428, (e%l.f\ = 3.081, (f) A = 3.621, (g) A = 4.089, (h)
A =4.304, (i) A = 4.508, (j) A = 4.891, (k) A = 5.07 and (1) \ = 5.246.
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Figure 10: Numerical experiment reproducing the experimental set-up in Figure 5. Evolu-
tion of the variable ¢ (126) (a value of zero of this variable would indicate material insta-
bility) for the convex multi-variable constitutive model We; 1 in (120) for f, = 1.195 and
fs = 0.163 (123). The following choice of material parameters was used: fi; = 2/ig, £2 =
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for a simple extension of the proposed framework to the field of Magneto
Active Polymers.

One of the main contributions of this paper resides in the extension of
the convex multi-variable definition of the electromechanical internal energy,
postulated in [1], to the field of nonlinear electro-magneto-elasticity. This pa-
per shows that the extended set of variables defining multi-variable convexity
can be presented in the form of a system of first order conservation laws. In
particular, two completely new conservation equations for the spatial vectors
d and b (23) have been presented in this work. The proposed convex multi-
variable definition of the internal energy in terms of conservation variables
automatically leads to the fulfilment of the Legendre-Hadamard condition
in the context of nonlinear electro-magneto-mechanics or, in other words,
the positive definiteness nature of the electro-magneto-mechanical acoustic
tensor.

The one-to-one and invertible relationship between the extended set of
variables defining multi-variable convexity in electro-magneto-elasticity and
its associated set of entropy variables allows to define a generalised convex
entropy function and its associated flux. Following the work of [41] in the
context of nonlinear Solid Dynamics, a symmetrisation of the hyperbolic
equations has been carried out for the first time in the context of nonlinear
electro-magneto-mechanics.

Finally, a series of challenging numerical examples have been presented in
order to demonstrate the validity of the approach. Specifically, computation
of wave speeds has been carried out for a series of sophisticated constitutive
models and a comparison between convex and non-convex multi-variable en-
ergy functionals has also been presented.

Acknowledgements

The second author would like to acknowledge the financial support received
through “The Leverhulme Prize” awarded by The Leverhulme Trust, United
Kingdom. Both authors acknowledge the financial support provided by the
Ser Cymru National Research Network for Advanced Engineering and Ma-
terials.

49




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:

('U X A) w =7v X <A’U)> ; (’U X A)U = iklvalj7 (Al)

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:

(Axv)w=A(vxw); (AXv),;=_ZEnAyu. (A.2)

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) w = (’U XA) : (B X’U)); (AXB)ZJ = iklgjmnAkmBln- (A3)

The cross vector product of two two-point tensors to give a spatial vector
is also defined by a cross product operation with respect to the first indices
and a contraction with respect to the second set of indices, so that

v - (A X B) =v-&: (ABT) ) (A X B)z = ijkAjIBkI~ (A4)

The cross vector product of the transpose of two two-point tensors to give
a material vector is also defined by a cross product operation with respect
to the first indices (material) and a contraction with respect to the second
(spatial) set of indices, so that

V. (A"xB")=V.£:(A"B); (A" x B"), = &1y AiyBik. (A5)

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,

(Ax B);; = &iji€ryxAjsBrk. (A.6)
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When applied to a second order tensor A and a fourth order tensors H,
two possible operations are defined as:

(HxA), pir = Eip€rixlppjrArk;  (AXH);p = Ejrix AjiHirpp.
(A.7)
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.8)

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

(Q%A)p,; =Ei€rixQpjsArr; (AXQ),p = EiEraxAjHixp. (A9)

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),; = d;; and A, B and
C second order tensors

AxXxB=BXxA, (A.10)
AxB=A"xB7; (A.11)
AxX(B+C)=AxB+ AxC; (A.12)
a(AxXB)=(aA)XxB = AX(aB); (A.13)
VRV)IX(wW)=(vxw)®(VxW); (A.14)
vX(AXV)=(vXA)XV =vXAXV; (A.15)
AX(veV)=—-vXAXV, (A.16)
(AXB):C=(BxC): A=(AxC): B; (A.17)
(AXB)(V xW)=(AV) x (BW)+ (BV) x (AW); (A.18)
AXxI = (trA)T — A", (A.19)
IxI=2I, (A.20)

(AXA): A=06 detA; (A.21)

CofA — %AXA; (A.22)

(AC) % (BC) = (A X B) (CofC). (A.23)
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Appendix B. Components of the Jacobian matrix for the full sys-
tem of hyperbolic equations in convex multi-variable
electro-magneto-elasticity

The objective of this Section is to present the expressions for the tensors
emerging in the derivation of the Jacobian matrix .4; in equation (53). This
matrix is needed for the study of the eigenvalue structure of the quasilinear
form of the hyperbolic equations in electro-magneto-elasticity presented in
Section 4. .

Matrix W; in equation (53) adopts the following expression

PrE, PyE, P,E; PpE; PgE; P.E; P,E;

WI**: 03x3x3x3  03x3x3x3  03x3  03x3x3  03x3x3  0O3x3x3 03x3x3 :
O3x3x3x3 03x3x3x3  03x3  O3x3x3  O3x3x3  O3x3x3 O3x3x3
03><3 03><3 0 03><1 03><1 03><1 03><1
(B.1)
with

Pr=Wgp+FXWyp+H®W;p+ War o Dy + Wyr o By;
Py =Wrg + FXWhy + H® Wy + Wag o Do+ Wyn ¢ By;
P;=Wps+FXWgy+ HW;;+ Way @ Do+ Wy @ B

15\50 =Wrp, + FXWyup, + H® W;p, + Wap, ¢ Do + Wep, © Bo;
Py, = Wrp, + F X Wap, + H® W;g, + Wap, © Do+ Wep, © By;
ﬁ:izWFd+FXWHd+H®WJd+WdDO<>D0+WbD0<>Bo;

Py =Wpp + FXWhp + H Q@ Wyp + Wap © Do + Wiy, © By,
(B.2)
where the tensor operation (o)< (e) between a third or second order tensors,
A and A respectively, and a vector V yields

(Ao V)rn = Aimm Vi3 (Ao V)i = AinVr. (B.3)

The matrix ‘//f/'/[* (featuring in the definition of the Jacobian matrix A;
(53)) is defined so that W, = W N, with W, defined as

- (wHop) - (WHonu - (wHo,)  —(WHop, - (WHop,) - (WHoa) - (WHoy)
e WEEF) WE(;H) WEVOJ) WEVOVDO) WEEBO) WEVOd) Wﬂb)
YR FWFIBF) - FWf'IVOH) - FWﬁBJ) - FWITIBDU) - FWFIBBO) - FWﬁBd) - meb) ’
(FWEEF) (FWﬁH) (FWEHJ) (FWE?D(,> (FWFE\(;B()) (Fwﬁd) (FWEib)

(B.4)
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Notice that the second order tensor W is defined as Wiy = &y Nk and
that the terms Egr, Eog, etc. in above equation (B.4) are defined as

Eop = Wpor + FTWap; Eon = Wpyr + F Wag;
Eo; = Wpys+ F " Wyy; Eop, = Wp,py, + F"Wap,; (B.5)
Eop, = Wp,B, + FTWdBO; Eoq = Wpya + FTde;

Eo, = Wpys + F W,

Finally, the terms ITI\O;, I:I\O;I, etc. in above equation (B.4) are defined
as

Hor = Wayp + F Wyp; Hou = Waon + F*Wem;
Hy, = Wgys + F Wy Hop, = Wa,p, + F" Wyp,; (B.6)
Hop, = Wa,B, + F"Wyp,; Hoy = Waea + F" Wea;

Ho, = Wgyo + F Wi,
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Appendix C. Relationships between the Hessian operator of the
Helmholtz’s energy functional and that for the in-
ternal energy

The objective of this section is to express the physically meaningful con-
stitutive tensors in equation introduced in Section 4, namely C, @, 7, R, 0
and 1, emanating from the Hessian operator of the internal energy e, in terms
of the components of the Hessian operator of the extended representation of
the internal energy, namely [Hyy|.

Appendixz C.1. Elasticity tensor

The fourth order elasticity tensor C emanates from the second directional
derivative of the internal energy e with respect to changes of the geometry
as

&%e
aVOCBV()(ZZ .

Alternatively, C can be re-written in terms of the derivatives of the electro-
kinematic variable set V as

D?*e[0u;u] = Vodu: C: Vou = C = (C.1)

C=Wrpp+FX(WggxF)+W,;;H® H +C; +C,
+ Q(WFH X F)sym + 2<WFJ & H)sym + Q(Wpd (24 D())Sym + Q(pr &® B0>sym
+2((FXWhy) @ H) 4+ 2((F X Wgg) @ D)™™ + 2((F X Whp) @ Bg)™™

+2(H @ (Wja ® Dg))™™ + 2(H @ (W @ By))™™ + A,
(C.2)

where

Airjg = Eijplrap (X + EJEH)pp; Ciirjg = (de)ij DorDoy;  Coirjg = (Wbb)ij BorBo.

(C.3)
Moreover, for any fourth order tensor 7 included in equation (C.2), the
symmetrised tensor 7™ is defined as 73?? = % (Tirjg + Tigin)-

Appendix C.2. Piezoelectric tensor

The third order piezoelectric tensor @ emanates from the second direc-
tional derivative of the internal energy e with respect to changes in geometry
and electric displacement field as

d%e

2 . — - o7 . ~ov a1
D?e[bu; ADo) = (Vodu : Q") - ADy = Q OV zdD,’

(C.4)
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Alternatively, the piezoelectric tensor Q7 can be re-expresses in terms of
the elements of the set V as

QT:WFDO+FXWHDO+H®WJDO+Q{

C.5
Lolrol il ool 4Ol tsyer Y

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

(Q,{)HJ = (Wap,);; Dor; (C.6a)
(Qg)iIJ = (Wrair;) Fjr; (C.6b)
(Q3) 1, =(F xWra)ir; F.r: (C.6¢)
(Qz)ijj =(H @ Wja)iriFjr; (C.6d)
(Q5T)UJ = (Waa);; FjsDor; (C.6e)
(Qg)ilj = (Weby);y Bor; (C.6f)
(Qg)ilj = (Wea),; FjsBor (C.6g)

Appendixz C.3. Piezomagnetic tensor

The third order piezomagnetic tensor 7~ emanates from the second direc-
tional derivative of the internal energy e with respect to changes in geometry
and magnetic inductions field as

d%e

D2€ [5’11,, AB(]] N (V05U : TT) : ABO =7 = W

(C.7)
The piezomagnetic tensor 77 can be re-expressed in terms of the elements
of the set V as

T' =Wpep, + FxWgp, + HW;p, + T

C.8
T T T T T T et D
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with

(T1) 1, =(Wapy);; Bor: (C.9a)
(Tg)zu (Wrbirj) Fiu; (C.9b)
(Tg)zIJ =(FXWgp)irj Fr; (C.9¢)
(T4T)11J (H @ We)ir; Fjs; (C.9d)
(Tg)zIJ (Web);; £ Bor (C.9¢)
(Tg)uj (Wasy )iy Do (C.9f)
(T7).1s = Wa);; Fs Doy (C.9g)

Appendixz C.4. Dielectric tensor

The second order dielectric tensor 8 emanates from the second directional
derivative of the internal energy e with respect to changes in the electric
displacement field as

d%e

2 . — . = ——
e [5.D(), AD()] = 6D0 OADO =0 (9D0(9D0

(C.10)

Alternatively, the inverse of the dielectric tensor 8 can be re-expressed in
terms of the elements of the set V as

0 = Wp,p, + WpyaF + F"Wap,) + FTWa4F. (C.11)

Appendixz C.5. Permeability tensor

The second order permeability tensor ¥ emanates from the second di-
rectional derivative of the internal energy e with respect to changes in the
magnetic induction field as

0%

2 ) _ . _
e [5B0, ABo] = (SBO 'L9ABO = —aBOaBO

(C.12)

Alternatively, the inverse of the permeability tensor 9 can be re-expressed
in terms of the elements of the set )V as

9 =Wg,p, + WewF + F " Wyg,) + FT Wy, F. (C.13)
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Appendixz C.6. Magnetoelectric tensor

The second order magnetoelectric tensor R emanates from the second
directional derivative of the internal energy e with respect to changes in the
electric displacement field and magnetic induction field as

0%

& 14
0Dy 0B, (C.14)

D?*e[0Dy; ABy) = 6Dy- R-ABy = R =

Alternatively, the magnetoelectric tensor R can be re-expressed in terms
of the elements of the set V as

R =Wp,p, + WpyoF + F"Wyp, + FT"WaF. (C.15)
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Appendix D. Theorem relevant to the eigenvalue structure of the
system of non redundant hyperbolic equations

The objective of this Section is to prove that, as stated in Section (4.1),
a second order tensor A}, defined via the multiplicative decomposition in
equation (66) in terms of a symmetric and a symmetric positive definite
second order tensor admits only real eigenvalues. This can be stated in the
following theorem

Theorem Appendix D.1. Let A € R and B € R"™" be symmetric
and symmetric positive definite matrices for any arbitrary dimension speci-
fication n. Let C be defined in terms of the following multiplicative decom-

position as
C =AB. (D.1)

Then, the matriz C defined as in equation (D.1) has real eigenvalues.

Proof. The eigenvalue problem associated to matrix C' introduced in
Theorem Appendix D.1 is defined as

(ca — AB) 1, = 0, (D.2)

where m,, are the eigenvectors of C. Note that B admits the following
non-unique multiplicative decomposition, B = LL*. A possible choice for
L could be the symmetric matrix L = y/B®. This particular choice of L
enables to re-write equation (D.2) as

(caI - A\/E\/§> Mo = 0 (D.3)

The identification of the eigenvalues ¢, in above (D.3) is equivalent to
the solution of the following polynomial equation, namely detD = 0, where

D = ¢, I — AVBVB. Pre- and post-multiplication by v B \/E_1 does
not alter the solution to the polynomial equation (D.3), namely det(D) =

det(\/ED\/E_l). Therefore, the roots (the eigenvalues of C') can be equiv-

alently obtained as
det <caI - \/EA\/E> ~0. (D.4)

8Since B is a positive definite matrix, it admits the following decomposition in terms of
its eigenvalues ¢, and eigenvectors m,,, namely B = c,;Mqap @ M. The symmetric

matrix v/ B can be defined as VB = \/CapMay @ Mag-
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Equation (D.4) proves that the eigenvalues of the matrix C' defined in
Theorem Appendix D.1 are the same as those for the matrix defined as
VBAVB (the same cannot be said regarding the eigenvectors). Symmetry
of this new matrix v’ BA+v B guarantees therefore that its eigenvalues, and
therefore those for matrix C are real.
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Appendix E. Algebraic manipulations for the explicit representa-
tion of acoustic waves in dielectric elastomers

The objective of this Section is to obtain a simple expression for the
second order tensor Cp in equation (111) which would allow to obtain an
explicit representation for the speed of propagation of acoustic waves for the
convex multi-variable constitutive model in equation (28), particularised to
the case of electromechanics. This tensor involves computing the inverse of
the constitutive tensor @ (C.11), which is defined as

o-_1+1C (E1)
€1 €2
where C' = FT'F is the right Cauchy-Green deformation tensor. The inverse
of every symmetric positive definite second order tensor (still a symmetric
positive definite second order tensor), and in particular 0! admits the fol-
lowing additive decomposition [72]

671 = OdlI % OCQC -+ OégG, (E2)

where G is the Co-factor of C. Noting that 80! = I and CG = J? and
considering equations (E.1) and (E.2) gives

1 1
99_1 = (—I+ —C> (OélI + O[QC + 043G>

°1 €2J2 (E.3)
(8] e} 8] 8] (e} 8]

= (—1+ 4 )I+ (—2+—1)C+—202+—3G.
&1 Eg &1 €9 E9 €1

As shown in [40], the Co-factor of a symmetric positive definite tensor,
and in particular G, can be alternatively expressed as

G =C?—-1,cC + Lyl (E.4)

Introduction of the expression for G in (E.4) into equation (E.3) yields,

00" = <ﬂ+ asl” O‘?’IQC) I+ (%+& — a3[1c> C + (%+%) C*=1

€1 €2 €1 €1 £2 €1 €2 €1
(E.5)
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Identification of the coefficients {1, a2, a3} in above equation (E.5) can
be obtained by solving the following system of linear equations

651 Olsz]2 aslyc

€1 E9 €1
« o asl
@, _Shc (E.6)
&1 €9 &1
&) Qg
—+—==0.
E9 &1

Solution of the above system of equations results in

02 + 0,051 0,6 62
o = AthRhe. o A 0% (E7)
g g g
where 0; = El, i ={1,2} and with
g = 9? + 9%(92[10 + 919%[20 + 9§J2 (E8)

With the help of the result in equations (E.1) and (E.7), it is now pos-
sible to evaluate the second order Cp in equation (111) and to re-express
it in a more convenient manner which would enable to obtain an explicit
representation of the speed of propagation of acoustic waves for the convex
multi-variable constitutive model considered, and defined in equation (28).

This tensor can be additively decomposed into two tensor Cp; and Cpg as
Cp = Cp1 — Cpa2, defined as

Copr=F(I-N®N)§'FT;
6 'N®6'N . (E.9)
N-6'N ’

Copo=F(I-N®N)

Proper re-arrangement of the expressions for Cp; and Cps in above equa-
tion (E.9) yields

2
cD1::<§:Aanﬂgig>cr4FT; (E.10a)
a=1

2 -1 -1
6 'N®6'N
cD2::<§:Aau“®13> JV-iiUV FT. (E.10b)

a=1
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Analytical derivations of the wave speepds requires pre- and post-multiplication
of the above second order tensor Cp; and Cpy by the eigenmodes p,,, yielding

2
ﬁa ' chz_)a = (Z )\ata ' pa> (FT_a ' eilTa) ;
a=1

o (S etapa) (Ta-07'N) (0N F'p,)
D,  Cp2pP, = N 0N )

which enables p,, - Cpp,, to be finally obtained as

= (T, -67'N)(6"'N-F'p,)
Do CpPD, = (Z Aot m) <(FT‘Q -07'T,) — — -
— N-6'N
(E.11)
where 87T, and ' N in above equation (E.11) can be written by making

use of the identities in equation (112) and of equation (E.2) for the inverse
of the second order tensor € defined in equation (E.1) as

J 2
9_1To< = <Oq + Oéz)\i “+ as ()\—) ) Ta;
J 2
0*1N: (a1+a2)\§+a3 ()\_> )N
3

From equation (E.12), it is easy to notice that
T, -6'N=0. (E.13)
Therefore, equation (E.11) can be further simplified as

2
D, Cpb, = <Z Aata -foa> (F'p,-07'T,) (E.14)
a=1

For pressure waves, characterised by p, = m, it is easy to see that n -
Cpn = 0. For shear waves, where p, = t, (with {t;,ts} two orthonormal
vectors to n), the expression for p, - Cpp,, in (E.14) becomes

toCpta = (F't,-07'T,). (E.15)

Finally, use of equations (112), and (E.12), enables t,-Cpt,, to be written
as

2
t, - tha = Ay (FTta . HflTa) = Ay (Oél + Ckg)\g + a3 ()\i) ) . (E16)
3
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