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Abstract

The world of smart materials has experienced a dramatic revolution in the last
decades. Electro Active and Magneto Active Materials are some of the most iconic
of these, among which, dielectric and magnetostrictive elastomers are becoming
extremely popular due to their outstanding actuation capabilities, and in lesser
degree, to their energy harvesting capabilities. A clear example illustrating these
extraordinary capabilities has been reported in the experimental literature, which
has shown unprecedented extreme electrically induced deformations for the most
representative dielectric elastomer, namely the acrylic elastomer VHB 4910.

This thesis is focused on the development of well-posed constitutive models for
nonlinear electro-elasticity in scenarios characterised by extreme deformations and
extreme electric fields. This fundamental objective represents the underlying ingre-
dient for the novel variational and computational frameworks developed hereby in
the context of electro-elasticity. Very remarkably, the similarity between the equa-
tions in both electro-elasticity and magneto-elasticity, enables the variational and
computational frameworks developed to be extended to the latter scenario, charac-
terised by magnetomechanical interactions.

Despite the enormous interest of the experimental and computational scientific
community, the definition of suitable constitutive models is still at its early stages
for both electro and magneto active materials. In the more specific context of
elasticity, considerable effort has been devoted to the definition of polyconvex energy
functionals, which entail the most widely accepted constitutive restriction, namely
the ellipticity or Legendre-Hadamard condition. This condition, strongly related to
the material stability of the constitutive equations, ensures the well-posedness of
the governing equations. An extension of the ellipticity condition to the context of
nonlinear electro-elasticity and hence, magneto-elasticity, is proposed in this work,
ensuring the well-posedness of the equations for the entire range of deformations
and electric or magnetic fields.

It is important to emphasise that in this work, the extension of the ellipticity
condition to the field of electro-elasticity is exclusively based on material stability
considerations. The energy functional encoding the constitutive response of the
electro active material is defined according to a novel convex multi-variable repre-
sentation in terms of an extended set of arguments which ensures material stability.
The extended set of arguments, including those characterising the concept of poly-
convexity in the more specific scenario of nonlinear elasticity, is further enriched
with additional electromechanical entities.

Unfortunately, proof of sequential weak lower semicontinuity of the proposed
definition of multi-variable convexity is not provided in this work. This condition,
and the additional requirement of appropriate coercivity conditions on the energy
functional, would ensure the existence of minimisers. Nevertheless, although of
extreme relevance and scientific interest, this topic is not in the scope of the thesis
and could be the objective of further research.
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Very remarkably, the extension of the condition of ellipticity to the field of
electro-elasticity is based on an enrichment of the convex multi-variable nature of
the polyconvexity condition in the field of elasticity. Notice that in the latter con-
text, multi-variable convexity is tantamount to polyconvexity of the strain energy.
This extension from the field of elasticity is the underlying reason behind the divi-
sion of this thesis into two main parts. The first part is entirely focused on convex
multi-variable (polyconvex) elasticity and the second part, on convex multi-variable
electro-elasticity.

Regarding the first part of this thesis, an interesting and novel ingredient has
been included. Published in Bonet et al. [1], a new tensor cross product opera-
tion and its associated algebra has been introduced enabling an efficient algebraic
manipulation of the co-factor and the Jacobian of the deformation gradient tensor,
both featuring in the definition of polyconvexity, and their respective derivatives.
This algebraic ingredient is the key element which has enabled to propose a novel
variational and computational framework in the context of elasticity. Moreover, a
new set of variables work conjugate to those intervening in the definition of poly-
convexity has been proposed. Based on both sets of extended variables, novel and
interesting mixed variational principles, developed to overcome the shortcomings of
classical displacement based formulations, are presented in this thesis.

An extension of both variational and computational frameworks developed in
the first part of this thesis is carried out in the second part, focused on nonlinear
electro-elasticity, whereby the tensor cross product operation aforementioned is of
extreme relevance. Based on the new concept of multi-variable convexity in this
more general context, new interesting mixed variational principles and their Finite
Element computational implementation are presented in this thesis.

Finally, an insightful and physically motivated interpretation of multi-variable
convexity is presented in this work, which exploits the connections between the
Legendre-Hadamard condition and the hyperbolicity of the dynamic equations. This
has been presented both for the particular case of Solid Dynamics and for the more
general scenario of electro-magneto-mechanics, the latter being deliberately analysed
as it facilitates an straightforward particularisation to either electro-elasticity or
magneto-elasticity. This work shows that the convex multi-variable nature of the
energy functional must rely on arguments whose differentiation with respect to time
yields a first order conservation law.

In reference to this revealing interpretation, a completely novel set of first order
hyperbolic conservation laws for all the arguments of multi-variable convexity in
both scenarios, namely elasticity and electro-magneto-elasticity, is presented in this
thesis. Some of these conservation laws have been presented in recent publications,
as those for the purely geometrical arguments of multi-variable convexity, namely
the deformation gradient tensor, its co-factor and its Jacobian. Two completely
new conservations laws are presented in this thesis for two of the arguments of the
extended set in electro-magneto-elasticity.

Very remarkably, and in connection to the pioneering work of Hughes et al. [2]
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in the field of Computational Fluid Dynamics, the new concept of multi-variable
convexity enables the definition of a generalised convex entropy function which per-
mits a symmetrisation of the set of first order conservation laws in terms of the new
associated work (conjugate) variables, presented in this thesis for both elasticity and
electro-magneto-elasticity.
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1.1 Motivation

The advance over the last decades in existing smart materials and the advent of
new ones superseding their predecessors portends a brilliant and encouraging fu-
ture for these materials and renders a prolific scenario for the development of new
interesting and challenging areas of research. The main distinctive feature of each
of these materials is their actuation principle. The application of a characteristic
stimuli produces a very particular response on these materials. For instance, some of
the earliest Electro Active Materials, namely piezoelectric crystals and piezoelectric
ceramics, create a distribution of electric potential when subjected to a mechanical
excitation. This actuation principle can be reverted due to the non-centrosymmetric
internal structure of these materials . Thus, the application of an electric field would
lead to a deformation. Alternatively, electrostrictive materials, deprived from a
centrosymemtric internal structure, exhibit exclusively one way electro-mechanical
coupling, where deformations can be electrically induced.

Thermochromic

Electro Active

Figure 1.1: Classification and examples of Smart Materials.

Another type of smart materials with potential applications within the field
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of artificial actuators is that of magneto-active elastomers [3]. A magnetic inactive
matrix of elastomer is enriched with magneto-active particles. Thus, the application
of a magnetic field can lead to the deformation of the material. Thermoelectric,
photochromic, etc. are additional examples of smart materials where a thermal or
photonic stimuli induces a change in the distribution of electric field or in the colour,
respectively. A non-exhaustive classification of smart materials is depicted in Figure
1.2.

Among the wide spectrum of smart materials, this thesis is focused on Electro
Active Materials. Refer to Figure 1.2 for a brief classification of these materials. The
actuator and harvesting capabilities of the earliest of these materials, namely piezo-
electric crystals and ceramics, were not very long ago eclipsed by those of Electro
Active Polymers (EAP). This heterogeneous group can be subsequently classified
into two main 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 Piezo-
electric Polymers (PP), have become increasingly relevant. The second subgroup
includes ionic gels, Ionic Polymer Metal Composites (IPMC) and carbon nanotubes.

Piezoelectric
ceramics

Electronic
Polymers

Ionic
Polymers

Figure 1.2: Classification of Electro Active Materials. The scope of this thesis is
mainly on dielectric elastomers, as indicated by the red dashed line.
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Soft elastomer-

Compliant electrodes

(b)

Figure 1.3: Working principle in ionic and electronic polymers: (a) the application of
an electric potential gradient across the material triggers the diffusion of ions, leading
to a bending type deformation; (b) the application of an electric field generates
electrostatic forces which cause a compression in the direction of application of the
electric field.

In this work, only electronic polymers are considered. The main difference be-
tween these two subgroups resides in their underlying working principle. Maxwell
or Coulomb forces are responsible for the subsequent electrically induced deforma-
tions in electronic polymers. On the contrary, the diffusion or mobility of ions is the
driving force in ionic polymers [4] (refer to Figure 1.3).

Figure 1.4 displays some interesting examples where electronic polymers are used
as actuators. In particular, Figure 1.4(a) shows a realistic application of dielectric
elastomers as soft robots. The application of an electric field on the dielectric elas-
tomer produces an artificial rotary joint to bend upwards and downwards, achieving
the desired flapping effect. Another example of dielectric elastomers in the field of
robotics is shown in Figure 1.4(b). Figure 1.4(c) shows an electroactive polymer
propelled airship. The airship, slightly pressurised with Helium, is endowed with a
series of electroactive polymer patches located on both opposite sides of the body
and tail. The antagonist contraction-expansion of the patches leads to the movement
of the airship, which literally swims through air. Figures 1.4(g) and 1.4(h) display
an electroactive polymer actuated device at different stages of the deformation. Fig-
ure 1.4(i) shows an space antenna which modulates its curvature using piezoelectric
actuators. Figure 1.4(k) displays an image of the Boeing MFX-1, equipped with
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Figure 1.4: Relevant applications of electronic polymers. (a) Dielectric elastomer
actuated flapping wing; (b) Dielectric elastomer actuated hand; (c) Dielectric elas-
tomer actuated biomimetic airship; (d) Dielectric elastomer ocean power generator;
(e) Piezoelectric eel; (f) Piezoelectric shoe; (g) and (h) Electrically actuated device;
(i) Piezoelectric actuated space antenna; (j) Piezoelectric technology incorporated in
automobile; (k) Boeing MFX-1: morphing aircraft test at Langley NASA; (1) Piezo-
electric nano-harvester; (m) Dielectric elastomer biomimetic lens; (n) Piezoelectric
wind farm; (o) Piezoelectric skyscraper.
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Figure 1.5: Extreme electrically induced deformations in dielectric elastomers: im-
ages corresponding to the experiment carried out by Li et al. Initial (no applied
electric field) configuration on the left. Final (after the application of an electric
field) configuration on the right.

piezoelectric actuators on carbon fiber skin for morphing purposes. Finally, Figure
1.4(m) shows a dielectric elastomer actuated lense.

Figure 1.4 shows also interesting examples of energy harvesting applications.
Figure 1.4(d) clearly illustrates the use of dielectric elastomers for power generation
purposes. Figure 1.4(e) shows an interesting military application where piezoelectric
eels are used as part of submarine devices in long endurance military missions. Fig-
ure 1.4(f) presents a conventional shoe endowed with piezoelectric patches which en-
able a conversion of the kinetic energy from motion into electric energy. Figure 1.4(j)
shows a photovoltaic piezoelectric auto-mobile, equipped with piezoelectric crystals
which generate electricity from the surrounding air flow. Figure 1.4(1) displays a
extremely flexible piezoelectric nano harvester, able to produce electric energy from
the slightest deformation. Figure 1.4(n) displays a planned wind-farm outside Abu
Dhabi consisting of a field of 55 meters piezoelectric carbon fibre stalks. Finally,
Figure 1.4(o) shows a conceptual design of the Séder Torn, a skyscraper based in
Stockholm. Architecture firm Belatchew has proposed to endow this tower with
millions of tiny piezoelectric straws.

The present manuscript is mainly focused on dielectric elastomers (as indicated
in Figure 1.2). The acrylic elastomer VHB 4910 is the most iconic example. These
materials are becoming increasingly attractive due to their outstanding actuation
properties [5-8]. A voltage induced area expansion of 1980% on a dielectric elastomer
membrane film has been recently reported by Li et al. [9] (refer to Figure 1.5). In this
specific case, the electromechanical instability is harnessed as a means for obtaining
these electrically induced massive deformations.

For these extreme scenarios, characterised by large deformations and large elec-
tric fields, the consideration of appropriate and suitable constitutive models used to
represent the constitutive behaviour of these materials is vital, as defective consti-
tutive models can lead to ill-posedness of the governing equations. The objective of
this thesis is the development of appropriate constitutive laws complying with the
well-posedness of the governing equations for the entire range of deformations and
electric fields.
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1.2 State of the art

A great effort has been devoted to the development of appropriate constitutive
models in the field of nonlinear elasticity [10,11]. The definition of suitable consti-
tutive restrictions is crucial if physically admissible solutions are expected to occur.
Revisiting the well established theory for nonlinear elasticity, an extension to the
field of nonlinear electro-elasticity has been carried out in this thesis. This is the
underlying reason behind the subdivision of this work into two main parts. The
first part focuses on the well established theory for (reversible) nonlinear elasticity
from the constitutive, variational and computational standpoints. This enables a
well founded extension to the field of nonlinear electro-elasticity, integrated in the
second part of this thesis.

1.2.1 Nonlinear elasticity

Large strain elastic and inelastic analysis by finite elements or other computational
techniques is now well established for many engineering applications [12-23]. Of-
ten elasticity is described by means of a hyperelastic model defined in terms of a
stored energy functional which depends on the deformation gradient of the mapping
between initial and final configurations [10-12,24-29]. It has also been shown that
for the model to be well defined in a mathematical sense, this dependency with
respect to the deformation gradient has to be based upon appropriate convexity
criteria [11,12,26] which guarantees ellipticity and hence, the well-posedness of the
governing equations. Ellipticity has therefore, important physical implications as it
guarantees the existence of real wave speeds [30] (Legendre-Hadamard condition) in
the material in the vicinity of an equilibrium configuration and it is strongly related
to material stability of the constitutive equations.

Different convex restrictions can be considered upon the strain energy complying
with the ellipticity condition (refer to the relevant part of Figure 1.6 in the context
of elasticity). It is very well known that convexity of the strain energy with respect
to the deformation gradient should not be used as a physically admissible constraint
as it precludes buckling [27]. Quasiconvexity, introduced by Morrey [31], is an inte-
gral inequality which complies with the ellipticity condition and does not preclude
buckling. However, the integral nature of this condition makes it cumbersome to
prove quasiconvexity for explicit energy functionals. The simplest convexity restric-
tion upon the strain energy which complies with ellipticity and does not exclude
buckling effects is polyconvexity. Moreover, polyconvexity automatically verifies se-
quential weak lower semicontinuity of the strain energy [11,25,27,32] and when
endowed with appropriate coercivity or growth conditions, it guarantees the exis-
tence of minimisers for the total energy potential in nonlinear elasticity (refer to
Figure 1.6).

The strain energy function is polyconvex [27-29,33-36] if it can be expressed as
a convex multi-variable function of the components of the deformation gradient, its
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Figure 1.6: Implications of generalised convexity conditions. The shadowed region
indicates the field of interest of the present work in the context of electro-elasticity.

determinant and the components of its adjoint or co-factor. Numerous authors have
previously incorporated polyconvexity into computational models for both isotropic
and non-isotropic materials for a variety of applications [32,37-41].

From the computational standpoint, several well established reliable techniques
can be utilised for the numerical simulation of nonlinear elasticity. The most com-
mon of these relies on a Finite Element discretisation of the classical displacement
based formulation [12], where only geometry is part of the unknowns of the prob-
lem. It is very well known that when low order interpolation spaces are employed,
this type of formulations render a series of detrimental deficiencies such us volu-
metric locking and spurious pressure oscillations in nearly incompressible scenar-
ios [14,42-45], bending locking in bending dominated scenarios, etc. to name but a
few. Alternatively, mixed formulations [12,40,42-44,46-51,51-58], where not only
geometry but also strains and stresses are part of the unknowns of the problem,
have been successfully utilised in order to remedy the deficiencies of displacement
based formulations.
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1.2.2 Nonlinear electro-mechanics

Dielectric elastomers [5-8] possess outstanding capabilities as artificial actuators
[5-9] and as energy harvesters and power generators [59)].

Despite the widespread interest of the experimental [5-9] and computational
scientific community [3, 60-69], the definition of suitable constitutive models for
electro-active materials is still at its early stages.

As customary in nonlinear continuum mechanics, the constitutive behaviour of
the material is encoded in an energy functional which depends typically upon ap-
propriate strain measures, a Lagrangian electric variable and, if dissipative effects
are considered, upon an electromechanical internal variable. Notice that this energy
functional is equivalent to the strain energy functional in nonlinear elasticity, now
denominated as internal energy [61,62].

Several authors have proposed alternative representations of the energy func-
tional in terms of electromechanical invariants [61-66]. However, some restrictions
need to be imposed on the invariant representation if physically admissible be-
haviours are expected to occur. Bustamante and Merodio [70] considered classi-
cal constitutive inequalities, namely: the Baker-Ericksen inequality, the pressure-
compression inequality, the traction-extension inequality and the ordered forces in-
equality. The objective was to study under what conditions a specific invariant
representation of the energy functional for magneto-sensitive elastomers would vio-
late the previous inequalities for very specific deformation scenarios.

As stated in the previous Section, the most well accepted constitutive inequality,
which ensures the material stability of the constitutive equations is ellipticity, also
known as the Legendre-Hadamard condition [11,27]. Several authors have also stud-
ied under what conditions positive definiteness of the generalised electromechanical
acoustic tensor and hence, the Legendre-Hadamard condition is compromised for
a specific invariant representation of the energy functional [30,71,72]. Recently, a
material stability criterion based on an incremental quasi-convexity condition of the
energy functional has been introduced by Miehe et al [73].

In nonlinear elasticity, ellipticity is satisfied by polyconvex energy functionals.
This thesis, based on a series of publications by the author [74-76], explores an
extension of ellipticity to the context of nonlinear electro-elasticity for the entire
range of deformations and electric fields.

From the computational standpoint, the scientific community typically resorts
to a discretisation of a displacement-electric potential based variational principle
via the Finite Element Method [60-69, 77-79]. Bustamante [63] presents alterna-
tive variational principles in which the unknown variables are displacements and
the Lagrangian electric displacement field and the vector potential. Moreover, the
authors in Reference [80] have presented a series of mixed variational principles for
electro-elasticity.
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1.3 Scope of the thesis

The main scope of this thesis is on the development of well-posed constitutive laws for
nonlinear electro-elasticity in scenarios characterised by extreme electrically induced
deformations in the presence of high electric fields. With reference to this underlying
objective, this work proposes 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.

1.3.1 Nonlinear elasticity

Several authors have incorporated the concept of polyconvexity into computational
models for a variety of applications [37,44,81]. The classical approach consists of
ensuring that the stored energy function satisfies the polyconvexity condition first
but then proceed towards an evaluation of stresses and elasticity tensors by re-
expressing the energy function in terms of the deformation gradient alone. This
inevitably leads to the differentiation of inverse functions of the deformation gradi-
ent, its transpose or the inverse of the right Cauchy-Green tensor. These derivatives
are readily obtained using standard algebra but can lead to lengthy expressions.
An alternative approach is explored in this work and has been published in Ref-
erences [44] and [43] recovering the concept of the tensor cross-product originally
introduced by de Boer [82] but not previously used in continuum mechanics. This
tensor cross product allows for simpler expressions to be obtained for the area and
volume maps and their derivatives. The resulting formulas for the elasticity tensors
provide useful physical insights by separating positive definite material components
from geometrical components.

Remarkably, the convex multi-variable nature of polyconvexity enables a one to
one and invertible relationship between the arguments which define polyconvexity
and their work conjugates. This invertible relationship enables a complementary en-
ergy to be defined exclusively in terms of the work conjugates. This two ingredients
are the basis for the development of new Hu-Washizu an Hellinger-Reissner type of
mixed variational principles. A Finite Element implementation of these new mixed
variational principles is carried out in this work. The robustness and accuracy of
the new variational and computational framework is tested and compared against
that for the classical displacement-based formulations via a series of challenging
numerical examples.

Exploring the strong relationship between the Legendre-Hadamard condition
(automatically satisfied by polyconvex functionals) and the hyperbolicity of the gov-
erning equations, this work elucidates the underlying physical interpretation of the
convex multi-variable dependence of the strain energy upon its arguments, show-
ing that their respective time rates can be expressed as first order conservation
laws [43]. Following the work of Bonet et al. [43], a novel set of hyperbolic equations
for nonlinear polyconvex elasticity is presented in this thesis, including conservation



14 CHAPTER 1. INTRODUCTION

laws for the arguments of polyconvexity, namely the deformation gradient tensor,
its co-cofactor and its Jacobian. Moreover, the convex multi-variable nature of the
polyconvex strain energy enables to define a generalised convex entropy functional
which permits a symmetrisation of the first order conservation laws in terms of its
work (entropy) conjugates [43].

1.3.2 Nonlinear electro-elasticity

Multi-variable convexity of the strain energy, or equivalently, convexity with respect
to the deformation gradient, its co-factor and its determinant, automatically ensures
the sequential weak lower semicontinuity [27] of the strain energy in the context of
nonlinear elasticity (refer to Figure 1.6). It is therefore possible to assert that multi-
variable convexity entails the polyconvexity of the strain energy.

Based on the definition of multi-variable convexity (or polyconvexity) in the
context of nonlinear elasticity, this thesis explores an extension of the concept of
multi-variable convexity to the context of nonlinear electro-elasticity, motivated by
material stability considerations exclusively (refer to Figure 1.6). Therefore, the
ultimate objective of this work is to propose an extended definition of multi-variable
convexity which ensures the material stability of the constitutive equations in non-
linear electro-elasticity. Proof of sequential weak lower semicontinuity of the new
extended concept of multi-variable convexity is out of the scope of this thesis. Hence,
existence of minimisers, ensured under additional coercivity assumptions (refer to
Figure 1.6), are not proved hereby. Consequently, the term polyconvexity must be
avoided in this thesis in the context of nonlinear electro-elasticity and only the more
appropriate concept of multi-variable convexity should be used instead.

The new concept of multi-variable convexity requires an enrichment of the convex
nature of the internal energy with respect to that of the strain energy in nonlinear
elasticity. Thus, in addition to the purely geometrical arguments which characterise
multi-variable convexity (polyconvexity) in this more specific context, namely the
deformation gradient tensor, its co-factor and its Jacobian, additional electrome-
chanical variables will define the extended convex multi-variable set. Crucially, in
comparison to the work of other authors [83], this new extended set enables the
electromechanical energy of the vacuum to be considered as a degenerate case of
multi-variable convexity.

The extended set of variables enables the introduction of a set of work conjugate
variables [84]. Multi-variable convexity of the internal energy ensures a one to
one and invertible relationship between both sets of variables. In addition, the
convex nature of the internal energy enables three additional energy functionals to be
defined (at least implicitly) by making appropriate use of the Legendre transform®.

ITwo 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
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A series of novel Hu-Washizu type of mixed variational principles, which were
initially developed to overcome the shortcomings of more classical displacement
based formulations in the context of elasticity, are developed by exploiting the new
extended electro-kinematic set and its associated set work conjugate variables. A
Finite Element implementation of these new variational principles is carried out.

An additional ingredient of this new convex multi-variable framework for nonlin-
ear electro-elasticity is the new tensor cross product operation developed by Bonet
et al. [44,82], which enables tedious algebra to be remarkably simplified, yielding
insightful representations of otherwise complex expressions (i.e. electro-mechanical
tangent operators).

The consideration of convex multi-variable internal energy functionals ensures
the positive definiteness of the generalised electro-mechanical acoustic tensor [30,
71,72] and hence, existence of real wave speeds in the material in the vicinity of
an equilibrium configuration. In analogy to the analysis carried out in the context
of polyconvex elasticity, a completely new set of first order hyperbolic equations is
presented in this thesis for convex multi-variable electro-magneto-mechanics, where
this further deliberate generalisation (including magnetomechanical interactions)
has been used as a detour which elegantly enables a particularisation of the resulting
hyperbolic framework to more specific scenarios where only electromechanical (and
even magnetomechanical) interactions are considered. Finally, the convex multi-
variable nature of the internal energy enables the definition of a generalised convex
entropy functional which subsequently permits a novel (in this context) symmetri-
sation of the system of conservation laws in terms of the entropy conjugates.

1.4 Outline of the thesis

In order to elaborate the objectives indicated in the previous Section, this thesis is
organised as follows,

e Chapter II exploits the algebra of the new tensor cross product operation
which greatly facilitates the manipulation of the co-factor and its derivatives.
This tensor cross product operation leads to new physically insightful repre-
sentations for tangent operators of the energy functional, presented in this
Chapter both in reference and spatial settings.

A series of new Hu-Washizu and Hellinger-Reissner types of mixed variational
principles are presented in this Chapter. Additionally, mixed variational prin-
ciples for fully and nearly incompressible scenarios are also presented with
the new tensor cross product operation featuring heavily and enabling the
simplification of algebraic manipulations.

e Chapter III presents the Finite Element implementation of the various new
mixed variational principles presented in the preceding Chapter. Discretisa-
tion of the stationary conditions of these new mixed variational principles and
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of their linearisations has been carried out, leading to the definition of the
classical residual vectors and stiffness matrices. A static condensation proce-
dure has been presented for the Hellinger-Reissner mixed variational princi-
ple, where a particular choice of functional spaces for the different variables
satisfying the Ladyzenskaja-Babuska-Brezzi condition has been utilised, the
resulting formulation having a comparable computational cost to those of dis-
placement based formulations. Finally, linear continuous interpolation using
tetrahedral elements for both displacement and pressure unknowns, stabilised
via a Petrov-Galerkin technique for fully incompressible scenarios has been
presented in this Chapter.

Chapter IV endows the common denominator of both variational and com-
putational frameworks developed in the two preceding Chapters, namely multi-
variable convexity (or polyconvexity in this context), with a physical and in-
sightful interpretation. Exploration of the connections between the Legendre-
Hadamard condition (satisfied by any polyconvex functional) and the hyper-
bolicity of the equations for Solid Dynamics enables to assert that the time
derivative of each of the arguments defining the multi-variable convexity of the
internal must be necessarily expressed as first order conservation laws. A set of
first order conservation laws for convex multi-variable (polyconvex) elasticity
is presented in this Chapter.

Finally, symmetrisation of the system of conservation laws in terms of the
work (entropy) variables is also presented in this Chapter, facilitated by the
definition of a generalised convex entropy functional.

Chapter V extends the ideas presented in Chapter III to the field of
electro-elasticity. A new definition of multi-variable convexity is postulated
in this Chapter, based upon an extended set of kinetic and electric variables,
which entails the well-posedness or ellipticity (hyperbolicity in dynamic sce-
narios) of the equations for the entire range of deformations and electric fields.
New mixed variational principles are presented in this Chapter, where the new
tensor cross product operation and its associated algebra feature heavily.

Chapter VI presents the Finite Element implementation of the various mixed
variational principles presented in the preceding Chapter, which represent a
reliable and robust alternative to more classical potential displacement based
formulations. Finally, a series of challenging numerical examples are included
to show the applicability and robustness of the proposed formulations.

Chapter VII, extends the ideas presented in Chapter Chapter IV to the
field of nonlinear electro-magneto-mechanics. A new set of conservation laws
for all the arguments which determine the multi-variable convexity of the inter-
nal energy in electro-magneto-mechanics is presented in this Chapter. More-
over, the existence of a generalised convex entropy functional which leads to
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the symmetrisation of the conservation laws in terms of the extended set of
entropy variables is presented in this Chapter.

e Chapter VIII concludes the thesis by summarising its main concluding as-

pects and key contributions and indicates some suggestions for further research
works.
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2.1 Introduction

Ellipticity is the most widely accepted constitutive condition in nonlinear elasticity
[27,37,38]. As stated in the previous Chapter, this condition has extremely relevant
physical implications, since it ensures the existence of travelling plane waves in
the material [37]. A special class of energy functionals which satisfy the ellipticity
condition is that of polyconvex functionals [27-29,33,85], already mentioned in the
previous Chapter.

Multi-variable convexity, or equivalently, polyconvexity (in purely mechanical
context) has been incorporated in the field of nonlinear elasticity by several authors
[32,37-40,86]. Typically, stresses and elasticity tensors are obtained by re-expressing
the polyconvex energy function in terms of the deformation gradient alone, leading
to lengthy expressions associated to the differentiation of inverse functions of the
deformation gradient, its transpose or the inverse of the right Cauchy-Green tensor.
An alternative approach has recently been proposed by Bonet et al. in [44] and [43]
based on the definition of a tensor cross-product originally introduced by de Boer
[82] but not previously used in continuum mechanics. This tensor cross product
allows for simpler expressions for the area and volume maps and their derivatives.
The resulting formulas for the elasticity tensors provide useful physical insights by
separating positive definite material components from geometrical components.

This Chapter explores the proposed formulation both in the reference setting,
using Piola-Kirchhoff stress tensors and in the spatial setting using Kirchhoff and
Cauchy stress tensors. Some formulas derived with the tensor cross product formula-
tion are compared against their classical equivalent versions in order to demonstrate
the advantages of the proposed methodology. Both isotropic and anisotropic cases
are considered. This Chapter illustrates the proposed concepts using the well estab-
lished model of a Mooney-Rivlin material.

This Chapter is organised as follows. Section 2.2 introduces the novel tensor cross
product notation in the context of large strain deformation. Whilst this product had
already been proposed by de Boer in [82] (in German), it has not previously been
described in the English literature or used in the context of solid mechanics, so most
readers will be unfamiliar with it. This product is used to re-express the adjoint
of the deformation gradient and its directional derivatives in a novel, simple and
convenient manner. Section 2.3 reviews the definition of polyconvex elastic strain
energy functions and defines a new set of stress variables conjugate to the main kine-
matic variables. The relationships between these stress variables and the standard
first Piola-Kirchhoff stress tensor are provided. The section also derives complemen-
tary strain energy functions in terms of the new conjugate stresses. The algebra is
greatly simplified via the tensor cross product. The fourth order elasticity tensors
are derived in this section taking advantage of the tensor cross product operation
leading to interesting insights into the consequences of convexity. Both compress-
ible and nearly incompressible cases are discussed in the context of Mooney-Rivlin
models, although the extension to more general strain energy functions is straight-
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forward. Section 2.4 derives similar equations using entirely material tensors such
as the right Cauchy-Green tensor and the second Piola-Kirchhoff tensor or spatial
tensors such as the Kirchhoff or Cauchy stresses. Expressions for both material and
spatial elasticity tensor are given in the context of the new proposed notation. Sec-
tion 2.5 particularises the above expressions for the case of isotropic and anisotropic
materials. A number of mixed and complementary energy variational principles are
presented in Section 2.6. Several of these have been used in [44] for the purpose
of constructing novel finite element approximations. Finally, Section 2.7 provides
some concluding remarks and a summary of the key contributions of this paper. An
illustrative diagram of the layout of the present Chapter can be found in Figure 2.1.

2.2 Definitions and notation

2.2.1 Motion and deformation

Let us consider the motion of an elastic body which in its initial or material configu-
ration is defined by a domain V' of boundary 0V with outward unit normal N, with
boundary 0V. After the motion, the elastic body occupies a spatial configuration
defined by a domain v of boundary dv with outward unit normal n, with boundary
Ov. The motion of the elastic body 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 * = (@), , on the boundary 9,V C 9V, where the
notation (e)y, is used to indicate the given value of a variable ® on the boundary
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 configura-
tion dx, namely dx = F'dx, is defined as the material gradient V| of the spatial
configuration [10-12,24-29, 85]

F =V = % (2.1)

In addition, J = det F represents the Jacobian or volume-map of the deforma-
tion, which relates differential volume elements in the material configuration 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 n) configura-
tion by means of the two-point co-factor or adjoint tensor H as da = HdA, which
is related to the deformation gradient via the so-called Nanson’s rule [12]

H=JF " (2.2)

Clearly, the components of this tensor are the order 2 minors of the deformation
gradient and it is often referred to as the co-factor or adjoint tensor. This tensor
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CC=¢>(X,75)

Figure 2.2: Deformation mapping of a continuum and associated kinematics mag-
nitudes: F, H, J.

and its derivatives will feature heavily in the formulation that follows as it is a key
variable for polyconvex elastic models. Its evaluation and, more importantly, the
evaluation of its derivatives using equation (2.2) is not ideal, and a more convenient
formula can be derived for three dimensional applications. This relies on the use of
a tensor cross product operation, presented for the first time in Reference [82], page
76, but included in 2.2.2 for completeness.

Finally, Figure 2.2 depicts the deformation process as well the three kinematic
maps, that is, F', H and J. Virtual or linear incremental variations of x will
be denoted du and wu, respectively. It will be assumed that @ satisfy appropriate
prescribed displacement based boundary conditions in 9,V, and that du and u
will satisfy the equivalent homogeneous conditions in this section of the boundary.
Additionally, the body is under the action of certain body forces per unit undeformed
volume f, and traction per unit undeformed area ¢, in 9;V, where 9,V U9,V = 0V
and 9;V N o,V = 0.

2.2.2 Tensor cross product

The key element of the framework proposed is the extension of the standard vector
cross product to define the cross product between second order tensors and between
tensors and vectors. This rediscovers the work of de Boer [82] which, to the best
knowledge of the authors, does not appear in any English language publication. The
original nomenclature in [82] is “Das dufere Tensorprodukt von Tensoren”, which
has been translated here as tensor cross 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
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gives

(VX A)w=vx (Aw); (vXA),; = Envriy, (2.3)

where &1, (or £15x) symbolises the third order alternating tensor components® and
the use of repeated indices implies summation, unless otherwise stated. In addition,
throughout this thesies, the symbol (-) is used to indicate the scalar product or
contraction of a single index 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 ® b]; = £;j,a;b, and the symbol (®) is used to indicate the outer
or dyadic product [a ® bl;; = a;b;.

Note that the notation X instead of x is used if the outcome of the operation is
a second order tensor rather than a vector. The effect of the above operation is to
replace the columns of A by the cross products between v and the original columns
of A. Similarly, 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 the
following relationship applies

(AXv)w=A(vxw); (AX v)ij = EjuAixvr. (2.4)

The effect is now to replace the rows of A by the cross products of its original
rows by v. Finally, the cross product of two second order tensors A and B to give a
new second order tensor denoted A X B is defined so that for any arbitrary vectors
v and w gives

v - (AXB)’LU = ('l) X A) : (B X’UJ) ; (Ax B)z] = iklgjmnAkmBln' (25)

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

(AXB),, = Ejn€rixAjiBrk; (AXB),; = EkEiunAxkmBLn. (2.6)

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

(H x A)ppu = Einlrkpis Ak (AX H)upp = Eiin€rix AjHikpp- (2.7)

Moreover, the double application of the tensor cross product between a fourth
order tensor and two second order tensors is associative, namely

AXHXxB=(AxH)xB=Ax(HxB). (2.8)

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

Q% A)p; = EijlriQpisAix; (AXQ),p = En€rox AjsHixp. (2.9)

Lower 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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Box 1 shows the practical evaluation of these products. Finally, 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 (AxB)=v-€:(AB") =tr (vx (AB")); (Ax B); = &1 AjrBir. (2.10)

Remark 2.1: 1t is easy to show using simply algebraic manipulations based on the
permutation properties of £ or the fact that &£;,Exn = 01105 — 0indj, that the above
tensor cross products satisfy the following properties (note that v, vy, vy, w, w;
and wy denote arbitrary vectors and A, A;, Ay, B, B, B, and C are second order

tensors)
AxB=BxA (2.11)
(AxB)" = A" x BT (2.12)
Ax (B, + B;) = Ax B, + Ax B, (2.13)
a(AxB) = (a¢A)x B = Ax (aB) (2.14)
(AXxB):C=(BxC): A=(AxC): B (2.15)
AXI = (trA)T — A" (2.16)
IXI=2I (2.17)
(Ax A): A =6detA (2.18)
CofA — %A x A (2.19)
(V1 ®@V2) X (W ®ws) = (v X W) ® (V2 X Wa) (2.20)
vX(Axw)= (VX A)Xw=0vXAXw (2.21)
AXx(vOw)=-—vXAXw (2.22)
(Ax B) (v x w) = (Av) x (Bw) + (Bv) x (Aw) (2.23)
(A1 X Ay) (B; X B,) = (A;B;) X (A3 B,) + (A, B,) X (A, B)) (2.24)

(A, B) x (A;,B) = (A, X A,) CofB (2.25)
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Box 1. Enumeration of tensor cross products:

VA — VA v AL — v A, VAL — U A
['l) X A] - UzAzx - UxAz:E UzAxy - U:L"Azy UzAzz - UzAzz

| VeAye — Uy Ape VeAy — Uy Ary VA — vy AL

Aazyvz - Amzvy szvx - Azxvz szvy - Amyvz
[AXw] = | Ayv, —Apv, Apv, — Aypv, Ayvy — Ayu,
L Azyvz - Azzvy Azzvz - Azzvz Azmvy - Azyvm

[AxB] [AxB] [AXB]|
[AxB]=| [AxB|,, [AxB] [AxB],
[AxB]., [AxB], [AXB].

rr

Ty Tz

[A X B]xz‘ = Ayszz - Ayszy + Azszy - AzyByz
[AXB|, = A,.B., — AyB.. + A.,B,. — A..B,,
[AX B],. = AyaBzy — AyyBew + Azy Bys — AzaByy
[AX B, = A.B.y — AyyBu. + AuyBe. — AL.B,,
[AXB], = Ae.Byy — AupBos + AgBe. — Ay B,
[AX B]. = AsyBuy — Ay Buy + Agy By — Ao By
[AX B, = Ay By. — Ap.Byy + Ay By — Ay B
[AXB|, = A..By, — ApoBy. + AyoBoe — Ay By
[AXB],, = AyByy — AgyBye + AyyBoy — AyoBay

2.2.3 Alternative expressions for the area and volume maps
Using equation (2.19) it is possible to express the area map tensor H as [1]

1
H=_FxF (2.26)

Moreover, the first and second directional derivatives of H with respect to ge-
ometry changes are now easily evaluated as

DH [du] = F X DF [du] = F X Vyou (2.27)

D?H [6u;u) = DF [u] X DF [fu] = Vodu X Vou (2.28)

Similarly, the derivatives of the volume ratio J are easily expressed with the help
of (2.15), (2.18) and the definition of H given by equation (2.26)

DJ[6u] = H : Voou; D?>J[du;u]l =F : (Vodu X Vou) (2.29)
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The above formulas simplify greatly the manipulation of the derivatives of H
and J by avoiding differentiating the inverse of the deformation gradient. They will
be key to the development of the framework presented below. Alternatively, the
classical approach to compute the first directional derivative of H and J [12] is

DH [6u] = JGs, F ' — JGs F 7, (2.30a)
DJ [bu] = JGsy, (2.30b)

where
Gsu=F T :Voou;  Gsu=F T (Vyou). (2.31)

The second directional derivatives of H and J [12] is

D*H [$u;u] = JGs, G F 1 + JG,Gs F~ '
— JG5oG F T — JG,Gs FT

+ JG5uGuF~ 1 — Jtr (Gs5,Gy) F7, (2.32a)
D?J [6u;u] = JGsu Gy — Jtr (G, G) (2.32b)

where
Gu=F7T:Vou; Gu,=FT(Vou)". (2.33)

Comparison of (2.27) vs. (2.30a), (2.28) vs. (2.32a), (2.29) vs. (2.30b) and
(2.32b) demonstrates very clearly the simplification introduced as a result of using
the new tensor cross product algebra.

It is also possible to derive alternative expressions for both H and J. For in-
stance, combining equation (2.26) with equation (2.1) and noting that the derivatives
of F' are second derivatives of & and therefore symmetric, gives, after simple use of
the product rule

1
H = §CURL (xx F), (2.34)
where the material CURL of a second order two point tensor is defined in the usual
fashion by
(CURLA),, = & ik (2.35)
i = K Gy .

It is clear from equation (2.34) that the material divergence of H vanishes, as
does the material CURL of F', that is

DIVH =0;  CURLF =0, (2.36)

where the material divergence is defined by the contraction

_ 0A;
09X,

(DIVA); (2.37)

Combining equations (2.1) and (2.2b) an alternative equation for J emerges as

1 1
J=3H :Voz = DIV (H"z). (2.38)
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2.3 Polyconvex elasticity

2.3.1 The strain energy

Polyconvex energy functionals [27] are a very interesting type of energy functionals
which satisfy the ellipticity condition and therefore, the well-posedness of the gov-
erning equations in finite strain elasticity for the entire range of deformations [43,86].
Essentially, the strain energy ¥ per unit undeformed volume must be a function of
the deformation gradient F' via a convex multi-variable function W as

U (Vo) =W (F,H,J), (2.39)

where W is convex with respect to its 19 variables, namely, J and the 3 x 3 compo-
nents of F' and H. Moreover, invariance with respect to rotations in the material
configuration implies that W must be independent of the rotational components of
F and H. This is typically achieved by ensuring that W depends on F' and H via
the symmetric tensors C = FTF and G = H” H, respectively. For example, a gen-
eral compressible Mooney-Rivlin material can be described by an energy function
of the type

Wyup=oF :F+3H :H+ f(J), (2.40)

where o and [ are positive material parameters and f denotes a convex function of
J. It is clear therefore that Wy g is convex with respect to all of its variables. The
condition of vanishing energy at the initial reference configuration can be established
by ensuring that f (1) = — (3« + 3f) or by adding an appropriate constant to Wy g.
Doing this, however, has no practical effect on the resulting formulation as this will
be driven by derivatives of the strain energy. Appropriate values for o and 5 and
suitable functions f will be found in the sections below.

In the classical manner, the strain energy function Wy,r (2.40) can also be re-
written in terms of the invariants {1y, 5, I3} of the right Cauchy-Green deformation
tensor C' as

\’I\}MR<C) :a11+ﬁlg+g(fg), (241)

with
L =trC; I, = (det C) (t1C™) ; Is=detC (2.42)

where ¢ is not necessarily a convex function of the invariant I5.

Remark 2.2:

A popular constitutive model, which only should be used under small strain
scenarios is that of a Saint Venant-Kirchhoff material [12], where the strain energy
functional per unit undeformed volume W is defined in terms of the Green-Lagrange
strain tensor E as

Usvi (Vox) = % (trE)* + utr (EE);  E = % (C -1, (2.43)
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with A\ and p the Lamé coefficients and I, the second order identity tensor. Alter-
natively, Uy x can be expressed in terms of C' as

Usyk (C) = % (tr(CC) — 2tr(C) + 3) + g (tr(C) — 3)%. (2.44)

As shown in [32], it is possible to re-express the term tr (CC) in (2.44) as
tr(CC) = (F:F)>—2(H : H). (2.45)

Introduction of identity (2.45) into (2.44) enables to rewrite the strain energy
functional in terms of F' and J as

WSVK(F,H)—%((F:F)2—2(F:F)—2(H:H)+3)+%((F:F)—3)2.

(2.46)

Equation (2.46) represents a re-expression of the Saint Venant-Kirchhoff model in

terms of the fibre and area maps, namely F' and H. Notice that the above definition

of the strain energy is not convex with respect to its two arguments, namely {F', H }.

An equivalent and non unique representation of above equation (2.46) in terms of

the three kinematic arguments of polyconvexity, namely {F, H, J} can be defined
as

A
(F:F)-2(F:F)-2J(H:F7") +3)+§((F:F)—3)2.
(2.47)
Unfortunately, the strain energy Wsvk in above equation (2.47) is not convex

Wsyi (F,H,J) =

IR

with respect to its arguments, namely {F, H,J}. As expected, it is not possible
to obtain a polyconvex representation of the Saint Venant-Kirchhoff constitutive
model.

2.3.2 Conjugate stresses and the first Piola-Kirchhoff tensor

The three strain measures F'; H and J have conjugate stresses Xp, Xy and X,
defined by

ow ow ow

For instance, for the case of a Mooney-Rivlin material (refer to (2.40))

The set of conjugate stresses defined in equation (2.48) enables the directional
derivative of the stain energy to be expressed as

DW [F,6H 8] = Sp : 6F + S : 6H + X6, (2.50)
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In order to develop a relationship between these conjugate stresses and the more
standard first Piola-Kirchhoff stress tensor P, recall that

OV (F)

DY [(S'U,] =P: V05u, P = a—F - .

(2.51)

With the help of the last two equations, the chain rule and equations (2.27) and
(2.29a) it is possible to express the virtual internal work as

P : Vyéu = DV [ju]
= DW [DF [éu], DH [du], DJ [dul]
=3p:DF [ju]+ Xy : DH [0u] + X;DJ [du] (2.52)
=3p:Voou+ Xy : (FxVyu)+X;(H: Vyu)
=Xr+XgXF+Y,;H): Vyu,
which leads to the evaluation of the first Piola-Kirchhoff tensor as

P=3Yp+Y¥ygXF+X>X;H. (2.53)

For instance, for the simple compressible Mooney-Rivlin material, the first Piola-
Kirchhoff stress tensor is expressed as

P=2aF +28HXF + f'(J)H. (2.54)

The condition of a stress-free initial configuration, where FF = H = I and J =1,
together with property (2.17) of the tensor cross product, leads to the following
constraint on the material parameters «, 5 and f (J)

(1) = —2a—4p. (2.55)

Alternatively, for the strain energy in equation (2.41), the associated second
Piola-Kirchhoff S can be obtained in the classical sense <S = 2“{;—9) [12] as

S=2al+28L [(rC")C' —C'C7] +2¢/(I3) ,C . (2.56)

Finally, the first Piola-Kirchhoff stress tensor can now be obtained via the clas-
sical push forward operation, P = F'S

P =2aF +28L; [(tC") F " = FTC™'| +2¢(I3) ,F ", (2.57)

which leads to a lengthier expression in comparison with (2.54).

2.3.3 Complementary energy

The convexity of the function W (F, H,J) with respect to its variables ensures
that the relationship between {F, H,J} and {¥p, ¥, 3} is one to one and in-
vertible. Using the reverse relationships, it is therefore possible to define a convex
complementary energy function by means of a Legendre transform as

Y(ErSq, ) =SF: F+ Sy H+Y,J - W (F,H,J), (2.58)
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so that the reverse constitutive equations are derived as

T T T
ar onr 0

F:— = — = —
0Xp’ 0¥y’ X,

(2.59)

For instance, in the particular case of a Mooney-Rivlin material, the complemen-
tary energy adopts the following expression

1 1

where the complementary function g is defined by the Legendre transform

g(X,)=%,J () = f(J(Z))) (2.61)

and the relationship J () is obtained inverting equation (2.49¢), that is, J (f’ (z)) =
x. Note that if either a or 3 is zero, the corresponding term in the complementary
energy also vanishes. For instance, the case = 0 corresponds to a compressible
neo-Hookean material, for which

1

Remark 2.3: The complementary energy defined above does not coincide with the
more traditional definition of complementary energy V*(P) = P : F — U(F). It is
in fact easy to show that

P F=3p+Y¥gXxF+YX;H):F
=3p: F+X¥yg:(FXF)+X;H:F
=Yp . F+2Xyg - H+3X;J
43 F+XYXg - H+X;J,

(2.63)

and therefore V(X p, ¥ g, X;) # U*(P). Note that only in the exceptional cases
where this relation is invertible, it is possible to carry out the Legendre transform
in order to obtain W*(P) (see [87] and [88]).

Remark 2.J: In the case of thermoelasticity, the strain energy is also a convex
function of the entropy 7, and the temperature 6 is given by,

OW(F,H,J,n)

9:
on

(2.64)

and the complementary energy function which will now depend on the temperature
can be interpreted as a generalised Gibbs energy function defined as

T(EF,EH,EJ,9>:EFZF—i—EHZH—i—ZJJ—i-T]H—W(F,H,J,T]). (265)
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2.3.4 Stress based compatibility conditions and equilibrium

In linear elasticity it is well known that the stress tensor field must satisfy a set of dif-
ferential compatibility conditions usually known as Beltrami-Mitchell equations [89].
These conditions ensure that the stress tensor can be derived from a displacement
field. In the large strain case, it is also possible to derive a set of relationships that
the above conjugate stresses have to satisfy in order to ensure that they correspond
to an actual deformation process, that there exist a mapping & = ¢(X) such that

oY oY 1 oY
— . - _ XVoxr: —— =det (V . 2.
> Vox; > QVO:I: 0; S et (Vox) (2.66)

These conditions can be enforced directly in the context of a mixed computa-
tional formulation using appropriate variational principles as described in [44]. Al-
ternatively, an equivalent set of constraints for the conjugate stresses can be derived

as aT
L{— ) =0:
CUR (82F) |
oY or oY
By (azF X azF) 0 (2.67)
38T (oY oY 0
oY, 0Xr 0%y /)

These constraints together with the equilibrium equation provide a full set of
equations for the augmented set of stresses X, X g, ;. Equilibrium can be en-
forced in the conventional manner in a Lagrangian setting by means of the divergence
of the first Piola-Kirchhoff tensor as [12]

fo+DIVP =0. (2.68)

Simple algebra using equation (2.53) and the vector cross product defined by
equation (2.10) gives an expression in terms of the conjugate stresses as

oY oY
> Vol e 0. (2.69)

This differential equilibrium equation must be complemented by appropriate
boundary conditions. Traction boundary conditions on 0;V imply

oY oY
PN =SpN + (SgX 52N + 552N = to. (2.70)

2.3.5 Tangent elasticity operator

A tangent elasticity operator will be required in order to ensure quadratic conver-
gence of a Newton-Raphson type of solution process. This is typically evaluated in
terms of a fourth order tangent elasticity tensor defined by

_oP_ 2¥
 OF OFOF

DV [du;u] = Voou : DP [u] = Voéu : C: Vou; C (2.71)
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Use of equation (2.53), following a chain rule derivation similar to that of equa-
tion (2.52) and making use of equations (2.27) and (2.28) for the derivatives of H,
yields after simple algebra

DV [fu;u] = Vydu : DP [u]
= V()(S’U, . DEF [U] + (V05UXF) : DEH [’LL] + (Voé’u . H) DEJ [’U/]

+ (g +2X,F): (VeouxVou).
(2.72)
In general, conjugate stresses {Xp, X, 3} will be functions of the strain vari-
ables {F', H,J} and the resulting tangent operator can be written as

. (Vo’u,)
D*U [fu;u) = [(Vobu) : (Vodux F): (Vodu: H)| [Hy] |: (VouXx F)
(Vou . H)
+ (EH + EJF) : (V()(S’UIXV()’U,) s
(2.73)

where the Hessian operator Hy, denotes the symmetric positive definite operator
containing the second derivatives of W (F', H, J)

(Wer Wen Wy

Hw] = |Wur Won Was| (2.74)

\Wor Wia W,y

oW
0AOB”

positive for du = w and therefore buckling can only be induced by the “initial stress”
term (Xg + X, F) : (Vodu X Vou). In effect, the above expression for the elasticity
tensor separates the material dependencies or physics of the problem (encapsulated

where W4 p denotes Note that the first term in equation (2.73) is necessarily

in the Hessian tensor) from the geometry dependencies included via the initial stress
term.

Comparison of both equations (2.71) and (2.73) enables, by considering the differ-
ent tensor cross operations in equations (2.7), to obtain an equivalent representation
of the elasticity tensor C (2.71) in terms of the components of the Hessian operator
[Hyy] (2.74) as

C=Wprr+ FX(WggXF)+W,;;H® H +2(Wgrg X F)>™

2.75
+2(Wry @ H)Y™ + 2((F X Wgy) @ H)™™ + A, (2.75)

with the fourth order tensor A defined as
Ai[jj :gz‘jpgjjp (EH+EJEH)pp- (276)

Moreover, for any fourth order tensor 7T included in equation (2.75), the sym-

Y

metrised tensor 7™ is defined as 7777 = 5 (Terja + Tigjr)-
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Remark 2.5: Equation (2.73) makes it easy to highlight the relationship between
polyconvexity and ellipticity. Ellipticity is equivalent to rank-one convexity and
requires that the double contraction of the elasticity tensor by an arbitrary rank-
one tensor v ® V should be positive, that is,

(veV):C:(vaV)>0. (2.77)

Taking Vodu = Vou = v ® V in equation (2.73) makes the initial stress term
vanish since,

VouxVou=vV)X(veV)=(vxv)®(VxV)=0. (2.78)

This leaves only the contribution from the first positive definite term in equation
(2.73). It is therefore easy to note that polyconvexity implies ellipticity [11].

It is helpful to consider the simple case of the compressible Mooney-Rivlin mate-
rial defined in (2.40) for which the off-diagonal terms of the Hessian operator vanish
and the tangent elastic operator becomes

DV i [du; u] = 2aVodu : Vou + 28 (Vodu X F) : (Vou X F)
+f"(J)(Voou: H) (Vou: H) + (g +2,F) : (VeduXx Vou).
(2.79)
It is now possible to derive appropriate values for the material parameters «,
f and the function f(J) by ensuring that at the reference configuration the above
operator coincides with the classic linear elasticity operator, which is typically ex-
pressed in terms of the Lamé coefficients {\, u} as

DUy [busu] = A (Vodu : I) (Vou: I) + (Voéu L Vou + (Voou)T : V0u> .
(2.80)
Substituting FF = H = I; J = 1 into equation (2.79), making repeated use of
property (2.16) for the tensor cross product and taking into account the zero initial
stress condition (2.55), gives after lengthy but simple algebra

DV g [du; uHI = (2a + 20) (Voéu : Vou + (Voéu)T : V0u>

(2.81)
+ (f" (1) = 2a) (Voou : I) (Vou : I).
Identifying coefficients leads to the condition relating «, 8 to u
a+p=" (2.82)

57
and the condition for the second derivative of f at the origin

(1) = A+ 20 (2.83)
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A commonly used expression for f that satisfies these requirements is

A
f(J)=—4BJ —2alnJ + 522 (J*+JF); e>1 (2.84)

For this particular constitutive model, it is easy to observe that the above Hessian
operator [Hy] (2.74) is positive definite, i.e,

20 0 0
Hy]l=| 0 28 o0 |, (2.85)
0o 0 f(J)

where Z denotes the fourth order identity tensor Z;;;; = 9;;0;7;. Notice that positive
definiteness of the above Hessian operator in (2.85) is subjected to convexity of the
function f(J), which is the case of the expression in equation (2.84).

2.3.6 A modified Mooney-Rivlin material model

It is interesting to observe that the strain energy expressed in terms of the full set of
kinematic variables F', H and J is not a unique function. That is, the same physical
strain energy W(F') can be expressed by a set of different functions W (F', H, J). For
instance, the addition of multiples of the function F' : H — 3J, which vanishes for
kinematically compatible variables, has no effect on the actual physical strain energy
described and therefore,

U(F)=W(F,H,J)+&F: H—3J)=W(F,H,.J), (2.86)

where £ can be an arbitrary constant provided that the resulting function W is still
convex in its variables. For instance, in the case of Mooney-Rivlin materials (see
(2.40)), it is easy to show that convexity is still maintained for values of £ such that
af > %. Is is easy to show that the addition of the above term does no alter the
first Piola Kirchhoff stress tensor but leads to modified conjugate stresses as

Y =%p+eH;, X, =3y +EF;, X5 =%, -3¢ (2.87)

It is now possible to adjust the value of £ so that some or all the conjugate
stresses at the initial configuration vanish. As an interesting example, consider the
case of a Mooney-Rivlin material for which o = 8 = pu/4. Choosing £ = —pu/2 leads
to the following polyconvex strain energy function

[ _ 1z A e g
W@R(F,H,J):Z(F—H).(F—H)+§(J—1nj)+2—€2(J +J79) . (2.88)

It is easy to show that all the conjugate stresses in this model vanish at the initial
configuration. In addition, the term (F — H) has a clear physical interpretation as
distortion given that when applied to a reference vector, it measures the difference
between the mapped fibre and area vectors.
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2.3.7 Nearly incompressible Mooney-Rivlin material

Very often it is convenient or even necessary to separate the distortional component
from the volumetric response of the material. This is invariably the case when at-
tempting to model either nearly-incompressible or truly incompressible solids. Typ-
ically, this is achieved by separating the strain energy into isochoric and volumetric
components, U and U, respectively, as [90]

A

U (Voz) = U (Voz) + U (detVoz); ¥ (Voz) =T ((detvom)*l/?’ V0m> . (2.89)

The first term in this energy expression leads to the deviatoric component of the
Piola-Kirchhoff tensor and the derivative of the function U accounts for the pressure
p. In the context of polyconvex elasticity, it is also possible to construct a similar
decomposition in the form

A

W(F,H,J)=W (F,H,J)+U(J). (2.90)

For the purpose of deriving the conditions that need to be satisfied in order to
ensure that the U-term alone accounts for the pressure p, it is necessary to restrict
the derivation to the exact continuum context, where geometrically compatibility
conditions are enforced exactly. Recall first that the pressure itself is obtained from
the first Piola-Kirchhoff tensor via the contraction

1
p= gJ*IP . F. (2.91)
Note that the sign convention used above is positive pressure in tension, negative
in compression. Substituting the relationship between the Piola-Kirchhoff stress
tensor and the conjugate stresses given by equation (2.53), yields a relationship
between the pressure and the conjugate stresses as

1
p=-J ' (Sp+EgxF+Y;H): F

:1% (2.92)
— §J—1 (Bp: F+2%y: H+3%,J),

where property (2.18) has been made use of. Substituting the constitutive relation-
ships (2.48) and decomposition (2.90) into this equation for the pressure gives

1
p=J"

(aW oW oW
3

Therefore the condition that T needs to satisfy in order to ensure a correct
decomposition into volumetric and deviatoric components is
oW oW oW
—  F+2— :H+3J— =0. 2.94
oF T T TG (2:94)
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In order to fulfil this requirement, it is sufficient for W to satisfy the following
mixed homogeneous condition (refer to [12], page 168)

W (oF,0*H,a*J) =W (F,H,J). (2.95)

Differentiating this equation with respect to a at a = 1, quickly leads to condi-
tion (2.94). A simple way to ensure that this requirement is satisfied would be to
construct W in terms of the isochoric components of F' and H

A

W (F,H)=W (F H, 1) , (2.96)
where the isochoric components could be defined in the usual fashion [12] as
F=(detF)""*F, H=(detH) " H. (2.97)

Unfortunately, the resulting strain energy function constructed in this manner
will not be convex with respect to F' and H. Alternative expressions can be derived
by re-defining the isochoric components of F' and H as

F=J'YF, H=J?H. (2.98)
Or, alternatively, noting that F': H = 3.J (refer to property (2.18))
A 1 ~1/3 ) 1 ~2/3
F= <§F : H) F, H-= (gF : H) H. (2.99)

For instance, in the case of the Mooney-Rivlin material, an equivalent polyconvex
isochoric energy function is obtained as [40]

W (F,H,J)=nJ2*(F:F)+~J2(H:H)??, (2.100)

where 7 and « are two positive material parameters of a similar nature to parameters
a and ( appearing in equation (2.40). The most commonly used expression for the
volumetric strain energy component U (J) is given by

1 2

U(J) = 5w (] =1) (2.101)

Note that the dependency of the isochoric strain energy function W with respect
to J implies that the pressure p and the conjugate stress ¥ ; are not identical. They
are in fact related by

- . OW
Xy =X+ EJ:WQ p=U'(J). (2.102)

Finally, the tangent elastic operator of this nearly incompressible model can be

derived in a manner similar to equation (2.73) to give

DU [bu; u) = D*V [du; u] + U" (Vodu : H) (Vou : H)
R : (Vou)
DV [fu;u) = [(Voou) : (VosuxX F): (Voou: H)| [Hy] |1 (Voux F)
(V()’u, . H)

+ (EH ‘I"EJF) : (V05UXVO’U,) .
(2.103)
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For the nearly incompressible model described in equation (2.100), the Hessian
operator [Hy; | in (2.103) adopts a slightly more convoluted expression than that for
the compressible Mooney-Rivlin model (with Hessian operator defined in equation
(2.85))

2nJ 23T 0 —snJ OPF
[Hy,) = 0 3y.J 2 (H;,l/ 9 + H}fI) 6y I H ,
—ApJRF —6y.J 3T H W00 =88] Ip + 6yJ 4113

(2.104)
with the fourth order tensor ‘H defined as H = H® H and I1(,) denotes the squared
of the Ly norm of the entity (o), that is [/p = F : F.

2.4 Material and Spatial Descriptions

2.4.1 The Second Piola-Kirchhoff tensor

The formulation developed so far has been expressed in terms of the main kinematic
variables F';, H and J. However, material frame indifference implies that the depen-
dency of the strain energy with respect to F', H must be via the right Cauchy-Green
tensor C = FTF and its cofactor G = H'H = %C X C'. It is therefore possible to
express the strain energy as a function of these symmetric tensors as

U (Voz) = W (C,G,0) (2.105)

where, for consistency, C' = detC = J? is being used instead of .J as the variable
describing the volumetric change. Note, however, that the function W need not
to be strictly convex with respect to its variables. For instance, in the case of a
Mooney-Rivlin material, W is linear with respect to both C' and G as,

Wiz (C,G,C)=aC : T+ G : T+ J(O); f(@*):f(@). (2.106)

Using the work conjugacy expression between the second Piola-Kirchhoff S and
the right Cauchy-Green tensor C' given by

1 U
DU sv] = S 2pCsv]; 5 = 22%C) | (2.107)
2 e C=(Voz)" (Voz)
and defining the conjugate stresses to C, G and C' as
oW oW oW
Yo =2—; Yo =2——; Yo=2— 2.1

enables an expression for the second Piola-Kirchhoff tensor to be derived using the
same steps employed in equation (2.52) for the derivation of the first Piola-Kirchhoff
tensor to give
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For the particular case of a Mooney-Rivlin material this expression becomes
S =2al +28I%xC + f(C)G. (2.110)

Note that using the chain rule to relate derivatives with respect to F', H and J to
derivatives with respect to C, G and C' it is possible to establish the relationships

EF:FEC; EH:HEG; ZJ:JZC. (2111)

2.4.2 The material elasticity tensor

It is also possible to derive the total Lagrangian elasticity tensor in terms of the
Hessian matrix of T following similar steps to those employed in previous sections.
For this purpose, note first that the Lagrangian elasticity tensor C,; is usually
defined via the second directional derivative of the strain energy expressed in terms
of the right Cauchy-Green tensor as

D2U(C)[6v; bu] = %DC[&U] Cor %DC[u] + S %DQC[év;u]

— (FTV05’0) : 22—2 : (FTVOU) + S [(Vo(g’U)T(VOUH .

(2.112)

Note that due to the symmetry of both S and C it is only necessary to consider

one of the two terms making up the differential of the right Cauchy-Green tensor.

The first term in the above equation can be related to the Hessian of the strain

energy functional W using similar steps to those employed above to derive equation
(2.73). Similar algebra eventually leads to

: AC
DV [fv;u] = [6C: §G: 6C|[Hy] |: AG| + 8 : [(Vodv)" (Vou)]
AC

+ (B¢ +20C) : [(F'Voov) x (F'Vou)],

(2.113)

where the derivatives of C', G and C' are

6C = F'Vyév; 6G =Cx(F'Vyv); 0C =G : (F'Vyiv) (2.114)
and similarly,

AC = F'Vyu; AG=Cx(F'Viu); AC=G: (F'Vyu). (2.115)

Note that since these expressions multiply symmetric tensors only one component
of these derivatives, rather than the full symmetric expression, has been used. Note
also that for the Mooney-Rivlin material model most of the terms of the Hessian
matrix vanish, namely

0 0
Hg, J=100 0 |. (2.116)
0 0
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In the classical manner, it is possible to obtain the Lagrangian elasticity tensor
Cy [12] via differentiation of equation (2.56) as

Cy = [48Ltr C™' +4¢" (L) I + 4¢' ()| C' @ C ™!
—4pL[Cre (e + (e e T (2.117)
—4 [5tr c '+ g’(Ig)} LT - AB1T,

where a1 ) (C . 1)
C- 1
I:——aC ; JZ_@C , (2.118)
with components
1 _ _ _ _
D)k = 2 [<C)Hl( (€)1 +(C)yp (C>J[1(} ; (2.119)
and
1 1 -1 1 —1
(P = 2 [(CTCT) 1 (O +(CTCT),, (C) (2.120)

+(C)p (CTICTY) , + (€)1 (CTICT) i ]

2.4.3 The Kirchhoff and Cauchy stress tensors

In addition to the first and second Piola-Kirchhoff stresses, it is necessary to derive
expressions for the Cauchy and Kirchhoff stresses as often these tensors are needed
in order to express plasticity models or simply to display solution results. Such
expressions can be relatively easily derived from the standard relationship between

these tensors [12]
Jo=1=PF". (2.121)

Substituting equation (2.53) for the first Piola-Kirchhoff tensor and recalling
that HFT = JI gives,

Jo=17=XpF" + (SyxF)F" +J%,I. (2.122)

The middle term in this expression can be transformed with the help of property
(2.25) of the tensor cross product by taking B := F, A; := J 'Sy H”" and Ay =1
as follows,

(A\B)x (A;B)= (J'SyH'"F)X F =Xy X F; (2.123a)
(A1 X A5)CofB= [(J'SgH")xI| H = [(EgH")xI| F ", (2.123b)

where equation (2.2) has been used for the last step in both equations (2.123a)-
(2.123b). Multiplication by F on (2.123a)-(2.123b) renders

(EuxF)F"' = (SgH") %1, (2.124)
thus giving an expression for the Kirchhoff stresses as

Jo=1=%pF" + (SgH")xI+J%,I, (2.125)
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or introducing the notation

Tr=SpFT = FXcFT, g =SygH" =HIXH", 7,=J%,=J%¢,
(2.126)
gives,

Jo=1T=T1p+ T XI+ 7,1 (2.127)

For the particular case of the Mooney-Rivlin model under consideration, the
above equations lead after simple algebra to

Jo=1=2ab+28gxI+Jf(J)I; b=FF", g=HH" (2.128)

Alternatively, in the standard manner [12], post-multiplication of equation (2.57)
by FT leads to the following expression for the Kirchhoff stress tensor as

T=2ab+28[I; (trb” ") I — I3b~ '] + 2¢'(I3) ;1. (2.129)

2.4.4 The spatial elasticity tensor

In the context of a spatial description, it is usually necessary to derive a spatial or
Eulerian elasticity tensor which relates the second derivative of the strain energy
to the spatial gradients of virtual velocities and displacements. For this purpose,
equation (2.73) for the tangent elasticity operator is transformed with the help of
the chain rule, which provides a relationship between material and spatial gradients,
namely Voa = (Va)F for any field a, and the repeated use of property (2.25). After
simple algebra this leads to

:(Vu) F
U [dvyu) = [(Vov) F: (VovxI)H: (Vév:I)J][Hy] |: (VuxI)H
(Vu:1)J
+ (g +2X,F): [(VoivxVu) H|
: (Vu)
= [(Vév): (VévuxI): diviv] ¢, [Hy] |: (VuxI)
divu
+ (g +714I) : (VovxVu),
(2.130)

where ¢, [Hy| denotes the appropriate push forward of the components of the Hes-
sian operator with either F', H or J. Specifically, in component form, this operator
is defined for a generic material as

Fjgibe—Fy  Fuziai—Hy  Figeas]

I OF;10F ). I'oF; 26Hk 1 3F ;07 aF 0
_ ’wW
¢, [Hy| = Hﬂ—aHlaFMFU Hﬂ—aHﬁ aHkJHlJ HﬂaQH BJJ , (2.131)
2w
J&]@F Ey JdeH Hiy ‘]dJBJ‘]
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which for the particular case of Mooney-Rivlin becomes

ZOébjléik 0 0
é.[Hw] = 0 28910k 0 : (2.132)
0 0 J2f"(J)

Substituting this expression into equation (2.130) gives after simple algebra

D*W g [dv;u] = 20 (Vév)b: Vu + 23 (VévxI)g: (VuxI) (2.133)
+ " (J) J* divow divu + (1 +750) - (Vov X Vu). '

2.5 Isotropic and anisotropic elasticity

2.5.1 Isotropic elasticity

In the particular case of isotropic elasticity, the expression for the energy density
functional ¥ = W (Vx) can be established through the invariants Iy, I, and I3
of the right Cauchy-Green strain tensor C' (2.42). An alternative set of equations
for the above invariants, more suitable in the case of a isotropic polyconvex energy
functional, is given by

I, =F: F; I,=H: H; Iy = J?, (2.134)
leading to a representation of the energy density functional as
W(Vow) = W(F,H, J) :’(,U(Il,lg,]g). (2135)

In order to obtain simple expressions for the first Piola-Kirchhoff and elasticity
tensors directly in terms of the derivatives of the function w rather than W, note
that the first and second derivatives of the invariants are given by

DIL[fu] = 2F :Vydu; (2.136)
DIs[6u] 2(Fx H) : Vyou; (2.137)
DI3[ou] = 2JH : Vydu; (2.138)
D*L[fu;u] = 2Vodu: Vou; (2.139)
D?L[6u; u] 2(F X Vyou): (FxVou)+2H : (VoduX Vou); (2.140)
D*L[6u;u] = 2(H : Voou)(H : Vou) +2JF : (VoduXx Vou). (2.141)

The first Piola-Kirchhoff tensor can be derived either using directly the first three
equations above which enable the internal virtual work to be written as

2F . V()(S’U,
P:Vou=[D,] | 2FxH): Voou |; [D,] = {
2JH : VD(SU

ow Ow Jw

o s Y 2.142
6[1’8[2’8[3]’ (2.142)
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thereby leading to

ow ow ow
P=2—F+2 —HXF+2—JH. 2.143
ol 01y 013 ( )
Alternatively, it is also possible to obtain the same equation for the first Piola-
Kirchhoff stress tensor via the work conjugate stresses X g, X and X ; and using
the chain rule to give
ow ow ow
Yrp=2—F, Ygy=2—H, Yy=2—J. 2.144
Pl NPTA T (2.144)
Introducing these equations into equation (2.53) leads immediately to equation
(2.143). The tangent elasticity operator can be formulated by differentiating again
equation (2.142), which after simple algebra using the second derivatives of the
invariants given above leads to

°F : Voou | oF : Vou
D*V [fu;u] = | 2(F X H):Vyu | [H,] | 2(FxH): Vyu
2JH : VO(SU 2JH Vou
[ 2V05U . VQU
2(H . V05U)(H . Vou)
[ 0
+ [Dw] 2H (Voéu X Vou) s
| 2JF : (Vyoux Vou)

with
o 0%w 9w 9w
01,01 01,015 01,013

— 92 o2 52
[Hw] - 6[251]1 8[25}]2 6[2(";1)[3 . (2146)

9w 9w w
L 013017 0I30Is  OI30I3 A

Note that the sum of the first two terms needs to be positive for materials with a
polyconvex strain energy function, as the last term represents the geometrical term
depicted in equation (2.73).

2.5.2 Anisotropic elasticity

It is possible to derive similar expressions for the strain energy to those in Section
2.5.1 for anisotropic materials by extending the range of invariants taken into ac-
count. As part of the well known Open problems [28], Ball laid out the challenge of
deriving polyconvex invariant representations of the strain energy W (F') fully char-
acterising the functional basis of complex anisotropic material symmetry groups.
Schroder et al. [37-39] successfully and elegantly accomplished this challenge for the
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triclinic, monoclinic, hexagonal and rhombic crystal symmetry groups by introduc-
ing a linear tangent map L mapping the cartesian base vectors {E;, Eo, E3} onto
crystallographic motivated base vectors {a1, as, as}.

The generic expression for the tangent mapping L in terms of the lengths of the
crystallographic motivated base vectors {ai, as, a3}, namely {a,b,c}, respectively
and in terms of the angles {«a, 8, v} between the basis { E1, Ey, E3} and {a,, aq, a3}
(refer to Figure 2.3) is defined as [38]

a bcosy € Cos "y
L= |0 bsiny deegefosn|. g, — LE, (2.147)
0 0 L33

where the coefficient L33 in above equation (2.147) is defined as

cy/1+2cosacosBcosy — (cos? a+ cos? B + cos? )

L3z = :
sin y

(2.148)

For instance, for the rhombic material symmetry group, the expression of the
tangent map L is [38]

Lrh =

o O 2

00
b 0f. (2.149)
0 c

The expression of L for the seven crystal symmetry groups can be found in
Reference [38]. With the help of this second order tensor L, Schroder et al. [37,37,38]
introduced a positive definite metric tensor @ defined as

Q=LL". (2.150)

The symmetric positive definite nature of this tensor proved extremely convenient
for the derivation of anisotropic invariants convex with respect to the deformation
gradient tensor F' or with respect the co-factor H [32,37-40].

However, a representation of the strain energy in terms of this crystallographic
motivated structural tensor is not sufficient for the complete characterisation of the
functional basis of trigonal, tetragonal and cubic material symmetry groups. For
these more complex anisotropies, Schroder et al. [39] introduced a crystallographic
motivated positive definite fourth order tensor @ defined in terms of the crystallo-
graphic base vectors {a1, as, a3z} as

3
9= a®a®ava, (2.151)

=1

Notice that these vectors, namely {a;, as, as} are generally defined in terms of
their respective lengths, namely {a,b,c}, respectively and in terms of the angles
{a, 8,7} between the basis {E;, Eq, E3} and {a;, as, a3} (refer to Figure 2.3). For
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AE3 AE3

a;

E, | E,

Figure 2.3: Relation between the cartesian vectors { E1, Ey, E3} and the crystallo-
graphic motivated base vectors {a, as, az} for a generic crystal lattice.

instance, for the tetragonal symmetry group (where a = 8 = v = 7/2), the crystal-
lographic base vectors are defined as

a; = aEl; ay — CLEQ; as — CE3, (2152)

which yields the following definition for Q. (with the subscript tet emphasising the
tetragonal material symmetry group) for this material symmetry group,

Qui=0"(E1®E,QFE, ®E, + E;® E;® By ® Ey) + ¢'E3® B3 ® E3 ® E3.
(2.153)
Triclinic, Monoclinic, Hexagonal and Rhombic symmetry groups

Following the work of Schréder et al. [37,38], a complete (polyconvex) representation
of the functional basis for triclinic, monoclinic, hexagonal and rhombic symmetry
groups can be obtained by extending the arguments of the strain energy, namely

U (F)=W(F,H,J)=wrvmr (I1, 2, I3, 11, I5) , (2.154)

where wrymr (11, o, I3, I, I5)? must be convex with respect to its 5 variables, namely
I (2.134),, I (2.134)y, I3 (2.134),, Iy and I5. The two additional invariants, namely
I, and I5, are anisotropic functions defined as [37, 38]

Li=tr(CQ)=FL:FL; [;=t(GQ)=HL:HL, (2.155)

with the positive definite second order tensor Q defined in (2.150).

2The subscript TMHR has been used to indicate that a complete representation of the func-
tional basis of the Triclinic, Monoclinic, Hexagonal and Rhombic symmetry groups is obtained by
following this definition of the strain energy.

> F,
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Remark 2.6: An example of particular interest in many bioengineering applications
is that of transversely isotropic materials [91], [92], typically characterised by a
preferred direction IN, expressed in the reference configuration. For this type of
anisotropy, the metric tensor @, is the same as that for the hexagonal symmetry
group (the subscript hex emphasises the hexagonal anisotropy of this tensor), namely

Qu.=a(I-NON)+N@N=al+(-a)NON; f>a, (2156)

where the condition 8 > « is used to enforce the positive definiteness of the metric
tensor Q.. and hence, convexity of the invariants I, and I5 with respect to F' and
H | respectively.

The first and second derivatives of these two new invariants can be obtained
using standard algebra and the properties of the tensor cross product to give

DL[du] = 2FQ : V,iu; (2.157)
DI;[0u] = 2[Fx(HQ)]: Viou; (2.158)
D*Ldu,u] = 2(Voou)Q : (Vou); (2.159)
D?I;[du;u] = 2(FXVyu)Q : (FXVou) (2.160)
+ 2(HQ): (VoouxVyu). (2.161)

The above expressions enable the internal virtual energy to be expressed in terms
of the vector [y rl
spect to the 5 invariants as

containing the derivatives of wryvur ([, I2, I3, 14, I5) with re-

2F : Vyou
2(FxH):Vyju
2JH : Voou , (2.162)
2(FQ) : Vyou
| 2[Fx(HQ)]: Voou |

P Vodu = [D

wTMHR]

and therefore the first Piola-Kirchhoff tensor emerges as

ow ow ow ow ow
— 2% o o o e . (21
P 2aIIF+2812HXF+28]3JH+2614(FQ)+2815(HQ)XF (2.163)

Finally, the tangent elastic operator can be expressed in terms of the 5 x 5

Hessian matrix of the function [H using the second derivatives of the two new

wTMHR}
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invariants given in equations (2.160) and (2.161). After simple algebra, this leads to

- T — -

2F : Vyu 2F : Vjyu
2(FxH):Vyu 2(FxH):Vyu
D?*V [fu;u] = 2JH : Vyou S 2JH : Viu
2(FQ) : Vyou 2(FQ) : Vou
| 2[Fx(HQ)]: Voou | | 2[Fx(HQ)]: Vou |
[ 2Vou : Vou 1

2(Fx V05u) . (F X V()’U,)

+ Dwrppsir) 2(H : Vyou)(H : Vyu)
Q(Vo(S’U,)Q . (VQU)

| 2(FXV05U)Q . (FXVQ’LL) ]
— 0 -
2H (V05u X VoU)
+ [DwTMHR] 2JF . (V05’U, X V()U) s
0

i 2(HQ) . (V05UXVQU) ]

(2.164)
where as in equation (2.145), the sum of the two first terms in above equation (2.164)
is positive definite for polyconvex materials and only the third term (geometrically
based) can induce buckling.

Trigonal, Tetragonal and Cubic symmetry groups

A polyconvex representation of the internal energy as that in equation (2.154) in
terms of I and I5 (2.155) is not sufficient to fully characterise the functional basis of
the trigonal, tetragonal and cubic symmetry groups. The underlying anisotropy of
these material symmetry groups can be fully characterised by the following definition
of the strain energy V(F') as [39]

V(F)=W(F,H,J)=wrrc (1, s, I, I}, I}, I}), (2.165)

with wrre (11, I, I3, I, IZ, I%)? convex with respect to its 6 variables, namely I,
(2.134),, Iy (2.134), I3 (2.134),, I}, IF and I}. The three additional invariants,
namely [}, IF and [, are anisotropic functions defined as [39]

I=C:9:1); II=(G:Q:1); I[=(C:Q:C), (2.166)

with the symmetric positive definite fourth order tensor @ defined in equation
(2.151). The first and second derivative of I} and I¥ in above equation (2.166)
adopt the same expressions as those for Iy (2.155), and I5 (2.155), in equation

3The subscript TTC has been used to indicate that a complete representation of the functional
basis of the Trigonal, Tetragonal and Cubic symmetry groups is obtained by following this definition
of the strain energy.
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(2.157) by simply replacing the metric tensor @ with the second order tensor Q~,
defined as Q" = Q : I. The first and second derivatives of I} can be obtained as

DI [ou] = 4FQ* : Vidu; (2.167)
D*Ig*[6u;u] = 4Vo0uQ* : Vou +8Vydu : C*: Vou, (2.168)

with CﬁjJ = FinQnrspF;p. The above expressions enable the internal virtual en-

ergy to be expressed in terms of the vector [D | containing the derivatives of

wrTC
wrrc(l1, Is, I3, I}, 1%, 1}) with respect to the 6 invariants as

2F : V05u
2(F X H) : Vo(s’U,
2JH : Vyou
P =D 2.1
VO(SU‘ [ wTTC] Q(FQ) . Vodu ) ( 69)
2[Fx(HQ)]: Vyou
4FQ* . V05u
and therefore the first Piola-Kirchhoff tensor emerges as
P—22"F 2% HxF 4220
ol 0l 013 (2.170)
29 Q) 122 (HQ) x F + 12V Q- |
ol ol g~~~

Finally, the tangent elastic operator can be expressed in terms of the 6 x 6 Hessian

matrix of the function [H, ... as
2R Vyou T 9F:Vu ]
Q(FXH)VQ(S’U, Q(FXH)V()’U;
2 . B 2JH VQ(S’U/ 2JH Vou
DV [du; u| = 2AFQ) : Vobu [Herrc) 2(FQ): Vou
2[F x(HQ)]: Vyou 2[Fx(HQ)|: Vou
4FQ* | i 4FQ*
[ 2V05’U, : V[)'U, i
Q(FXV()(S’U,) : (FXVQU)
wrTe 2(Voou)Q : (Vou)
2(F X V05U)Q . (F X Vo’u,)
| 4(FQ” : Vyou) +8Vdu : C*: Vyu |
- 0 -
2H : (Vyoux Vyu)
2JF : (VyouxV
+ []D)UITTC] ( 00 “ OU)
2(HQ) : (Voéu X Vou)
0

(2.171)
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As in equations (2.145) and (2.164), the sum of the two first terms in above
equation (2.164) is positive definite for polyconvex materials and only the third
term (geometrically based) can induce buckling.

2.6 Variational formulations

This section shows how the proposed tensor cross product algebra can facilitate the
formulation of various mixed variational formulations [48,49] in order to establish
the static equilibrium and compatibility equations. The section starts reviewing
the standard displacement based variational principle. This provides a useful back-
ground for comparison with mixed and complementary energy variational principles
presented later in the section.

2.6.1 Standard displacement based variational principle

The solution of large strain elastic problems is often expressed by means of the total
energy minimisation variational principle as

() = inf /\1/ (Vo) dV — /fo Lz dV — / to-xdd, S, (2172)
v 1% oV

where x* denotes the exact solution and X the appropriate Sobolev space of func-

tions satisfying the relevant displacement boundary conditions. The strain energy

function in this potential can be replaced by the convex function W(F,, Hy, Jz),

where the geometrically compatible strain measures are defined by

1
F,=Vx, H, = §V0:1; X Vox; Jp = detVx. (2.173)

The stationary condition of this functional leads to the principle of virtual work
(or power), commonly written as

DH[éu]:/Pm:V()(SudV—/fo-éudV—/tg-éudA:O; You € A.
v v

oV
(2.174)

In this expression, the first Piola-Kirchhoff tensor P, is evaluated in the standard
fashion using equation (2.53) in terms of the gradient of the deformation Vyx as

P,=%%4+%% xF, +Y%H,, (2.175)

where the superscript « in the above stresses indicates that they are evaluated in
terms of the geometric deformation gradient as

X=Xy (Fg,Hy, Jp); (2.176)
Y =%, (Fg,Hy, Jz).
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An iterative Newton-Raphson process to converge towards the solution is usually
established by solving a linearised system for the increment u as

D211 [pu;u] = —DII (z3) [0u];  Tpy1 = i +u, (2.177)

where, in the absence of follower forces, the second derivative of the total energy
functional is given by

D1 [fu; u] = / DV [Vodu, Vou] dV. (2.178)
%4

The tangent operator is evaluated using equation (2.73), taking F = Vox, H =
%Voaz X Vox and J = detVx.

2.6.2 Mixed Variational Principle

An equivalent but alternative expression for the total energy variational principle
can be written in terms of the geometry and strain variables as a constrained min-
imisation problem in the form

xz, F,H,J s.t.

[I(z") =  inf /W(F,H,J) dV—/f0~:ch—/t0-wdA
\%4

F=F, [sA%
H=H,
J=Js

(2.179)
Using a standard Lagrange multiplier approach to enforce the compatibility con-
straints gives the following augmented mixed variational principle

Oy, F*  H*, J Xp", 35, 25) = inf sup /W(F,H,J)dv
z, F.H,J SESH.S
1%
+ /EF:(Fm—F)dV—F/EH:(Hm—H)dV—i—/EJ(Jm—J)dV
v v v
—/fo-a:dV—/to-a:dA
1% oV

(2.180)
This expression belongs to the general class of Hu-Washizu type of mixed varia-
tional principles [93] which have been widely used for the development of enhanced
finite element formulations [12]. Note that the stress variables {¥Xp, X g, 3} in
this expression, at this stage, are simply Lagrange multipliers and are as yet uncon-
nected to the strain variables. Both stress and strain variables belong to appropriate
Sobolev function spaces, which generally require simple piecewise continuity and are
unrestricted on the boundaries.
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The stationary condition of the above augmented Lagrangian with respect to the
first variable enforces equilibrium in the form of the principle of virtual work as

D11y [du] = /PM : VodudV — /fo ~dudV — / to-oudA =0, (2.181)
\%4 \% oV

where the first Piola-Kirchhoff stress now emerges as
Py=Yr+YXgxF_,+YH,. (2.182)

The stationary conditions with respect to the three strain variables enforce the
constitute relationships between the stresses and the derivatives of the strain energy
in a weak form

D273,4HM[5F,6H,5J]:/(g—g—zp) :5FdV+/(g—Z—ZH) OH dV
Vv %4

oW
+/ (W —EJ) 5.JdV = 0.
\%
(2.183)

Finally, the stationary conditions with respect to the stress variables enforce the
geometric compatibility conditions between strains and geometry

D57677HM [521:1,(52[_[,52]] = /(SEF . (F;E —F) dV‘F/(SEH : (Hw —H) dV
%

\%
+ /52, (Jp — J) dV.
Vv

(2.184)

In order to complete the formulation, it is necessary to develop a Newton-
Raphson iterative process and the appropriate tangent operators. For this purpose,
note first that a process equivalent to equation (2.177) for the extended set of vari-

ables is established by first solving a linear system for the increments of this set of
variables {u, AF, AH ,AJ AXp, AX g, AY.;} as

D%”7;1W7HM [(S’Ll,, (51717 5H, (SJ, 5217', 521-_[, 52J; u, AF, AH, AJ, AEF, AZH, AZJ] =

— Dl...7HM [511,, (SF, 5H, (SJ, (521?, 521-[, 52]} ) V(Su, (SF, 5H(SJ, (SEF, (SEH, 6EJ
(2.185)
This is followed by the incremental updates

Ty =z +u; Fip=F,+AF;, H,.,=H,+AH; J=J,+AJ;
R =3h + ASp; S =34 + A%y S5 =35+ AD
(2.186)
The second derivatives that make up the linear operator in equation (2.185) can
be derived with relative ease component by component. For instance, the second
derivative with respect to the geometry, is obtained differentiating again the principle
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of virtual work (2.181) with the help of equation (2.182) to give the initial stress
component of the tangent operator as

\%

The terms involving second derivatives with respect to the strain variables emerge
from the Hessian of the strain energy function W (F', H, J) as

:AF
D3 5 40541l [0F,6H,0J; AF,AH,AJ] = / [6F : 6H: 6J][Hw] |: AH| dV.
v AJ
(2.188)
The second derivative with respect to stresses vanishes as the functional is linear
with respect to the stress tensors. There are, however, a number of cross derivative
terms that do not vanish. These are the cross derivatives with respect to strains
and stresses and their symmetric counterpart, which are easily derived from either
equation (2.183) or (2.184) to give

D§7374;576,7HM [(SF, 5H,(5J, AEF,AEH,AEJ] = — / ((SF : AEF + 0H AEH + 5JAEJ) dV

77777

14
D§67~234HM [5EF,5ZH,(52J;AF,AH, AJ] = —/(5217‘ : AF—F(SEH : AH+§EJAJ) dav.
|4

(2.189)

And the cross derivatives with respect to geometry and stresses, which emerge
after some simple algebra from equations (2.181), (2.182) and (2.184) as (refer to
equations (2.27) and (2.29))

D35 6710 [0u; AXp, AX g, AS] = / [Vodu : A p + Fp 0 (VoduXx AXg)
\%
+ AY ;H, : Voou| dV;
(2.190)

D§7677;1HM [(SEF, 52[__[, 52], ’U,] = / [Vo’u . 521:' + Fa, . (Vo’u X 52H)
J (2.191)

+ 05 H, - Vou) dV.

The set of equations derived in this section enables the use of arbitrary discreti-
sation spaces for each of the problem variables. This level of flexibility may be useful
but it is costly given the large number of unknowns generated in the process. An
alternative approach that significantly reduces the number of problem variables is
presented in the next section.
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2.6.3 Mixed Complementary Energy Principle

In order to derive a variational principle in terms of the complementary energy,
recall first the mixed variational principle (2.180) with a different ordering of terms
My (", F*, H*, J" X", X3, 25) = inf su
l P = g { s
1% % A%

+/EF:Fde—i—/EH:szV—l—/ZJdeV

\% \% \%
(2.192)

Comparing the term in square brackets in the first integral with the definition of
the complementary energy given by equation (2.58), enables a mixed complementary
variational principle to be established as?

lle(z*, Xp*, X, X)) =inf ¢ sup —/T (XF, Xp,2y) dV

z YFXH,2

+/  Fy dV+/ dVJr/ZJJ av — /fo xdV — /to-:ch

v v v oV
(2.193)
This represents a Hellinger-Reissner type of variational principle [12]. The sta-
tionary condition of this principle with respect to its first variable, the geometry,
enforces equilibrium in a manner identical to equations (2.181) and (2.182), that is,

D71l [0u] = D11y [0u) :/PM : VodudV — /fo oudV — / to- oudA =0
oV
Po=Py=Xp+XgXF,+Y,H,.
(2.194)
Similarly, the stationary conditions with respect to stresses, enforce the geometric
compatibility conditions, now expressed as,

D234HC [(521;*,52[{,52]] :/(SEF Fw o dV
" =g

oY
+/52H1 (H —E) av (2'195)
14

oY
+/52J <J E)ZJ> av.
\%4

4Note that this step relies on the strong duality property of the mixed functional which allows
the order of the inf and sup operations with respect to strains and stresses to be swapped. This is
the case here given the convexity of the strain energy function.
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The second derivatives of the complementary energy functional required for a
Newton-Raphson process are mostly the same as those derived in the previous sec-
tion for the mixed variational principle. In particular, the following terms are iden-
tical, namely

D3¢ [bu; u] =D3 1y [0u; u) ;
D§7374;1HC [521:', (SEH, 5ZJ, ’U,] :D§76,7;1HM [521:‘, 621_[, 52], u] > (2196)
D3y g lle [bu; AXp, AS g, AS] =D ¢ -1y [du; AXp, AX g, AS].

A new term, however, emerges when taking the second derivatives with respect
to stresses, leading to a constitutive expression similar to equation (2.188) but now
involving the second derivative of the complementary energy function. This term
can be evaluated by differentiating again equation (2.195)

D§7374;27374HC (63 F, 035, 08 5 AX g, AS g, AY ] =

+AXp (2.197)
- / [0ZF: 68g: 0% [Hy] |: AXg| dV.
v AY;

Where [Hry| denotes the Hessian operator of the complementary energy function.
Note that this component is clearly negative on account of the variational principle
involving a maximisation with respect to stresses. It is possible to change this sign by
simply changing the overall sign of the principle (2.193). This would also change the
sign of DiIHC [0u; u| but this term is neither positive nor negative since it contains
tensor cross products of the gradient of )u and w. For practical purposes, however,
this will not be necessary, as the stress variables will typically be eliminated locally
in each finite element. What is essential is that the Hessian matrix is invertible,
which is ensured by the convexity of the function T.

2.6.4 Variational principles for incompressible and nearly
incompressible models

Many applications of practical importance rely on the decomposition of the strain
energy into isochoric and volumetric components. For such cases, it is possible to
modify the variational formulations above in such a way that different approaches
are used for the isochoric and volumetric components. In particular, it is often useful
to follow a standard displacement based formulation for the isochoric component and
a mixed approach for the volumetric terms [13]. In the present framework, this leads
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to the following hybrid mixed variational principle

x,J p
\%
Vv |4
—/fo-a:dV—/to‘wdA ,
\% oV

where W and U are the isochoric and volumetric components of the strain energy
defined in Section 2.3.7. Note that, in general W, will be a direct function of the
volume ratio. This volume ratio is expressed differently in the two terms making
up the strain energy: it is directly evaluated from the geometry in the isochoric
strain energy, whereas it is expressed as an independent variable J in the volumetric
component. The third integral term above enforces the compatibility between these
two measures. The particular case of full incompressibility can be obtained by simply
taking J =1 in the above expression to give

I, (2, p*) :in§ sup /W(Fw,Hw,Jw) dV—i—/p(Jw —1)dv
:L', p
1%

v
—/fo-ade—/to-wdA
v

oV

(2.199)

The stationary conditions of these hybrid functionals are evaluated in the same
fashion as above. For instance, the first derivative with respect to geometry gives
the principle of virtual work as

Dy Iy [u] = Dlﬁ& [du] = /PI : VooudV — / fo-dudV
v v

(2.200)
EA%
where the first Piola-Kirchoff stress tensor is now evaluated as
P =%+ X4 XF, +Y,H,; X;=%%4p (2.201)

and the last term in (2.201) indicates that the volumetric conjugate stress includes
a component due to the independent variable p as well as a contribution due to the
isochoric strain energy function as

A

OW (Fo, Hy, Jz)

2.202
a7 (2.202)

Acc_
X5 =
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The first derivative with respect to J enforces the volumetric component of the
constitutive model as

DyTiy [5.] = / (U'(]) = p) 6T dV = 0. (2.203)

Finally, the stationary condition with respect to the pressure enforces geometric
compatibility between J and J, = detVyx as

Dyfly 6] = / (Ju = J)opdV = 0;

) v (2.204)
D,l1, [6p] = / (Jo — 1) dpdV = 0.
\%4

The evaluation of second derivatives required for a Newton-Raphson process
proceeds along the same lines as in the previous sections. For instance, the second
derivative with respect to geometry contains the isochoric tangent operator as given
by equation (2.103)

D2 Ly [ ) = D2, TIL, [u; ] = / D2 [u; ] dV. (2.205)

The second derivative with respect to J is evaluated from equation (2.203)

D3,y [6J;A] = / U"SJAJTdV. (2.206)
1%

There are also cross derivative terms different from zero. For instance, the cross
derivative with respect to J and p is

D2,TLy [87: Ap] = / ApSTdV;  D2yfly [6p: AT] = — / SpATAV.  (2.207)
1%
Finally, the cross derivative terms between pressure and geometry are (refer to
equation (2.29))
D311y [du; Ap] = D310, [Sus Ap] = / (H, : Voou) ApdV;

(2.208)
D211y [0p; u] = D3 11L, [0p;u / Sp(H, : Vou) dV.
14

2.6.5 Alternative mixed variational principles

The enforcement of the geometrical compatibility constraints in the mixed principles
presented above can be formulated in a variety of forms. For instance, the constraint
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for the area map H can be expressed directly in terms of V@ or indirectly in terms
of F. Similarly, J can be related to det F' or to %H : F or even to %H : Voz. In
this way alternative variational principles may be constructed. As an example of
the resulting type of functional consider the expression

My (x*, F* H*, J* T T3, T%) = inf sup /W(F,H, J)dVv

—/fo-de—/to-mdA
\4

oV

Note that the stress variables {T'r,T'gy, 'y} in this expression are simply La-
grange multipliers and will generally not coincide with the conjugate stresses {Xp, X, 3}
as shown below. The stationary condition of the above Lagrangian with respect to
the first variable enforces equilibrium in the form of the principle of virtual work as

DiI1y; [du] = /PM : VodudV — /fo SSudV — /to SSudA =0, (2.210)
v 1% v
where the first Piola-Kirchhoff stress now emerges as:

Py =Tp+iTyxF+1iT;H. (2.211)

The stationary conditions with respect to the three strain variables enforce the
constitute relationships between the stress multipliers and the derivatives of the

strain energy in a weak form

Dasally [0F, 6H ,0.J] = / (g_v; —Tp+ 3T X Vow) L SF AV
oW
+/ (8_H — 'y + %FJVO:C) c0H dV (2.212)

\%4
ow
+/<W_FJ)5JCZV—O.
\%4

Note that for sufficiently rich function spaces the above equation gives relation-
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ships between the stress Lagrange multipliers and the conjugate stresses as

ow
'y = X5 Y5=—=; 2.213
J Js J aJ I ( )
ow
'y = Sp+3X,Vox; Zg= S (2.214)
1 1 oW
FF = EF+§2HXVOm+62JVO$XVO$; Ean_F (2215)

Substituting these relationships into equation (2.211) gives a hybrid relationship
for the first Piola-Kirchhoff stress tensor as

Py=Tp+XyxF+%,H. (2.216)

where the average fibre and area maps are:

F =

H =

(F + Voz); (2.217)
(H+VoxF). (2.218)

Wl N

Finally, the stationary conditions with respect to the stress variables enforce the
geometric compatibility conditions between strains and geometry

Ds 67101y [62F, 635, 05] = / 6%p : (Vox — F) dV
1%

+ [ 0Ty (3H : Vox — J) dV.

Se— T

2.7 Concluding remarks

This Chapter presents a novel approach for the formulation of polyconvex large
strain elasticity based on the simplified algebra associated to the tensor cross prod-
uct, originally presented by de Boer [82] and recently re-introduced by Bonet et
al. in [1,43,44]. Five key novel contributions are included in the present Chapter.
First, the use of the tensor cross product and its properties to define the area map,
its derivatives and the derivatives of the volume map, which leads to much simpler
algebra than that in the conventional approach followed in large strain elasticity.
Second, the definition of stresses {3Xp, X g, X} conjugate to the main extended
kinematic variable set {F', H,J}, which are elegantly related to the classical stress
tensors, and the introduction of a convex complementary strain energy functional
in terms of this new set of conjugate stresses. Third, the derivation of compatibility
and equilibrium equations for the conjugate set of stresses. Fourth, the development
of a new set of formulae for material and spatial elasticity tensor in a manner that
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clearly separates physical components from geometrical dependencies. Fifth, the
application of the proposed methodology for isotropic and anisotropic constitutive
models where the strain energy can be expressed as functions of a set of invariants.
Sixth, the development of a series of mixed and complementary variational princi-
ples which enforce equilibrium in the form of a principle of virtual work together
with the geometric compatibility constraints in a weak form.
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3.1 Introduction

This Chapter presents the Finite Element implementation of some of the most rele-
vant mixed variational principles for compressible and fully incompressible scenarios
introduced in Section 2.6, suitable for the simulation of large strain polyconvex elas-
ticity. In particular, the discretisation of the first and second directional derivatives
for the Hu-Washizu mixed variational principle in Section 2.6.2 will be presented
hereby, leading to the classical definition of residual vectors and stiffness matrices.
Similar expressions for the residual vectors and stiffness matrices for the Hellinger-
Reissner variational principle presented in Section 2.6.3 will also be obtained.

For both Hu-Washizu and Hellinger-Reissner mixed variational principles, a spe-
cific choice of functional spaces complying with the Ladyzenskaja-Babuska-Brezzi
(LBB) condition [94,95] has been used, where discontinuous functional spaces have
been used for the interpolation of the kinematic strains {F, H,J} and for their
respective work conjugates, namely {3;, X g, %;}. This discontinuity across ele-
ments of the aforementioned variables enables a static condensation procedure to
be carried out for the variables involved, leading to a formulation comparable to
a displacement based formulation in terms of the computational cost. The static
condensation procedure for the Hellinger-Reissner formulation will be presented in
the present Chapter. Similar steps can be followed for the Hu-Washizu variational
principle, which will not be presented hereby.

For the fully incompressible formulation presented in Section 2.6.4, linear tetra-
hedral elements have been used for the interpolation of both displacements and the
pressure fields. It is well known that this choice of interpolation spaces does not
satisfy the LBB condition [45,96]. A Petrov-Galerkin type of stabilisation has been
pursued for the circumvention of the LBB condition.

The objective of this Chapter is to show the robustness of the proposed mixed
formulations and their superiority with respect to classical displacement-based for-
mulations. The later are well known to suffer from deficiencies such as volumetric
locking in nearly incompressible scenarios [14,43,45], spurious pressure oscillations,
bending locking [42], etc. to name a few. A series of challenging numerical examples
will be presented in this Chapter in order to illustrate the benefits of the proposed
mixed variational formulations.

This Chapter is organised as follows. Section 3.2 shows the Finite Element imple-
mentation of the Hu-Washizu and Hellinger-Reissner variational principles presented
in Sections 2.6.2 and 2.6.3. Moreover, it presents the Finite Element implementation
of a stabilised linear tetrahedral Finite Element formulation for the fully incompress-
ible formulation presented in Section 2.6.4. A number of benchmark examples are
used in Section 3.3 in order to demonstrate the validity and convergence character-
istics of the formulation proposed. Finally, Section 3.4 provides some concluding
remarks and a summary of the key contributions of this chapter. An illustrative
diagram of the layout of the present Chapter can be found in Figure 3.1.
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3.2.2 Comple-
mentary energy
application case

3.2.1 Gen-
eral remarks

/ 3.2 Finite Element

implementation
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Figure 3.1: Chapter layout.
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3.2 Finite Element implementation

The objective of this Section is to present the Finite Element framework associated
to some relevant mixed variational principles presented in Section 2.6. In particular,
the Hu-Washizu, Hellinger-Reissner and the mixed variational principles for nearly
and trully incompressible scenarios presented in Sections 2.6.2, 2.6.3 and 2.6.4, re-
spectively, will be considered in this Section.

3.2.1 General remarks

The implementation of the various variational principles described in Chapter 2 and
more specifically, in Section 2.6 is based on a finite element partition of the domain
into a set of elements. Inside each element the problem variables are interpolated in
terms of a set of shape functions N, as

Ny n ny
=) x,N; F:ZFFaNf; . g :ZFEFGNGEF; (3.1)
a=1 a=1 a=1

where a denotes the nodes or other degrees of freedom used in the interpolation of
the above variables. In general, different interpolations can (and are often) used to
describe different variables. However, the same interpolation space will invariably
be used for strain-stress conjugate pairs; that is, N¥ = N¥F etc. The virtual and
incremental equivalents of the variables are also interpolated using the same spaces

as
Ny ng ng
du=>» v, N7 6F =Y 0F,NS; .; 0%p=>)» 0X4N’F; (3.2)
a=1 a=1 a=1
Ny ng nr
w=>Y uNF; AF =) AF,NJ; .; ASp=>» ASGNI*.  (33)
a=1 a=1 a=1

Finite element equations are derived by simply substituting the above expres-
sions into the functional expressions provided in Section 2.6. In many cases this
is a rather standard process and leads to well established equations. For instance,
substituting the above interpolation for the virtual displacement du into any of the
virtual work statements given by equations (2.174), (2.181), (2.194) or (2.200) leads
to the standard definition of the residual forces as

D11 [5u] = ZR; ou; R = /PVON;” clV—/foNaz dV — / to N7 dA, (3.4)
a 1% 1% 8,V

where the Piola-Kirchhoff stress above will be evaluated in accordance with each
of the formulations presented in Section 2.6. Similar expressions for other residual
terms can be easily derived. For instance, the geometric compatibility residuals
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emerge from the discretisation of equations (2.184) or (2.195) as

Ry, = / (F,—F)NFdV; Ry, = /(Hm — H)NE qv;

v v (3.5)

= [ - nlav.

\%

Very similar equations emerge in the case of the mixed potential for the consti-
tutive equation residuals

. oW . oW
RF:/<8—F—EF) NFav; RH:/(a—H—EH) NP av;
\%4 14

R’ _/ (%—V; —EJ) N/ av.
|4

In order to complete the finite element formulation it is necessary to derive
equations for the components of the tangent matrix by discretising the tangent
operators defined in the previous section. For the case of the mixed variational
principle Ty, (2.180), the resulting matrix operator can be represented as

K:t:c 0 KmE u
D11y [6w, 6D, 03;u, AD,AS] = [fu 6D 6%]| 0 Kpp Kps| |AD
Ks, Ksp 0 AY
(3.7)
where D = {F,, H,, J,} denotes the set of strain variables and ¥ = {Xr,, X g4, Xa}
denotes the set of stress conjugate variables. Alternatively, for the case of a mixed
complementary energy functional Il in (2.193), the matrix operator for the com-

?

plementary energy functional yields

(3.8)

K,. K u
, ' _ T X
D?l¢ [0u, 6%;u, AX] = [du 3] {sz KEE} {AE] '

Some of the terms in the above matrices are very straightforward to obtain.
For instance the term K px relating stresses and strains in equation (6.37) follows
from the discretisation of the corresponding tangent operator component given in
equation (2.189) as

NENFT 0 0
K§, =~ / 0 NHNHT 0 dv, (3.9)
v 0 0 N/N/T

The diagonal components of the tangent matrices (6.37) and (3.8) associated with
strains or stresses, K pp and K sy respectively, can be obtained from the discreti-
sation of the corresponding Hessian term in the tangent operator. For instance, the
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strain term becomes

NENFWpp NENEWpg NFEN/Wg;
K}Bbpzf NENFHgrp NINFHupg NPN/Hg;| dV, (3.10)
v LN/NFH;p N/NFH;mw NIN/H;;

and the corresponding tangent stress term

NENfYspsr NINIYsps, NIN/Ts.s,
K% = — / NHNFYs. 5. NENHYs s, NHN/Ys,s. | dV. (3.11)
Vv Né]NbFTEJzF N&]NbHTZJEH NaJNZ;]TEJEJ

The final two terms of the tangent matrix involve derivatives with respect to
geometry and require more careful analysis. Consider first the top diagonal compo-
nent K ... This term emerges from the discretisation of the initial stress component
of the tangent operator defined in equation (2.187). After discretisation and some
simple algebra using property (2.20) of the tensor cross product, the component
relating nodes a, b of this operator becomes

DilHM U NZ; uyNT| = / (g +2,F;) : [(0u, ® VoNT) X (up @ VoN)| dV

(B +2,F2) : [(du, X wp) ® (VoNZ x VoNF)] dV

L

= ((5’(1,@ X ’U,b) : / (EH + EJF:I:) (V()Nf X V()wa) dV
1%
= (dug X uyp) - k"“b = dug - K2 uy,

(3.12)
with initial stress vector k%2 and equivalent skew symmetric matrix K%
k2 = / (g +X5F,) (VoN® x VoNE) dV;
v (3.13)
(Kl = Ein [kaal,

Similar derivations starting from equation (2.190) yield the final component re-
lating geometry changes to stress changes K,s. For clarity, however, the terms
relating to each one of the conjugate stresses is derived individually. The first term
relating geometry to conjugate stress X is obtained as

D2y Ty [6u N ASENF] = / (bu, ® VoN®) : ALLNE dV

14
(3.14)
= du, - /(I ® VoNZ) NFdv | . AZS,
\%4
=du, - ICawsz AXS,
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where the third order tensor lC“wbEF is

K, = / (I ® VoN*)NFav. (3.15)
\%4

The third term relating geometry to conjugate stress X ; is obtained as

D2 Iy [6u,NZ; ASH N | = / AN/ H, - (bu, ® VoN®) dV

%4
p \ (3.16)
—bu, - / N/ H V N®dV | ALY
v
=6u, - kg A,
where the vector kabeJ is

ko, = / N/H,V N*dV. (3.17)

\%4

Finally, the term relating geometry to changes in X is

D25 M [0u NZ AR N = / [FypX (du, ® VoNT)| : ASSNE dV
\%

= —du, X /(Fm XV NI )N av| . ADY,

v
= du, - lC“msz C A
(3.18)
where property (2.22) has been made use of, leading to
(Kosnl iy = Ein / (Fe X VoNE)NHav | | (3.19)

\4 kI

where equation (2.3) has been used.

3.2.2 Complementary energy application case

The equations provided above can be implemented using a variety of finite ele-
ment spaces. Of course, not all choices will lead to effective or valid finite element
formulations. Moreover, the cost of implementation of mixed formulation may be
significantly higher than that of standard displacement based approaches given the
number of additional unknowns created. However, careful analysis of the continu-
ity required for each of the variables, shows that only displacements need to be
continuous across elements. Stress and strain variables can actually be discretised
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independently on each element of the mesh. This enables a static condensation
process to be carried out before assembly of the global tangent matrix. In order
to illustrate this process and as an example of the complementary energy formula-
tion proposed, this section describes a choice of interpolation functions that permits
such a condensation. In particular, a quadratic tetrahedron element is proposed
for the geometry discretisation, with linear element by element interpolations for
the stresses conjugate to the deformation gradient and its co-factor and a constant
interpolation for the stress conjugate to the Jacobian (refer to Figure 3.2). The
resulting element is very similar to that proposed in reference [40]. These authors
propose instead a formulation in terms of the Lagrangian variables {C, G, C} (re-
fer to Section 2.4.1) and their respective work conjugates, namely {¥¢,Xqg, Xc},
where the variables {C, ¥} are not treated as independent variables, but obtained
from the geometry, namely C = C, and also from other independent variables,
namely Yo = 3¢ (Cy, G, C) (with {G,C} and their associated work conjugates
being treated as independent variables).

Figure 3.2: Finite Element interpolation for the Hu-Washizu mixed variational prin-
ciple in Section 2.6.2 and for the Hellinger-Reissner mixed variational principle in
Section 2.6.3. From left fo rigth: continuous quadratic interpolation for displace-
ments; linear discontinuous interpolation for {F, H} and {¥p, ¥ g}; constant in-
terpolation for J and X ;.

The resulting formulation is obtained by applying the set of equations derived in
the previous section with shape functions N* (a = 1,...,10) that are quadratic and
continuous across elements, N¥ = NH (q = 1,...,4) linear and discontinuous across
elements and N (a = 1) constant and discontinuous across elements. The fact
that the shape functions associated with stresses are discontinuous across elements
allows for the elimination of stress unknowns inside each element to take place. In
order to illustrate this, for a given element the system of equations to be solved can

e ree el =~ | pe |- (3.20)
[ S zs| [AX Ry,

The second row of equations enables the stress increments to be expressed in

be written as

terms of displacements as

ASF =~ [K5g| ' (K5,u’ + RS). (3.21)
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Substituting this relationship into the first row of equation (3.20) gives an aug-
mented set of equations for the displacement vector

r ~€ e __ 76.
K, u =—R_

I~ € e e e -1 e . ¢ e e e —1 e’ (322)
Ka:w:K:c:c_K:cE[KEZ] KEw? Ra::Rz_KzE[KZE] RZ}

This augmented stiffness matrix and residual vector can now be assembled into
a global system in the usual finite element manner.

3.2.3 Stabilised linear tetrahedron for incompressible elas-
ticity

As a final case study of the application of the present framework, a linear tetrahedron

for modelling full incompressible elasticity is described. This will also serve as an

example of the introduction of a Petrov-Galerkin type of stabilisation to a mixed

formulation in which the discretisation spaces do not satisfy the LBB condition.

In the proposed formulation, both the geometry and pressure are discretised using
linear tetrahedral elements in terms of the same standard shape functions N, as

4 4
T = Z x Ny, p= ZpaNa. (3.23)
a=1 a=1

Note that in this case the pressure is continuous across elements and therefore
cannot be eliminated locally. This adds to the number of global degrees of freedom
but the resulting tetrahedron will be capable of simulating incompressible deforma-
tions without locking [97]. Unfortunately, it is well know that an incompressible
mixed formulation with linear displacements and linear pressures on tetrahedral ele-
ment spaces does not satisfy the necessary LBB condition and leads to unstable so-
lutions [14]. The classical solution to this problem is to introduce a Petrov-Galerkin
stabilisation [58,84,97,98]. This is done by defining the stabilised virtual pressure
and velocity as

op*t =0p— 1, (Hy : Voou); (3.24a)
du’ = du — 7, (HzVop). (3.24b)

Note that in the usual Petrov-Galerkin manner, the term in parenthesis in (3.24a)
is the derivative of the constraint equation detVoxz = 1 and that 7, has the same

units as an elastic constant. The stabilised term in (3.24b) is defined following [84],
ah?
2u
non-dimensional stabilisation parameter. Substituting expression (3.24a) into the

namely 7, = , where 1 is an elastic constant, A is the mesh size and « is a

constraint equation (2.204) leads to an additional term in the principle of virtual
work (2.200) as

DyII3, [6u] = / P : VyoudV — /fo oudV — / to-oudA =0, (3.25)
\%4 \%4 oV
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where the stabilised first Piola-Kirchhoff tensor is
Py=30 4+ XU XF,+ Y0 H,;, Y% =524 p+7,(J,—1). (3.26)

Substituting equation (3.24b) into the principle of virtual work (2.200) leads
to an additional term in the constraint equation (2.204) (after grouping all terms
multiplying dp),

DTT, [6p] = / p (Jp — 1) dV — / Ty (HzVo0p) - (HzVop) dV. (3.27)
74 |4

Clearly, as the mesh is refined and the enforcement of the volumetric constraint is
improved, the stabilisation terms in (3.26) and (3.27) will tend to zero. Introducing
the discretisation equations for the geometry and pressure gives the equilibrium and
constraints residuals as

R — / P, VN, dV — / FoN= v — / toN? dA; (3.28a)
|4 \4 otV

R; = /(Ja; — 1) Nydv — /Tv (HxVoN,) - (HzVop) dV. (3.28Db)
\% 1%

The system of liner equations to be solved at each Newton-Raphson iteration is
now expressed globally as

i ks =[]
oo v =— . (3.29)
{kp'; k| [Ap R,

The off-diagonal term k., of (3.29) is in fact identical to that obtained in the
previous section relating the volumetric stress and geometry via equation (3.17),
that is

ko = / NyH VN, dV. (3.30)
14

The diagonal component K5 in the above tangent matrix can be broken down
into three terms: a constitutive component due to the Hessian of the isochoric strain
energy W, an initial stress term similar to that derived in equation (3.13) plus a
contribution from geometric derivative of the stabilisation term 7, (J, — 1) , that is

K. =(Ky+Ky+K,). (3.31)

The stabilisation component is easily evaluated for equations (3.25) and (3.26)
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as

g - K&w, = [ 7, [Hy : (0ug @ VoN,)] DJy [uyNy] dV

I‘I:c : (511,@ &® VoNa)] [Hw . (ub &® VoNb)] dV

S— <L\I S—

(3.32)
= Tp ((S’U,a . HwVONa) (’U,b . HwVONb) 1%
= ou, /Tp (HzVoN,) ®@ (HzVoNy) dV | uy,
%
where equation (2.29) has been made use of, leading to
Ky = / 7, (HzVoN,) @ (HzVoN,) dV. (3.33)
v

The initial stress component is given by equation (3.13) with a volumetric stress
component that includes the additional stabilisation term, that is

kgb _ / (EH + EJFx) (VONa X V()Nb) av,
J (3.34)

[Kgb} i Eijk [kgb]k

Finally, the constitutive component is given by the Hessian of the isochoric strain

energy as
. l)_F'Qc [ubNb]
Sug - Ky, = / [DF,, [6u,N,|: DHy[0u,N,|: DJy [6u,N,]| [Hy] |: DHy [upNy) | dV.
v D Jg [up Ny
(3.35)

The off-diagonal term k‘;,; in (3.29) can be broken down into three terms stem-
ming from the linearisation of the right hand side of equation (3.27) with respect to
the geometry, that is

k. =k —ku, —kn,, (3.36)

where

5pak§b Uy = /6paNaDJm [’Ll,bNb] dV = 6pa /NaHmVONb dV Uy, (337)

\%4

which gives

k) = / N,H VN, dV. (3.38)
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Computation of the directional derivative of the second term on the right hand
side of equation (3.27) is split into two terms, corresponding to the liearisation of
each of the cofactor terms H, featuring in the integrand. The first term (with the
help of properties (2.11) and (2.15)) yields

opaky, - uy = 0pa | To (HxVoN,) - (DH  [uyNy] Viop) dV

— T T

= 5pa To (HwVONa) ' [(Fm X (ub X VONb)) VOp] dv
(3.39)
= 5pa Ty [(HCBVONa ® Vop) X Fw] : (ub ® VOjvb) av
1%
= 0Pa [/ To [(Hz VN, ® Vop) X Fo] VN, dV' | -y,
4
which gives
kg, = / o [((Hz VN, @ Vip) X F ] VoN, dV. (3.40)
v
Analogously, the second term yields
klllgz = /Tv [(H:chp X VoNa) X Fw] VoN, dV. (341)
v
Finally, the diagonal term k:;; is given as,
kohet = — / To (HzVoN,) - (HxVoNy) dV. (3.42)

14

3.3 Numerical examples

The objective of this section is to present a series of numerical examples in order
to prove the robustness, accuracy and applicability of the computational framework
presented above. Numerical results dealing with both compressible and incompress-
ible polyconvex constitutive models will be presented.

For the compressible case, four different formulations are presented: i) a standard
displacement {x} based formulation as described in Section 2.6.1, hereby denoted
as DF; ii) a seven field {z, F, H, J, 3, ¥ g, ¥} mixed formulation as described in
Section 2.6.2, denoted as MTF; iii) a four field {x, X p, X g, X} mixed formulation
based on the complementary energy principle described in Section 2.6.3, denoted by
MCF and iv) an alternative five field {x, H, J, X g, 3} mixed formulation, denoted
as M5F. In this last case, the deformation gradient is enforced to coincide strongly
with the material gradient of the spatial coordinates, namely F' = V.
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All of the numerical results presented correspond to the following selection of
functional spaces: continuous quadratic interpolation of the displacement field (ge-
ometry) @, piecewise linear interpolation of the strain and stress fields F', H, X
and X g and piecewise constant interpolation of the Jacobian J and its associated
stress conjugate ;. With these functional spaces, the three mixed formulations
MT7F, MCF and M5F will render identical results. Essentially, this is due to a
combination of factors. For instance, the fact that the interpolation space for F'
coincides with the space of the material gradient of . In addition, the fact that in a
Mooney-Rivlin material, the main kinematic variables F' and H are linearly propor-
tional to the conjugate stresses 3 r and X g, respectively, implies that interpolating
kinematic variables or stresses, as in the case of using complementary energy, will
lead to the same results. This would not be the case if these relationships were
heavily nonlinear.

For the incompressible case, a two field {x, p} mixed formulation is employed,
as described in Section 2.6.4. In this case, two interpolations will be compared.
First, a P1-P1 linear continuous interpolation for both displacement and pressure
fields (e.g. with the help of stabilisation) and, second, a P2-P0 continuous quadratic
interpolation for the displacement field and piecewise constant interpolation for the
pressure field (e.g. without stabilisation). From the post-processing standpoint,
the numerical results in terms of stresses will be reported for the Cauchy stress
components o and the hydrostatic pressure p (e.g. p = %0' : I). Tt is important to
emphasise that their evaluation is carried out via equation (2.122).

3.3.1 Patch test

The first numerical example includes a standard three dimensional patch test in
order to assess the correctness of the computational implementation. This problem
was already presented in [40]. Two different polyconvex compressible constitutive
models are considered. The first polyconvex model is a standard Mooney-Rivlin
model, based on equation (2.40), as follows

W, (F,H,J)=0o,(F:F)+3,(H : H) + f,(J) (3.43a)
fs(J) = —4BnJ — 2a,InJ + ;5 S (J =T, (3.43b)

where oy, O, A\s and e, are user defined material parameters given by
as = 126k Pa, pBs = 252kPa, M\s = 81512kPa, &5 = 20. (3.44)

A second polyconvex constitutive model, based on that presented in [40], is
defined as follows,

W, (F,H,J)=0o,(F:F)?+8,(H:H)?®+ f,(J) (3.45a)

A
f.(J) = —248,nJ — 12a,InJ + 2—8"2 (Jor — J o), (3.45Db)

q



3.3. NUMERICAL EXAMPLES 7

where a4, 8,, A\, and ¢, are user defined material parameters. Note that for this
second polyconvex model W,, F' and H can be expressed in terms of their respective
conjugate stresses X g and X, respectively, as

1 1/3 1 1/3
F= (M) wrio HZ (45(1 (EH EH)) e (3400)

Above equations (3.46) enable the explicit computation of the strain variables in

terms of their stress conjugates without having to resort to a numerical solution via
a Newton-Raphson nonlinear solver. This will be of interest when using the com-
plementary energy mixed formulation MCF. On the contrary, the Jacobian J can
only be obtained in terms of its conjugate stress X ; after solving numerically above
equations (3.43b) and (3.45b). The material parameters used for this constitutive
model are taken as

aq = 21kPa, B, =42kPa, A, =8000kPa, ¢,=20. (3.47)

For both constitutive models W, and W,, the linear elasticity constitutive op-
erator in the reference configuration renders the same material parameters, namely
shear modulus p = 756kPa and Poisson’s ratio v = 0.49546. A homogeneous de-
formation mapping is defined through a stretch AL/L = 0.5 in the OX direction,
applied to a cubic shape domain of side L, as depicted in Figure 6.2. To achieve
this deformation, non-zero normal Dirichlet boundary conditions are applied on the
boundary faces perpendicular to the OX axis and zero normal Dirichlet boundary
conditions are defined on two adjacent faces perpendicular to the OY and OZ axes.
Zero Neumann boundary conditions are defined everywhere else.

The domain is discretised using two different meshes of (2 x 2 x 2) x 6 tetrahedral
elements. First, a structured mesh is shown in Figure 6.2(a) and, second, a distorted
mesh is shown in Figure 6.2(b) (as presented in reference [40]) where the interior
node is displaced randomly. The objective of this example is to demonstrate that
the same solution is obtained for both meshes.

As expected, hence passing the patch test, for the three mixed formulations
defined above, namely M7F, MCF and M5F, the results are identical for both
meshes (the only numerical difference due to machine accuracy). Recall that for the
MS5F formulation, the deformation gradient is enforced to coincide strongly with the
material gradient of the spatial coordinates. A resulting Cauchy stress component
of 0, = 929.9kPa is obtained for the model W, and a value of o,, = 1,087.4kPa
is obtained for the model W,, which is identical to that reported in reference [40].
The homogeneous deformation gradient tensors for both constitutive models, Fyy,
and Fyy,, are

15 0 0 15 0 0
Fw,=| 0 08161 0 |; Fwy,=| 0 08170 0 |. (3.48)
0 0 08161 0 0 08170

For completeness, the quadratic convergence of the Newton-Raphson algorithm
is displayed in Figure 3.4.
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Figure 3.3: Three dimensional patch test. (a) View of half undistorted mesh in the
reference configuration. (b) View of half distorted mesh in the reference configura-
tion. (c¢) Example of deformed geometry after stretching of AL/L = 0.5 in the OX

direction for a Mooney-Rivlin model Wy defined in (3.43) with parameters defined
in ((3.44)).

logioResidual
&

2 3 4 5
Iteration

Figure 3.4: Three dimensional patch test. Quadratic convergence of the Newton-
Raphson linearisation procedure.
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3.3.2 Cook type cantilever problem.

In this section, we analyse the same problem presented in [40] where a Cook type
cantilever problem of thickness ¢ = 10m is analysed. The geometry of the problem is
shown in Figure 3.5(a) where, as it can be observed, the cantilever is clamped on its
left end and subjected to an upwards parabolic shear force distribution applied on
its right end of maximum value 7,,,, = 16k Pa. Note that this force is not considered
to be a follower-load during the deformation process. The problem is analysed with
two polyconvex compressible constitutive models. The first polyconvex model is
given by a Mooney-Rivlin material defined as

W,(F,H,J)=qo,(F:F)+8,(H: H)+ f,(J) (3.49a)

A
fo(J) = —4B,InJ — 2a,InJ + Ep (J—1)%, (3.49b)
where the material parameters are chosen as
ap = 126kPa, B, = 252kPa, M\, =81512kPa. (3.50)

The second polyconvex model, W, is identical to that presented in (3.45) with
material parameters those in (3.47). This renders for both W, and W, models an
identical linear elasticity operator in the reference state defined by a shear modulus
it = 756k Pa and a Poisson’s ratio v = 0.49546. The nearly incompressible nature
of the material will emphasise the differences between the DF formulation and the
alternative mixed formulations, particularly in terms of stresses. Notice that in the
case of the polyconvex model defined by W, the stress conjugate X to the Jacobian
J is obtained as

2 (o + 28,)

Ny = ST A (- 1). (3.51)

Notice also that this simple expression enables, without the need to employ
a Newton-Raphson procedure, to express directly the Jacobian J in terms of its
conjugate stress X as follows

N +2) + \/(A,, +25)% +8), (ap + 26,)
2\,

J = ,if A, > 0; (3.52a)

2 (ap +25))

T ==

,if A, =0. (3.52b)

These expressions are particularly useful when using the complementary energy
formulation MCF. Three discretisations are considered, namely coarse, medium and
fine, comprised of (7 X 7 x 5) x 6, (10 x 10 x 6) x 6 and (14 x 14 x 5) x 6 tetrahe-
dral elements, respectively. The fine mesh is displayed, as an example, in all of the
numerical results presented in Figures 3.5(c)-(d) and thereafter. For completeness,
Table 6.4 displays the discretisation details for each of the meshes employed. Notice
how the number of degrees of freedom associated to the strain/stress variables is
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Mesh ‘ Elems. ‘ Dofs. | Dofs. F, H, X, ¥y | Dofs. J, X,

Coarse | 1,470 | 2,475 x 3 1,470 x 4 x 9 1,470 x 1
Medium | 3,600 | 5,730 x 3 3,600 x 4 x 9 3,600 x 1
Fine 5,880 19,251 x 3 5,880 x 4 x 9 5,880 x 1

Table 3.1: Cook type cantilever problem. Mesh discretisation details. Column 2:
number of tetrahedral elements (Elems.). Column 3: number of degrees of freedom
(Dofs.) associated to the spatial coordinates @. Column 4: number of degrees of
freedom (Dofs.) associated to the strain/stress fields F, H,¥p, ¥g. Column 5:
number of degrees of freedom (Dofs.) associated to the strain/stress fields J, X ;.

proportional to the number of tetrahedral elements of the mesh. As stated in pre-
vious sections, these degrees of freedom are condensed out at an element level, not
increasing then the size of the resulting discrete system of equations.

For the three discretisations and the two constitutive models above described,
the four implementations DF, M7F, MCF and M5F where analysed. For in-
stance, Figure 3.5(b) displays the stress field o,, for the fine discretisation and
the constitutive model W, by using the various mixed formulations (i.e. the three
implementations render identical results).

Figures 3.5(c)-(d) display the contour plot of o,, using the constitutive model W,
and the fine discretisation. Results are presented comparing the mixed formulations,
which render identical results (see Figure 3.5(c)) versus the DF formulation (see
Figure 3.5(d)).

A more detailed comparison is established in Tables 6.5 and 3.3, where results
obtained with the four formulations, namely the three mixed formulations and the
DF formulation are displayed. Results are presented for both stresses and displace-
ments sampled at points A, B and C (as presented in Reference [40]). As can be
noticed, the DF implementation underestimates the displacements obtained with
the alternative mixed formulations. It can be seen how the DF implementation
converges from below whereas the alternative mixed formulations converge from
above. In addition,the results obtained with the constitutive model W, match very
well those presented in Reference [40].

As expected (e.g nearly incompressible material), regarding the stresses, the
differences are more significant, specially for the W, constitutive model. The higher
nonlinearity of the W, model with respect to the W, model highlights the differences
between both formulations. Whereas the results for the DF formulation do not seem
to converge with clear pressure oscillations, the results for the alternative mixed
formulations show a very defined convergence pattern. The results obtained with
the constitutive model W, match very well those presented in Reference [40].

Finally, it is important to mention that the equivalence between the MCF for-
mulation and the other mixed formulations can be badly affected with the choice
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W, model W, model
Fine Medium Coarse Fine Medium Coarse
fo -103.12 -105.31 -106.64 | -114.36  -117.63 -116.46
afx 120.35 121.98 118.17 | 171.37 172.83 166.76
a;‘y -113.89  -116.18 -117.27 | -147.38  -150.96 -148.07

oB 1 196.49  197.99 194.78 | 366.43  365.96 364.85
u$ | -20.76  -20.78 -20.81 | -20.32  -20.30 -20.25
u$ | 18.93 18.95 1898 | 18.66 18.66  18.66
uf | 0.010 0.016  0.036 | -0.001 -0.0005  0.007

Table 3.2: Cook type cantilever problem. Stress components (kPa) and displace-
ments (m) at points A, B and C as displayed in Figure 3.5(b). Results are ob-
tained using the mixed formulations. Coarse, medium and fine discretisations of
(TXT7x5)x6, (10x10x6) x 6 and (14 x 14 x 5) x 6 tetrahedral elements, re-
spectively. W, model (columns 2 to 4) defined in (3.49) with parameters given in
(3.50). W, model (columns 5 to 7) defined in (3.45) with material parameters in
(3.47).

of the parameter ¢, used in equation (3.45) (e, in equation (3.43)). The higher the
coefficient ¢, (g5) the stricter the error tolerance must be when solving numerically
equation (3.45b) (or equation (3.43b)) via the Newton-Raphson nonlinear solver.
Otherwise, small variations in the Jacobian J can introduce significant changes in
the conjugate stress X ; and make the MCF formulation to yield different results to
those of the M7F and M5F formulations.

3.3.3 Compressible short column subjected to transverse
shear force.

In this example, a short column of squared cross sectional area is analysed when
subjected to large deformations, as depicted in Figure 3.6(a). The height of the
column is h = 5m and the size of the square defining the cross section is a = 1m.
The column is clamped at its bottom end and it is subjected at the top end to
a shear stress distribution parabolic in the OY direction and constant in the OX
direction, of maximum value 7,,,, = 76kPa. Note that this force is not considered
to be a follower-load during the deformation process.

The objective of this example is to demonstrate the p-order of accuracy of the
different mixed formulations, as a function of the chosen finite element approxima-
tion spaces. For this purpose, the column is initially discretised with (2 x 2 x 10) x 6
tetrahedral elements (see Figure 3.6(b)) and, subsequently, h-refinement is carried
out generating a total of four discretisations. As a closed form solution is not avail-
able for this problem, the finest mesh is used to generate numerically the so-called
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Figure 3.5: Cook type cantilever problem. (a) Geometry of the problem and bound-
ary conditions. (b) Contour plot of stress field o,,(Pa) for the polyconvex model W,
defined in (3.45) with material parameters in (3.47). Mixed formulations. (c¢) Con-
tour plot of stress field 0,,(Pa) for the polyconvex model W), defined in (3.49) with
material parameters given in (3.50). Mixed formulations. (d) Contour plot of stress
field 0,,(Pa) for the polyconvex model W, defined in (3.49) with material param-
eters given in (3.50). DF formulation. Representation of the finest discretisation
employed with (14 x 14 x 5) x 6 tetrahedral elements.
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W, model W, model
Fine Medium Coarse Fine Medium Coarse
afx -94.40 -75.28 -189.83 | -98.39 -79.41 -192.31
afx 232.99 305.44 88.03 | 238.37 310.57 94.58
oA 1 -134.17  -114.81 -223.26 | -132.36  -115.06 -221.94

oB | 419.31 485.52  279.44 | 426.22 492.28  286.87
u$ | -20.55 -20.43  -20.21 | -20.20 -20.00  -19.86
ugj 18.83 18.80 18.74 18.60 18.57 18.51
u$ | -0.060 -0.086  -0.143 | -0.061 -0.087  -0.143

Table 3.3: Cook type cantilever problem. Stress components (kPa) and displace-
ments (m) at points A, B and C as displayed in Figure 3.5(b). Results obtained
using the DF formulation. Coarse, medium and fine discretisations of (7 x 7 x 5) %6,
(10 x 10 x 6) x 6 and (14 x 14 x 5) x 6 tetrahedral elements, respectively. W, model
(columns 2 to 4) defined in (3.49) with parameters given in (3.50). W, model
(columns 5 to 7) defined in (3.45) with material parameters in (3.47).

“benchmark” solution (for each mixed formulation) for comparison purposes. The
error between the benchmark solution and the other discretisations is measured in
the L? norm for all the unknown variables. The constitutive model is a compressible
Mooney-Rivlin type material defined by an energy function W, as

W, (F,H,J)=a,(F:F)+6,(H: H)+ f.(J) (3.53a)
fe(J) = —4BInJ — 2a.InJ, (3.53b)

where the material parameters are chosen as
a. = 47.25kPa; (. = 141.75kPa. (3.54)

The selection of these material parameters yield a linear elasticity constitutive
operator in the origin defined by a shear modulus u = 378k Pa and a Poisson’s ratio
v =0.3. Let us define for a tensor (e.g. scalar, vector or second order) field, the L?
norm as

<]z = Uv (€:¢) dV} 1/2, (3.55)

associated with the magnitude of the tensor field ¢. In our case, ¢ can be any of the
kinematic or kinetic unknowns, namely @, F', H, J, X, Xy and Y ;. This enables
the definition of the following error norm ||{; — C,|lz2/||Cp]| 22, where {, stands for
the benchmark solution and ¢, the solution of the i-th mesh, withi =1,...,(b—1).
This can then be used to assess the convergence of the algorithm under A-refinement.

Figure 3.7 displays the contour plot distribution of the stress o,, for different
stages of the deformation. The results presented are identical for all of the mixed
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formulations. As can be observed, the stress distribution is smooth (absence of
pressure modes) and the deformation does not show any locking in its deformation
pattern.

Figure 3.8 shows the order of accuracy of the different unknown variables for
the mixed formulations (all yielding identical convergence pattern). Figure 3.8(a)
displays the convergence of the kinematic variables @, F', H and J whereas Fig-
ure 3.8(b) displays the convergence of the kinetic variables ¥ p, g and ¥;. As
expected, the convergence observed is p + 1 in all the variables.

Xo ‘ T
i;»l (175)T B
(0,007
& -—
X1

Figure 3.6: Compressible short column of height h = 5m and squared cross section
defined by its size a = 1lm. (a) Boundary conditions: clamped bottom end and
parabolic stress distribution at the top end. Axes OX; and OX5 coincide with oy
and oz in (b), respectively. (b) Example of finite element discretisation: coarsest
mesh with (2 x 2 x 10) x 6 tetrahedral elements.

3.3.4 Incompressible long column subjected to transverse
shear force.

A very similar example to that presented in the previous section is analysed. In
this case, a longer column of height h = 10m of squared cross sectional area is
analysed when subjected to large deformations. As in the previous section, the size
of the square defining the cross section remains a = 1m. The column is clamped at
its bottom end and subjected to a parabolic (only in the OY direction) shear stress
distribution at the top end of maximum value 7,,,, = 14.4kPa. Note that this force is
not considered to be a follower-load during the deformation process. The constitutive
model is taken as incompressible Mooney-Rivlin defined via a polyconvex isochoric
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Figure 3.7: Contour plot of the stress o,,(Pa) distribution for the compressible short
column example using a mixed formulation. Results after application of an incre-
mental loading of (a) 5% (b) 25% (c) 50% and (d) 100% of the total external shear
stress T = Ty Mooney-Rivlin model W), defined in (3.49) with material parame-
ters given in (3.54). Results shown for a discretisation of (4 x 4 x 20) x 6 tetrahedral
elements (3,321 x 3 degrees of freedom associated to the spatial coordinates x).
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Figure 3.8: Compressible short column example: order of accuracy of different strain
and stress magnitudes for the mixed formulations. (a) Order of accuracy of the kine-
matic variables x, F', H and J. (b) Order of accuracy of the kinetic variables ¥,
Y g and ¥ ;. Mooney-Rivlin model W, defined in (3.49) with material parameters
given in (3.54).

energy function W; defined as

W, (F.H,J)=v;J**(F: F)+~J*(H: H)?, (3.56)
where the material parameters are chosen as
v; = 189k Pa, ~; = 72.75kPa. (3.57)

The selection of these material parameters yield a linear elasticity constitutive
operator in the origin defined by shear modulus p = 756kPa and Poisson’s ratio
v = 0.5. The objective of this example is to demonstrate the behaviour of the stabil-
isation technique as presented in Section 3.2.3. For this purpose, two interpolation
techniques will be considered: first, a P1-P1 linear continuous interpolation for both
displacement and pressure fields (e.g. with the help of stabilisation) and, second, a
P2-P0 continuous quadratic interpolation for the displacement field and piecewise
constant interpolation for the pressure field (e.g. without stabilisation).

For the P1-P1 interpolation, an unstructured mesh of 17,575 tetrahedral elements
is used (3,859 x 3 degrees of freedom associated to the spatial coordinates x) (refer
to Figures 3.9(a)-(c)) and for the P2-P0 interpolation, an unstructured mesh of 3,962
tetrahedral elements is used (6,675 x 3 degrees of freedom associated to the spatial
coordinates @) (refer to Figures 3.9(d)). Notice that a very fine P2-P0 discretisation
has been chosen in order to adequately benchmark the solution obtained with the
alternative stabilised P1-P1 formulation.

Figure 3.9 displays the contour plot distribution of the hydrostatic pressure. The
solution by using the non-stabilised P2-P0 implementation is displayed in the sub-
figure (d) whereas sub-figures (a) to (c) present the results for the stabilised P1-P1
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implementation, with stabilisation parameter o = 0.1, 0.2, 0.5, respectively. In all of
the P1-P1 analyses, stabilisation coefficient 7, = 0 was employed.

The results show an excellent agreement between the non-stabilised P2-P0 formu-
lation (see Figure 3.9(d)) and the stabilised P1-P1 formulation when using o = 0.2
(see Figure 3.9(b)). Larger values of the stabilisation parameter « lead to stiffer
solutions (i.e. volumetric and shear locking) and viceversa. It is also clear that for
the stabilised P1-P1 implementation, smooth distributions of stresses are obtained,
removing possible spurious pressure oscillations.

-227519 -86946.6 536259 194198 -182650 -64951.2 52747.6 170446

(a) (b)

-141889 -55424 31041.4 117507 -184451 -61413.1 61624.4 184662

(c) (d)

Figure 3.9: Contour plot of the hydrostatic pressure distribution p(kPa) for the
incompressible long column example. (a) Stabilised P1-P1 formulation with 7, = 0
and o« = 0.1. (b) Stabilised P1-P1 formulation with 7, = 0 and a = 0.2. (c)
Stabilised P1-P1 formulation with 7, = 0 and o = 0.5. (d) Non-stabilised P2-P0
formulation. Incompressible Mooney-Rivlin model W; defined in (3.56) with mate-
rial parameters given in (3.57). Results shown in (a) to (c) are for a discretisation of
17,575 tetrahedral elements (3,859 x 3 degrees of freedom associated to the spatial
coordinates x). Results shown in (d) are for a discretisation of 3,962 tetrahedral
elements (6,675 x 3 degrees of freedom associated to the spatial coordinates x).
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3.3.5 Twisting cantilever beam

The last example includes the twisting of a cantilever beam of length L = 6m and
a squared cross sectional area of side a = 1m. The beam is clamped at its left end
and subjected to a torsion on its right end. This example is included to demonstrate
the robustness of the mixed formulations. The torsion at the right end is generated
through Dirichlet boundary conditions as follows

(I — Ey &® Ey) Tr = GEY X X, (358)

where Evy is the unit vector normal to the cross section in the reference configu-
ration, X are the initial coordinates, 6 is the angle of rotation and @ are the final
coordinates. As can be observed, the section is not restricted to in-plane torsion and
zero Neumann boundary conditions are imposed normal to the cross sectional area.
A similar example has been presented by the authors in previous references [58,97].

The geometry and boundary conditions for the problem are depicted in Figure
3.10(a). The constitutive model is a compressible Mooney-Rivlin defined by an
energy function W, defined by

W, (F,H,J)=a,(F:F)+ 3, (H: H) + f.(J) (3.59a)
fu(J) = —48,InJ — 2cv,InJ, (3.59b)

where the material parameters are chosen as
a, = 9.0kPa; p, =9.0kPa. (3.60)

The selection of these material parameters yield a linear elasticity constitutive
operator in the origin defined by shear modulus ;1 = 36kPa and Poisson’s ratio
v = 0.25. The analysis is carried out with a finite element discretisation comprised
of 2,304 tetrahedral elements (4,009 x 3 degrees of freedom associated to the spatial
coordinates x).

Figure 3.11 displays the contour plot distribution of the stresses o,, (see Figure
3.11(a) and 3.11(b)) and oy, (see Figure 3.11(c) and 3.11(d)). Results displayed in
Figures 3.11(b) and 3.11(d) are obtained by using the DF implementation whereas
results in Figures 3.11(a) and 3.11(c) are obtained by using the alternative mixed
formulations, namely M7F, MCF and M5F, all yielding identical results.

As can observed, important differences in terms of stresses can be observed be-
tween the DF formulation and the alternative mixed formulations. This deformation
pattern is very demanding for the DF formulation and improved results would re-
quire h-refinement. It is important to emphasise that the results are similar in terms
of deformation as the problem is displacement driven by the boundary conditions.

The extreme deformation undertaken by the beam leads to a buckled configura-
tion that can be observed in Figure 3.12, where the out-of-plane configuration can
be clearly observed along with the hydrostatic pressure distribution, where negative
values (compressive areas) can be identified. Finally, for completeness, different re-
sults concerning some of the components of the kinematic variables F', H and J
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are shown in Figure 3.13. It is possible to observe the smooth distribution of the
different fields.

Figure 3.10: Twisting cantilever beam problem of length h = 6m and squared cross
section defined by its size a = 1m. (a) Boundary conditions: clamped left end
and twisting rotation applied at the right end. Axes OX;, OX, and OX3 coincide
with ox, oy and oz in (b), respectively. (b) Example of finite element discretisation:
2,304 tetrahedral elements (4,009 x 3 degrees of freedom associated to the spatial
coordinates ).

3.4 Concluding remarks

This Chapter has provided a novel approach to formulate large polyconvex large
strain elasticity in the computational context. Two main novelties are included in the
chapter. First, the computational Finite Element implementation of several of the
mixed variational principles presented in Chapter 2 has been presented. Of special
interest in the context of polyconvexity are the new Hu-Washizu and Hellinger-
Reissner mixed variational principles I, and Il defined in the previous Chapter in
equations (2.180) and (2.193). The residual vectors and stiffness matrices associated
to the aforementioned variational principles, arising after standard Finite Element
discretisation, have been presented. Second, the introduction of a stabilised Petrov-
Galerking discretisation for the mixed variational principle II; in equation (2.199)
for full incompressibility, whose Finite Element computational implementation has
also been included.

Very remarkably, the new computational framework emerging after Finite Ele-
ment discretisation of the various mixed variational frameworks presented in Chapter
2 relies heavily on the use of a new tensor cross product introduced in Reference [82]
and rediscovered in [44], which proves to greatly facilitate the manipulations of
expressions involving the co-factor of the deformation gradients and specially, its
derivatives. Finally, a series of challenging numerical examples have been included
in the present Chapter in order to illustrate the superiority of the proposed mixed
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Figure 3.11: Contour plot of the stress o,,(Pa) ((a) and (b)) and oy, (Pa) ((c) and
(d)) distribution for the twisting cantilever beam example. Results obtained with
the DF formulation ((b) and (d)) and alternative mixed formulations ((a) and (c)).
Mooney-Rivlin model W, defined in (3.59) with material parameters given in (3.60).
Results shown for a discretisation of 2,304 tetrahedral elements (4,009 x 3 degrees
of freedom associated to the spatial coordinates ).
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Figure 3.12: Lateral and plan view of the contour plot of the hydrostatic pressure
distribution p(Pa) for the twisting cantilever beam example. Results obtained with
the alternative mixed formulations. Mooney-Rivlin model W, defined in (3.59)
with material parameters given in (3.60). Results shown for a discretisation of
2,304 tetrahedral elements (4,009 x 3 degrees of freedom associated to the spatial
coordinates x).

formulations, which clearly overcome the typical drawbacks associated the the clas-
sical displacement-based formulations.
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Figure 3.13: Contour plot of the distribution of the components (a) Fii, (b) Fio,
(¢) F3y, (d) J, for the twisting cantilever beam example. Results obtained with
the alternative mixed formulations. Mooney-Rivlin model W, defined in (3.59)
with material parameters given in (3.60). Results shown for a discretisation of
2,304 tetrahedral elements (4,009 x 3 degrees of freedom associated to the spatial
coordinates x).
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4.1 Introduction

Chapter 2 has presented a novel approach for the formulation of polyconvex large
strain elasticity. Chapter 3 has presented a new computational framework emerg-
ing after Finite Element discretisation of the various new mixed variational princi-
ples introduced in Chapter 2, some of those of special interest within the context
of polyconvex elasticity, as the Hu-Washizu and the Hellinger-Reissner variational
principles described in Section 2.6.2 and 2.6.3, respectively.

Polyconvexity is the most well accepted constitutive restriction [11,27,32]. This
condition implies the Legendre-Hadamard condition, which entails the existence of
travelling waves in the material in the neighbourhood of a stationary point. Cru-
cially, this condition is strongly related to material stability and the development
of areas with localised deformations where ellipticity and therefore, well-posedness
of the governing no longer hold [86]. The physical implications of polyconvexity
(Legendre-Hadamard condition) are therefore of extreme relevance. From the math-
ematical standpoint, the convex multi-variable nature of the strain energy with re-
spect to the fibre, area and volume maps, namely the deformation gradient tensor,
its co-factor and its Jacobian might not be very intuitive. However, it should not
be surprising that existence of travelling wave speeds, intimately related to the hy-
perbolicity of the dynamic equations, is satisfied by a polyconvex definition of the
strain energy, for which the time rate of their arguments can be expressed as a
first order conservation law. This Chapter explores the hyperbolic nature of the
first order hyperbolic equations in polyconvex elasticity, consisting of conservation
of linear momentum and a set of geometrical conservation laws for the arguments
of polyconvexity.

The authors in References [43,57] have presented a robust an accurate Stream-
Upwind-Petrov-Galerkin (SUPG) computational framework for the solution of com-
putational solid dynamics based on the system of first order hyperbolic conservation
laws for nonlinear elasticity. In this framework, closer to that for computational
fluid dynamics than the classical techniques for the simulation of solid dynamics
(where the equations of motion are expressed in terms of a second order hyperbolic
equation) the conservation variables for the first order hyperbolic system of equa-
tions are linear momentum and the arguments defining polyconvexity, namely the
deformation gradient tensor, its co-factor and its Jacobian.

Alternatively, a computational framework for Solid Dynamics can be naturally
derived from the mixed variational principles presented in Section 2.6. In particular,
the associated Lagrangian functional and its corresponding action integral [11] for
the Hu-Washizu and Hellinger-Reissner mixed variational principles in Section 2.6.2
and 2.6.3 respectively, are presented in this Chapter. The stationary point of the
action integral yields a weak variational statement for conservation of linear mo-
mentum analogous to that obtained from its homologous total energy potential in
the static case (Section 2.6) subjected to a series of compatibility and constitutive-
based restrictions. The resulting equations adopt the structure of a second order
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hyperbolic equation subjected to a series of constraints, more in line with the more
classical approach followed in the traditional Solid Dynamics community [14].

Polyconvexity of the internal energy guarantees the relationship between the set
{F, H, J} and its associated set of work or entropy conjugates, namely {Xp, X g, ¥}
to be one to one and invertible. Crucially, and in line with the pioneering work of
Hughes et al. [2] in the context of Computational Fluid Dynamics, the consideration
of polyconvex energy functionals in the context of Computational Solid Dynamics,
enables the definition of a generalised convex entropy function. This enables the
transformation of the system of conservation laws into a symmetric set of hyperbolic
equations in terms of the entropy conjugates, namely {Xp, 3, > ;}. The authors
in Reference [43] have also presented a SUPG computational framework for the
solution of Computational polyconvex Solid Dynamics based on a system of first or-
der hyperbolic equations in terms of the entropy conjugates, namely {Xp, X g, 3;}.
The symmetrisation of the equations for Computational polyconvex Solid Dynam-
ics are presented in this Chapter. This Chapter presents the relationship between
polyconvexity of the strain energy and positive definiteness of the so called acoustic
tensor [11,86], emerging in the analysis of the eigen-structure of the equations for
polyconvex Solid Dynamics. An explicit derivation for the wave speeds for a (poly-
convex) Mooney-Rivlin and a (non-polyconvex) Saint Venant-Kirchhoff constitutive
models is presented in this Chapter, illustrating the existence of travelling wave
speeds for the entire range of deformations for the Mooney-Rivlin model and the
development of material instabilities for the Saint Venant-Kirchhoff model for those
ranges of deformations with associated non real wave speeds.

Finally, a challenging numerical example is included in this Chapter in order
to better illustrate the behaviour of the Mooney-Rivlin and Saint Venant-Kirchhoff
constitutive models in dynamic scenarios. Although the Saint Venant-Kirchhoff
model should only be used in small strain scenarios, it is considered in this Section
in order to graphically illustrate the implications of loss of material stability from
the simulation standpoint.

This Chapter is organised as follows. Section 4.2 presents the set of conservation
laws in Computational polyconvex Solid Dynamics, including the geometrical con-
servation laws for the strain measures {F', H, J}. Section 4.3 studies the eigenvalue
structure of the equations for polyconvex Solid Dynamics. Section 4.4 introduces
the generalised convex entropy function for polyconvex elasticity presents the con-
servation laws for polyconvex Solid Dynamics in terms of the entropy conjugates
{XF, X H,2;}. Section 4.5 presents the associated Lagrangian functionals and cor-
responding action integrals for the Hu-Washizu and Hellinger-Reissner mixed varia-
tional principles in Section 2.6, extending the application of those two formulations
to dynamic scenarios. Finally, Section 4.6 includes some relevant theoretical and
numerical examples and Section 4.7 provides some concluding remarks. An illus-
trative diagram containing the layout of the present Chapter has been included in
Figure 4.1.
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4.2 Conservation laws in polyconvex nonlinear solid

dynamics

The objective of this Section is to present the equations for Computational Solid
Dynamics as a set of first order hyperbolic equations including that for conserva-
tion of linear momentum and a series of geometrically-based conservation laws for
the arguments which define polyconvexity, namely {F, H,J}. The entire set of
conservation laws is presented in this Section.

4.2.1 Involutions

Before presenting the system of hyperbolic equations for polyconvex elasticity, let
us consider the motion of the elastic body described in Section 2.2. As stated in
equations (2.36), the deformation gradient tensor F' and its co-factor H must satisfy
certain compatibility conditions, namely

CURLF =0: DIVH =0. (4.1)

These conditions are such that they are satisfied under exact integration provided
they are satisfied by the initial conditions. They are not necessary to close the system
of hyperbolic equations that will be presented in the forthcoming Sections. These
compatibility equations are therefore called involutions as opposed to constraints.
However, not consideration of these involutions might lead to catastrophic results
from the numerical standpoint. In particular, spurious modes might arise after long
time integrations, destroying the accuracy of the numerical solution. Figure 4.2
illustrates the evolution of a elastic body from the reference configuration to two
different configurations at different time stages satisfying the involutions in equation
(4.1).

Very crucially, these involutions will be extremely relevant as they will be fun-
damental for the derivation of conservation laws for both the co-factor and the
Jacobian.

4.2.2 General remarks

The aim of this section is, following the work in Reference [44], to express the
equations of nonlinear elasticity in the form of a set of global conservation laws for
a set of conservation variables U = [U,] with fluxes F = [F,;] and source term
S = [S,], where @ = 1,...,n represents the set of unknowns and I = 1,2,3 the
reference coordinates. Global conservation laws are generally expressed as

i/mzv+/ J:dA:/SdV. (4.2)
dt Jy ov v
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da = H|, dA

CURLF|, =0
DIVH|, =0

dv=J|,,dV

CURLF|, =0
DIVH], =0

CURLF|, =0
DIVH], =0

Figure 4.2: Evolution of the continuum from its reference configuration (¢ = ty) to
two different instants ¢ = t; and ¢t = ¢5. Satisfaction of the associated involutions
at every instant of the deformation. Evolution of the infinitesimal fibre, area and

volume elements.
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For smooth functions, this integral expression is equivalent to the set of first

order differential equations

%—If +DIVF = S. (4.3)

In addition, for discontinuous solutions the integral conservation law also leads to
the following jump conditions across a discontinuity surface with normal N moving
with speed U [99-101]

Ulu] = |F|N (4.4)
where the notation [[gb]] = (¢4 — ¢_) is used to denote the jump of a variable across
a moving discontinuity surface. It is often convenient to express equation (4.3) in
the quasi-linear form

ou ou oOF
A = =
ot 0X; ou

where F; denotes the columns of the flux matrix and, in general, the square n x n

S, A =[Awsl = (4.5)

matrices A; (with o, = 1,...,n) will not be symmetric. Alternatively, the flux
matrix F defined in (4.3) can be expressed as

1 0 0
F=F® Eyq E, = 0 |; E, = L E; = 0. (46)
0 1

4.2.3 Conservation of mass and momentum

The conservation of mass in a Lagrangian setting is simply stated by
% y podV = 0. (4.7)
This simply implies that the initial density of the material 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
Ll pdV:/ todA—i-/ fodV, (4.8)
dt Jy ov v
Assuming the existence of a first Piola-Kirchhoff stress tensor P such that the
traction vector associated with the initial area with normal IN is tg = PN, the
equivalent local equilibrium equation and jump condition can be written as
op

5, ~DIVP = f; U[[p]] = —HP]]N. (4.9)

4.2.4 Additional set of conservation laws in polyconvex solid
dynamics
The objective of this section is to present the conservation laws associated to three

new conservation variables which close the system of conservation laws for polycon-
vex Solid Dynamics [43].
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Conservation of deformation gradient

A conservation law for the deformation gradient tensor can be derived considering
its definition in equation (2.1). Differentiation of this equation with respect to time
yields
oF 1
— =V =—Vyp. 4.10
It 0 P ob ( )
Integration of above equation (4.10) over the undeformed volume V' and appli-
cation of the divergence theorem leads to the following global conservation law for
F as
d 1 1
— | FdV = | —VpdV = —p ® dA. (4.11)
dat Jy v Po av Po
Finally, the corresponding local differential equation and jump condition to that
in equation (4.11) is

OF 1 1
-~ DIV (%p ® I) =0, U[F]=- hpﬂ ® N. (4.12)

Conservation of area map

A conservation law for the co-factor or area map can be derived considering its
definition in equation (2.26). Differentiation of this equation with respect to time
yields

oH 1

— =Fx—Vp. 4.13

ot 0 oPb ( )

Integration of above equation (4.13) over the undeformed volume V' and appli-

cation of chain rule and the divergence theorem results in

d 1 1
—/HdV:/ Fx<—p®dA> —/ ~ px CURLF V. (4.14)
dt Jy ov Po v Po

Consideration of the curl-free condition for the deformation gradient tensor in
equation (2.36), enables above equation (4.14) to be finally written as a global
conservation law as

i/HdV:/ Fx(ipeadA). (4.15)
dt Jy ov Po

Finally, the corresponding local differential equation and jump condition to that
in equation (4.15) is

OH _ ypi, (ipx F) =0; U[H|=-Fx Hipﬂ @ N. (4.16)
ot Po Po
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Conservation of volume map

A conservation law for the Jacobian of the deformation gradient or volume map
can be derived considering its definition in equation (2.38), namely J = 1 (H : F).
Differentiation of this equation with respect to time yields

0J 1
— =H : —V;p. 4.17
ot % Y ( )

Integration of above equation (4.17) over the undeformed volume V' and appli-
cation of chain rule and the divergence theorem results in

d 1 1
—/ JdV:/ H - (—p®dA) — [ Zp.DIVH V. (4.18)
dt Jy oV Po v Po

Consideration of the divergence-free condition for the deformation gradient ten-
sor in equation (2.36), enables above equation (4.18) to be finally written as a global
conservation law as

4 JdVv :/ H (lp®dA). (4.19)
dt Jy av Po

Finally, the corresponding local differential equation and jump condition to that
in equation (4.19) is

% ~ DIV (ip) =0, Ul =-H: (ﬂH;popﬂ ® N) : (4.20)

4.2.5 Combined equations

Combining the results of the various sections above, a full set of first order conser-
vation laws (4.3) can be established with vector of variables U, vector of fluxes F;
and vector if source terms S given by

PE
b 1 ! fo
F P © B 0
J H p—lop ® B 0
where the components of the flux vector F; are defined as
1
F} = -PE;; Fl=-—p®E;
) S (4.22)
rorx(pen). e m(lpon)
Po Po

where P defined as in equation (2.53) and (2.48). 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 (4.21), that is

ou ou
W + Aja—X,I - 87 (423)
——

a*
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where the ‘non-trivial’ second term on the left-hand side of above equation (4.23),
namely a* can be expressed as

A (4.24)

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

F H ]
W ik Po op |ixr PO o .~

(4.25)
In addition, the inner products (-) and (:) appearing in the vector of conservation
variables in (4.24) represent standard contraction of repeated indices. Moreover, the

expression for the matrix W (4.24) is

PyE, PypE, IBVJEI

W, = 03x3x3x3 O3x3x3x3  Os3x3 (4.26)

O3x3x3x3 O3x3x3x3  Osxz |
0353 0353 0
with
Pp=Wpp+ FXWyp+ H @ Wp;
F;{ =Wrag + FXWgg + H ® Wiy, (4.27)

P;=Wp;+FxWg,+HWy; +Way @ Dy + Wy, @ By,

4.3 Eigenvalue structure of the equations in non-

linear solid dynamics

The objective of this Section is to analyse the eigenvalue structure of the combined
set of conservation laws for polyconvex Solid Dynamics in equation (4.21).

4.3.1 Eigenvalue structure. The acoustic tensor

The eigenvalues or wave speeds and corresponding eigenvectors of the system of
conservation laws in equation (4.21) can be determined by identifying possible plane
wave solutions (in the absence of source terms) of the type

13
Q

U=d(X N —cot)lhy=d(X N —cyt)

Q

(4.28)

QKHSF‘ &
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where ¢, are the wave speeds corresponding to the eigenmode U, and N, the

normalised direction of propagation. The above expression for the reduced set of

conservation variables leads to an eigenvalue problem (refer to equation (4.5)) given
by

ANZ;la = Caaa; AN = A[NI. (4.29)

Particularisation of the local conservation equation for the deformation gradient

tensor F' (4.12), to plane wave solutions of the type described in equation (4.28)
yields (refer to Figure 4.3)

_ 1 _ _
—caFa¢’——ﬁa®N¢’:0:>Fa:fa®N, (4.30)
£o

where f, = ———p_. Moreover, substitution of the above plane wave-like solutions
« Capot &

(4.28) in conjunction with (4.30) into equations (4.16) and (4.20) yields

H,=Fx(f,@N); J,=H:(f,®@N). (4.31)

The expressions in above equations (4.30) and (4.31), where F,, H, and J,
have been expressed in terms of the eigenmode f, enable to re-write and reduced
the eigenvalue problem in (4.28) to

U, = ANU, (4.32)

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

i — [?a} L A= - [10 Enn (4.33)

“ = | 7. lr o

PO
with Cnyn in above equation (4.33) denoting the classical acoustic tensor [30, 86,
defined as

Cnnij = Cirjg NNy, (4.34)

with C defined in terms of the components of the Hessian operator [Hy] (2.74) in
equation (4.33). Careful analysis of the matrix A% in above equation (4.33) enables
to identify the following multiplicative decomposition of Ay as

W= —SU, (4.35)

where the second orders tensor S and U in above equation (4.35) are defined as

0 I LT 0343
S = . U = PO 4.36
[I 0} ’ [03><3 CNN] 7 ( )

Following a fundamental theorem in the theory of hyperbolic equations, sum-
marised in Appendix F for completeness, given the symmetric nature of S (4.36),, a
sufficient condition for the existence of real eigenvalues for the above Jacobian ma-
trix AN (refer to (4.33) and (4.35)) would be the symmetric positive definiteness of
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4Fa = fa®N
=X ‘,,141:1& — Fx (J‘ca®N)

= -.‘ J_a . (}a . N)

Figure 4.3: Eigenmodes F,, H,, and J, at a discontinuity surface I'y perpendicular
to the vector of propagation IN.

U (4.36), and hence, of Cn (4.34). Moreover, positive definiteness of the acoustic
tensor Cyn can be shown by noticing the following relationship between Cnpn and
the Hessian operator [Hy] (recall Remark 2.5 with v = f, and V = IN), namely

T

F, F,
fa 'CNN}.a = FIoz [HW] I_{a > 0. (437)
T T

As can be seen, the positive definiteness of the acoustic tensor Cypn is implied
by the positive definiteness of the extended Hessian operator [Hyy,|, always satisfied
by polyconvex energy functionals (2.39).

Finally, substitution of the expression for the eigenmode f,., namely f, =

L_p_. in the eigenvalue problem ANU. = caljl; leads to the final eigenvalue

Ca PO
problem associated to a single second order hyperbolic equation defined as

(poc2I — CnN) Do = 0. (4.38)

4.4 Symmetrisation of the equations in nonlinear
solid dynamics

For completeness, the objective of this Section is to show that, polyconvexity of the
internal energy enables the introduction of a generalised convex entropy function
which in turn, guarantees the symmetrisation of the system of conservation laws
[2,102] in equation (4.21).
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4.4.1 Entropy

Quasi-linear first order hyperbolic systems can be symmetrised with an appropriate
change of variables [98], if there exists a convex generalised entropy function S(U)
and corresponding entropy flux A(U) such that in the absence of source terms and
for all admissible solutions

08

5, T DIVA > 0. (4.39)

The above inequality becomes an equality for smooth solutions in the absence
of dissipative effects such as viscosity or heat flow. It is now possible to define a
new set of conjugate entropy variables ¥V = g—Z for which the conservation laws (4.5)

become oy oy
— ,— = 8. 4.4
Ay a1 + A, oX, ( 0)
The symmetric system matrices Ay and A[ are
ou ”2s 17! . -
_ . = = 4.41
A== ] ¢ A= A= AT (1.41)
and the entropy flux A; satisfies
8/\[ T
= 4.42
U =V A, ( )

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

av v
Al Sy =4S (4.43)

4.4.2 Conservation of energy and generalised convex en-
tropy

In order to derive a suitable generalised entropy and entropy flux functions for
nonlinear elasticity, let us consider the following convex entropy function defined as

1
S(p,F,H,J)= P p+W(F,H,.J) (4.44)

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

1
A=——P'p, (4.45)
Po

In order to prove this, note first that the conjugate entropy variables are given
by the derivatives of S as,

v
as Sr
V==l s | (4.46)

2y
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Multiplying each of the conservation laws (4.21) by the corresponding conju-
gate variables (4.46), and using the involution equations (4.1) for the deformation
gradient and its co-factor gives

S=v-p+Sp: F+Xy - H+X,J
=v-DIVP+v- fi+ Xp: Vv + Zg : CURL (vXx F) + X,DIV (H"v)
=v-DIVP+v- - fo+ (Brp+XgXF+X;H): Vv
=v-DIVP+wv- - f,+P:Vyw
=DIV (P™v) + v - f,.
(4.47)
Notice that the statement in above equation (7.79) is in fact a simplified version

of the energy conservation law, or first law of thermodynamics, which, in the absence
of the heat sources is globally stated as

d

= EdV:/ to-vdA+/f0-vdV, (4.48)
dt |4 ov 1%

where F denotes the total energy per unit undeformed volume. The local version of
this equation gives,

%—f — DIV (P"v) = f, - v. (4.49)

It is therefore clear that for the reversible scenarios under consideration of smooth
solutions (i.e. in the absence of physical shocks), the generalised entropy is simply
the total energy per unit undeformed volume, that is, S = E, coinciding with the
notion of Hamiltonian per unit of undeformed volume.

4.4.3 Symmetric hyperbolic equations for elastodynamics

With the definition of the conjugate entropy variables given above (4.46), it is now
possible to derive a symmetric quasi-linear system for these variables. In order to do
this, let us consider first the linear momentum equation. This equation can now be
transformed making use of the involution equations for F' and H in (2.36), yielding

ov

poa — DIVZF + Fg X CURLZH — HEVOEJ = fO? (450)
which represents the conservation of linear momentum and
D) ZF VQ’U
[Hw]_l E EH - FZ X Vo’U = 0, (451)
ZJ Hz . Vo’U

which represents the remaining set of conservation laws. Notice in above equations
(4.50) and (4.51) that the notations F'y, and Hy, have been used here to explicitly
indicate that these variables are no being evaluated from the conjugate variables in
(4.46) using the reverse constitutive relationships, namely

Fs, =F (Xp,XH,%));

(4.52)
Hs = H(Sp,2u.%,).
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The symmetric nature of this system is more easily appreciated combining the
above set of equations (4.50) and (4.51) to give

ov - 0V
AOE+A[0—AXI =S, (453)
/B*

where matrix Ay in above equation (4.53) is defined as

A= | (454)

with Hyy defined in equation (2.74). It is therefore certain that the matrix Ay is
symmetric positive definite provided that the strain energy is polyconvex. Finally,
the second term on the left-hand side of (4.53), namely * can be expanded in
indicial notation as

0 didxr ElrixtFy; H; Vg
0 0 0 | 0 | [Srx
P 9 4.55
b 0 0 0Xr [EH]kK ( )
0 >
A

The symmetrisation displayed in (4.55) confirms once again the existence of real
waves (e.g. legendre-Hadamard condition) and opens up very interesting possibilities
to use stabilised based formulations, as in [2] in the context of Computational Fluid
Dynamics and in line with those published in References [42,43,57,103-105] in the
context of nonlinear elasticity.

4.5 Numerical implementation

In Section 2.6, a series of mixed variational principles for the solution of polyconvex
large strain elasticity for static scenarios and their computational implementation in
Chapter 3 were presented. Moreover, a series of numerical examples were presented
in Section 3.3, proving these mixed variational principles very convenient from the
computational standpoint as the typical inherent deficiencies associated to the clas-
sical displacement based formulation can be remedied by these more advanced mixed
formulations. The objective of this Section is to study the possible application of
these mixed variational principles in the context of dynamic scenarios.

4.5.1 Lagrangian-based mixed formulations

A natural extension of the mixed variational formulations presented in Section 2.6
to dynamic scenarios can be obtained via the definition of the Lagrangian functional
[11] and its associated action integral L defined as

L(¢, g‘b) _ /V £(¢, b, V0q>> dv — /8 Uy, dA (4.56)
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where the variables ¢ denote the so called fields [11]. For the particular case of
a displacement based formulation, the field variable coincides with the mapping
x (X ,t) and the Lagrangian associated to elasto-dynamics is defined as

L(x,v,Fp) =K -V (F,)—Uy,, (4.57)

with the kinetic energy and the energy potential due to conservative volumetric
forces per unit undeformed volume f, defined as

p
K= Eo'v - v; Up, = —fo- . (4.58)

Moreover, the boundary term in above equation (4.56) corresponds to the energy
potential due to conservative forces per unit undeformed area t, defined as

Z/{to = —t() - L. (459)

The solution to the equations of nonlinear elasto-dynamics can then be obtained
at the stationary condition of the above action integral, namely 6L = 0, with the
directional derivative of the action integral defined as

0 oL oL oL
— [ 2% seav - [ &= spav -
L otog 0? ¢ /vavo¢

| % Vb dV. (4.60)

For the mixed variational principles II;; and IIo presented in Sections 2.6.2 and

2.6.3, respectively, two action integrals L,; and Lo with associated fields are defined
as

¢y ={z,F.H,J.Xp,Xu, X} ¢c ={z,Xr, a2} (4.61)
and with Lagrangian functionals £,; and Lo defined as
Ly (6.6) =K—W (F.H,J)~Sp: (F,~ F) - Sy : (H, — H)
— X5 (Joe —J) = Uy,; (4.62)
Lo (¢, <}5> —K-Y(SrSu.%) - Sp: Fy— Sy Hy — S50, — Uy,

The stationary conditions for the action integral L, (refer to equation (4.60))
with associated fields ¢,, in (4.61), yield,

-5udV+/PM:V05udV—/ to-éudA—/f0-5udV:O;
1% B v

PO,
v Ot

/529;(%—1)) dV = 0;
\%

ow
(4.63)

with P, defined as in equation (2.182) and where the following compact notation

\%

has been used in above equation (4.63)

D={F H,J}; Xp ={2r, 3,2}

(4.64)
§D = {6F,0H,5J}; §3p = {68p, 655, 65, }.
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Notice that the stationary conditions for the action integral in above equation
(4.63) are in fact almost identical to the directional derivatives of the total energy
functional 1T, the only difference being the inertial term in equation (4.63),. Sim-
ilarly, the stationary conditions for the action integral Lo (refer to equation (4.60))
with associated fields ¢ in (4.61), yield

poa—v-éde—F/PC:VO&ch—/ t0~5a:dA—/f0-5:ch:O;
v ot v ov 1%
oY
0Xp: Dy — =——— | dV =0.
\% P ( 8273) V=0

(4.65)

Alternatively to the mixed variational principles Ly, and L¢ (refer to equations
(4.62) and (4.61)) presented in this Section, the authors in References [43,57] have
presented a computational framework for the system of first order conservation laws
in terms of both conservation (refer to equation (4.21)) and entropy (refer to equation
(4.51)) variables. Very remarkable, the interpolation of all the unknown variables
(either the conservation variables U (4.21) or its entropy conjugates V (7.78)) in
this framework is based upon linear tetrahedral elements, where a Stream-Upwind-
Petrov-Galerkin (SUPG) stabilisation technique enables to circumvent detrimental
features such as locking and spurious oscillations.

A comparison of the performance between the (implicit) Lagrangian-based for-
mulations presented in this Section (where the same choice of LBB compliant inter-
polation spaces as those described in Section 3.3 has been utilised) and that for the
(explicit) stabilised formulation presented in References [43,57] has been included
in References [43,57], showing a good agreement between both formulations.

4.6 Numerical examples

In this Section, the comparison of the polyconvex Mooney-Rivlin and the Saint
Venant-Kirchhoff (non-polyconvex) constitutive models presented in equations (2.40)
and (2.46) is carried out. First, an explicit derivation of the speed of propagation of
shear and pressure waves in the material is obtained for both materials. Finally, a
challenging numerical simulation is included where the comparison of the response
between both constitutive models in dynamic scenarios is carried out.

4.6.1 Analysis of material stability under simple deforma-
tion scenarios

The simple strain energy for the polyconvex Mooney-Rivlin introduced in equation
(2.40) and that for the (non-polyconvex) Saint Venant-Kirchhoff constitutive model
in (2.46) is considered in this Section. The acoustic tensor Cn for both constitutive
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models can be obtained according to equation (4.34) and (2.75), yielding

Cnnuwrgr=2I+2p [(FN®FN)— (FN-FN)I — FF" + (F : F)I|
+ f"(J)(HN @ HN);

CnNs_y =2 (u + 3) I-p[(FN®FN)—(FN-FN)I - FF' +(F:F)I],

2
(4.66)
where after repeated use of the identity &;;xExin = 010, —0in0 1, the following identity
has been made use in above equation (4.66)

(F XTI X F)inJ = Z‘[jJI.[F — 5@‘0}] — bij(S]J + Fl’].FjjJ. (467)

The eigenvalues of the generalised acoustic tensor Cyn in above equation (4.66)
depend on the propagation vector IN. We restrict our analysis to the simplified
scenario where the propagation vector is a principal direction of the deformation.
In this case, let the eigenvalues of the deformation {A;, A2, A3} be associated to
the (unitary) principal directions in the deformed and undeformed configurations,
denoted as {t;,ts,n} and {T1,To, N}'. In that case, the following relations are
easy to verify

FT, = \ota: FTt, = \T;
FN = \sn; FTn = \3N;
HT, = ita; H"t, = iTa; (4.68)
e Ao
J J
HN = Zn: H'n=-—N.
/\3’n7 " )‘3

Introduction of the different identities in equation (4.68) into equation (4.66) for
the specialised scenario considered yields the following expression for the acoustic
tensor Cn N

J- 2
CnnNa—r = 2T 4 2p5 (A + X)) T — Ar) + f"(J) (—) nQmn;

\ As (4.69)
CnNs v =2 (u+§) Nnen+gl —p((AT+X3) I —Ar).
where the rank two tensor Ar in above equation (4.69) is defined as
Ar =Xt @t + Nty @ ty. (4.70)

The wave speeds then can be obtained by solving the following equation (refer
to equation (4.38))

pocs =P, - CNND,- (4.71)

!The deformation gradient tensor is decomposed as F = A\t; @ T'1 + Aato @ To + A3n @ N [12].
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Combination of equation (4.71) and the expression for Cyn in (4.69) finally
yields

) ) VAN
pOCiM—R = 201 + 29 ((/\% + )‘%) —Pu- ATpa) + f”(J) <_)\3) (pa ’ n)Q;
(4.72)

A
PoCas-v =2 (u + 5) N (Po )" +9— (M +X3) = Pa - Arpy)

The first set of eigenvalues corresponding to p—waves for both constitutive mod-
els is obtained by taking p, = m to give

2
20 + 202 (A + 28) + f(J) (£)

c ==+ ;
e P (4.73)
\/u(?))\g— 1)+ 2 (A + M+ 30— 3)
017257‘/ == .
Po

The next four eigenvalues correspond to shear waves where the vibration takes
place on the propagation plane. The corresponding velocity vectors are orthogonal
to n and in the directions of the unit eigenvectors {t;,¢;} of the rank-two tensor
Arp. Particularisation of equation (4.72) to the case of shear waves gives

201 + 2493 p(A2+ 23 —1)+ 4 (IIr —3)
C34p_p = + T7 C34g_y = + PS )
241 + 2N} p(A3+ 23 —1)+ 2 (IIr —3)
Cs60-p = T P ; Cseg_y = T o .

(4.74)

Analysis of material stability

The Legendre-Hadamard condition is strongly related to the material stability of
the constitutive equations [86]. The objective of this Section is to analyse the mate-
rial stability of both the Mooney-Rivlin and the Saint Venant-Kirchhoff constitutive
models, for which the eigenvalue structure of the system of conservation laws in
nonlinear elasticity was analysed in the previous section. In particular, the experi-
mental set up depicted in Figure 4.4 where an incompressible membrane subjected
to a biaxial stretch equal in both directions OX; and OX5 is considered. For this
particular experimental set up, the deformation gradient tensor depends exclusively
on the stretch \ as

A0 0
F=10Xx 0 |. (4.75)
0 0 1/A2

Figure 4.5 depicts the evolution of the shear and pressure waves in equations
(4.73) and (4.74), respectively for both Mooney-Rivlin and Saint Venant-Kirchhoff
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Figure 4.4: Experimental set up. The application of a uniform stretch identical in
both directions parallel to the axis OX; and OX5 of a membrane of initial length
and thickness [y and hg respectively, leads to a uniform axial expansion equal in
directions parallel to the OX; and OX, and final thickness h = 1/Ah2, with A the
stretch in the membrane.

constitutive models (notice that for this particular experimental set up ¢34 = cs)
as the stretch in the material (refer to Figure 4.4) is modified within the range
095 <A< 1.2

0.95 1 1.05 11 1.15 1.2

Figure 4.5: Experimental set up. Evolution of pressure and shear waves for both
Mooney-Rivlin (polyconvex) and Saint Venant (non-polyconvex) constitutive models
in equations (2.40) and (2.46). Subindexes S —V and M — R have been used for
easier association with the Saint Venant and Mooney-Rivlin models.
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As expected, the pressure and shear waves for this particular experimental set
up are always real (c; and ¢} are positive) for the Mooney-Rivlin constitutive model.
On the contrary, the shear waves for the Saint Venant-Kirchhoff constitutive model
become imaginary (c? is negative), indicating that material instabilities in the form
of shear bands might arise beyond the relatively low value of the critical value of
the stretch of A = 1.035. Beyond this situation, the Legendre-Hadamard condition
no longer holds as the system of conservation laws in equation (4.21), its hyperbolic
nature and the governing equations become ill-posed.

4.6.2 Analysis of material stability under complex deforma-
tion scenarios

The objective of this Section is to analyse the behaviour of both the Mooney-Rivlin
in (2.40) and the Saint Venant-Kirchhoff in (2.46) constitutive models with special
emphasis on the material stability of the model under more complex scenarios than
the simple experimental set up described in the previous Section (refer to Figure
4.4).

Moreover, a more general situation where the acoustic information does not
propagate in the direction of a principal direction of deformation will be considered,
where the relations in equation (4.68) are no longer applicable. Under these condi-
tions, an explicit derivation of the critical direction of propagation and value of the
deformation for which material instabilities might arise would be a cumbersome task.
Alternatively, information regarding material stability for an arbitrary direction of
propagation IN and for any stage of the deformation can easily be inferred from the
acoustic tensor Cnn (refer to equations (4.34) and (2.75)). Loss of material stabil-
ity is typically associated to loss of positive definiteness of the acoustic tensor [86].
Therefore, a sufficient condition for material instability (refer to Reference [86]) is

C = min (Cl,CQ,Cg) S O; Cl = (CNN)H;

(4.76)
Co=(CNnN)1y (CNN)gy — (CNN) 12 (CNN)gy 3 C3=det (Can).

The material stability of both Mooney-Rivlin (2.40) and Saint Venant-Kirchhoff
(2.46) constitutive models is studied in the following challenging example, included
in References [43,57]. A column with geometry depicted in Figure 4.6(a) subjected to
an initial angular velocity €2 is considered. The initial angular velocity is compatible
with the boundary conditions and adopts the following expression

wZ
Q(Z) =Qysin [ — 4.77
(@)= wsin (57 ). (4.77)
where the length of the column in the material configuration is L = 6 m and with
Qo = 1007ad/s (refer to Figure 4.6(b)). The Young’s modulus and Poisson’s ratio
of the column are £ = 210 GPa and v = 0.3, respectively. The Hu-Washizu mixed
variational principle in equations (4.62), and (4.63) has been considered, where a
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z
Q
(a) (b)

Figure 4.6: Geometry and boundary conditions for twisting column example

generalised a-method [14] time integrator has been used. The same interpolation
spaces as those described in Section 3.3 have been considered.

Figure 7.10 shows the pressure contour plot corresponding to different time steps
for the Saint Venant-Kirchhoff constitutive model. It is interesting to observe that
for t = 0.098 s, pressure oscillations start to occur in the base of the column. On
the contrary, a smooth pressure distribution is obtained for the same time step for
the Mooney-Rivlin constitutive model, as illustrated in Figure 7.11.

An analysis of material stability for both Saint-Venant and Mooney-Rivlin con-
stitutive models is carried out Figure 4.9 and 4.10 respectively. The value of the
material stability indicator C (4.76) is displayed for different time steps for a point

of the domain corresponding to the material coordinates X = [O 0 O]T in terms
of the direction vector IN, spherically parametrised as [86]
cos asin 3
N = |sinasinf| . (4.78)
cos [

As it can be observed from Figure 4.9, the variable C (4.76) attains negative
values at t = 0.041 s for the Saint Venant-Kirchhoff constitutive model, indicating
the existence of areas prone to strain localisation and shear bands. On the contrary,
positive values of C are obtained for the Mooney-Rivlin constitutive model through-
out the simulation, as expected. Finally, Figure 4.11 displays the contour plot of the
Jacobian variable (in the Hu-Washizu mixed variational principle, the Jacobian is
considered as an independent variable). A region with a very localised deformation
is highlighted in this Figure, where loss of ellipticity and subsequent ill-posedness of
the governing equations [11,86] pollute the numerical solution, confirming the detri-
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Figure 4.7: Twisting column: contour pressure distribution for the Saint Venant-
Kirchhoff constitutive model at different time steps: a) t = 0.001s; b) ¢t = 0.01 s;
c)t =0.021s; d) t = 0.041s; e) t = 0.051s; f) t = 0.061s; g) t = 0.071s; h)
t = 0.088s; i) t = 0.098s. Material properties of £ = 210GPa, v = 0.3 and
p = 1100 K g/m?. Hu-Washizu variational principle in equation (4.63). Generalised
a-method with p, = 1 and At =2 x 107 s.
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Figure 4.8: Twisting column: contour pressure distribution for the Mooney-Rivlin
constitutive model at different time steps: a) t = 0.001 s; b) t = 0.01 s; ¢) t = 0.021 s;
d) t = 0.041s; e) t = 0.051s; f) t = 0.061s; g) t = 0.071s; h) t = 0.088s; i)
t = 0.098s. Material properties of £ = 210 GPa, v = 0.3 and p = 1100 Kg/m>.
Hu-Washizu variational principle in equation (4.63). Generalised a-method with

poo =1 and At =2 x 107%s.
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mental characteristics of the non-polyconvex Saint Venant-Kirchhoff constitutive
model.

Figure 4.9: Twisting column: distribution of the stability indicator C (4.76) at the
material coordinates X = [0 0 0]” in terms of the angles o and 3 which spherically
parametrise the propagation vector IN according to equation (4.78). Saint Venant-
Kirchhoff constitutive model. Snapshots corresponding to: a) ¢ = 0.001s; b) t =
0.01s;¢) t=0.021s; d) t = 0.041s; e) t = 0.051s; f) t = 0.061s; g) t = 0.071s;
h) t = 0.088s; i) t = 0.098s. Material properties of F = 210 GPa, v = 0.3 and
p = 1100 K g/m?. Hu-Washizu variational principle in equation (4.63). Generalised
a-method with p,, = 1 and At =2 x 107 s.

4.7 Concluding remarks

This Chapter provides an insightful physical interpretation of polyconvexity. Con-
sideration of the strong relationship between the Legendre-Hadamard condition (au-
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Figure 4.10: Twisting column: distribution of the stability indicator C (4.76) at the
material coordinates X = [0 0 0]” in terms of the angles o and 3 which spherically
parametrise the propagation vector IN according to equation (4.78). Mooney-Rivlin
constitutive model. Snapshots corresponding to: a) t = 0.001s; b) t = 0.01s; ¢)
t=0.021s;d)t=0.041s;e)t =0.051s;f)t =0.061s;g)t=0.071s; h) ¢t =0.088 s;
i) t = 0.098 s. Material properties of E = 210 GPa, v = 0.3 and p = 1100 Kg/m?>.
Hu-Washizu variational principle in equation (4.63). Generalised a-method with
poo =1 and At =2 x 107 %s.
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Figure 4.11: Twisting column: contour plot for the Jacobian variable J for the
Saint Venant-Kirchhoff constitutive model at different snapshots: a) ¢ = 0.086 s;
b) t = 0.94s; ¢) t = 0.98s. Material properties of E = 210GPa, v = 0.3 and
p = 1100 Kg/m?. Hu-Washizu variational principle in equation (4.63). Generalised
a-method with py, = 1 and At = 2 x 107*s. Development of strain localisation
area.

tomatically satisfied by polyconvex functionals) and hyperbolicity of the equations in
Solid Dynamics, enables a more intuitive justification for the convex multi-variable
nature of the strain energy with respect to the fibre, area and volume maps. In
essence, hyperbolicity of the equations of Solid Dynamics is guaranteed provided
that the time rate of these three mappings, and in general, of any argument of the
strain energy, can be expressed as a first order hyperbolic equation.

Moreover, the one to one and invertible relationship between the extended set
of variables defining polyconvexity and its associated set of entropy variables has
facilitated the definition of a generalised convex entropy function and its associated
flux. This invertible relationship has enabled a symmetrisation of the set of first
order hyperbolic equations for Solid Dynamics in terms of the entropy variables.

The aforementioned relevant aspects are the fundamental ingredients for the ro-
bust and accurate computational framework developed by [43,57], where a set of
first order conservation laws in terms of both conservation and entropy variables
are considered and addressed numerically via a stabilised SUPG formulation, where
linear tetrahedral elements are successfully and accurately utilised. An alterna-
tive formulation, based on the definition of the action integral of the Hu-Washizu
and Hellinger-Reissner mixed variational principles introduced in Section 2.6 and
enabling a natural extension of these mixed variational principles to dynamics sce-
narios, has been presented in this Chapter.
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Finally, a material stability analysis of both the (non-polyconvex) Saint Venant-
Kirchhoff and the polyconvex Mooney-Rivlin, introduced in equations (2.46) and
(2.40), has been carried out in this Chapter. A study of the possible loss of positive
definiteness of the acoustic tensor (refer to equations (4.34) and (2.75)), emanating
from the eigenvalue structure of the system of hyperbolic equations (4.21) has been
carried out for a simplified experimental set up, described in Figure 4.4 and for a
more challenging numerical simulation, described in Figure (4.6).
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5.1 Introduction

Following the recent work by Gil and Ortigosa [76], a new convex multi-variable
variational framework for the analysis of Electro Active Polymers (EAP) in the
context of reversible nonlinear electro-elasticity is presented in this Chapter. These
materials, specially dielectric elastomers, are characterised by displaying extremely
large deformations when exposed to a high electric field.

Gil and Ortigosa [74-76] extended the concept of polyconvexity to the field of
nonlinear electro-elasticity based on a new convex multi-variable definition of the
energy functional. As already indicated in the introductory Chapter of this work, it
is important to emphasise that, in contrast to the three previous Chapters of this
work, strictly focused on nonlinear elasticity, the use of the term polyconvexity will
be explicitly avoided in this work in the context of electro-elasticity, which represents
the underlying topic for the three forthcoming Chapters. The more appropriate
term multi-variable convexity will be used instead. The underlying technical reason
behind this alternative nomenclature is well founded and resides in the fact that
sequentially weak lower semicontinuity and the coercivity of the new concept of
multi-variable convexity, both necessary to prove existence of minimisers [27,85],
has not been proved yet. However, the scope of this thesis is not on the existence
of minimisers but on the material stability of the constitutive equations, the latter
being satisfied by convex multi-variable energy functionals.

In this Chapter, a new definition of the electro-mechanical internal energy (the
analogous to the strain energy in the context of elasticity) is introduced expressed as
a convex multi-variable [27] function of a new extended set of electro-mechanical ar-
guments. A new electro-kinematic variable set is introduced including the deforma-
tion gradient F', its co-factor H, its Jacobian J, the Lagrangian electric displacement
field Dy and an additional spatial or Eulerian vector d computed as the product
between the deformation gradient tensor and the Lagrangian electric displacement
field. Crucially, this new definition of the internal energy enables the most accepted
constitutive inequality, namely ellipticity, to be extended to the entire range of de-
formations and electric fields and, in addition, to incorporate the electromechanical
energy of the vacuum as a degenerate case of multi-variable convexity.

The extended set of variables {F, H,.J, Dy, d} enables the introduction of an-
other new set of work conjugate variables {¥p, X, %, ¥Xp,, Xq} [84]. Multi-
variable convexity of the internal energy guarantees that the relationship between
both sets of variables is one to one and invertible. In addition, multi-variable convex-
ity of the internal energy enables three additional energy functionals to be defined
(at least implicitly) by making appropriate use of the Legendre transform®.

The new extended set of electro-kinematic variables associated to the proposed

ITwo 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.
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definition of multi-variable convexity and their work conjugates enable new mixed
variational principles to be defined. The present Chapter presents extended Hu-
Washizu type of variational principles [12,40,46-51,51-54,54-56] which open up new
interesting possibilities in terms of using various interpolation spaces for different
variables, leading to enhanced type of formulations [42,103-108]. A Finite Element
implementation of these new variational principles has been presented in Reference
[75], summarised in Chapter 6.

Moreover, some simple strategies (denoted as convexification or stabilisation
strategies) to create convex multi-variable energy functionals by incorporating minor
modifications to a priori non-convex multi-variable functionals are also presented in
this Chapter. Finally, under a characteristic experimental set up in dielectric elas-
tomers, the behaviour of a convex multi-variable constitutive model capturing some
intrinsic nonlinear effects such as electrostriction, is numerically studied.

This Chapter is organised as follows. Section 5.2 revises the fundamental con-
cepts of large strain kinematics with the help of the tensor cross product notation
re-introduced by Bonet et al. [44]. Section 5.3 presents the extension of the con-
cept of polyconvexity to nonlinear electro-elasticity, replaced by the technically more
convenient term multi-variable convexity. An extended set of electro-kinematic vari-
ables and its work conjugate counterpart are presented for the first time. Moreover,
different energy functionals are derived via appropriate application of the Legen-
dre transform over the convex multi-variable internal energy functional. Section 5.4
presents new interesting Hu-Washizu type of mixed variational principles. Section
5.5 presents simple (stabilisation) strategies which permit to create convex multi-
variable electromechanical invariants by adding simple modifications to a priori non-
convex multi-variable ones. A simple convex multi-variable constitutive model able
to capture nonlinear constitutive features inherent to Dielectric Elastomers, namely,
electrostriction and electric saturation, is presented in Section 5.6. The material
parameters of the proposed constitutive model are adjusted to reproduce the elec-
trostrictive behaviour reported by Zhao et al [109] in DE films. Moreover, the effect
of electrostriction and saturation on the behaviour of the DE films subjected to a
specific experimental set up is investigated numerically. Section 5.7 provides some
concluding remarks and a summary of the key contributions of this Chapter.

5.2 Motion and deformation

Let us consider the motion of an electro active polymer which in its initial or ma-
terial configuration is defined by a domain V' of boundary 0V with outward unit
normal N, which is embedded within a truncated continuum V,, with inner bound-
ary OV (with outward unit normal —IN') and outer boundary 0, Vy. Let 0xVio
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
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outward unit normal n, whilst the deformed truncated continuum is defined by v,
with boundaries dv (with outward unit normal —m) and O, Vs = 0 Voo (refer to
Figure 5.2).

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 * = (@), , on the boundary 9,V C 9V, where the
notation (e)y, is used to indicate the given value of a variable ® on the boundary
a.V.

The three strain measures defined in Section 2.2, namely the deformation gradi-
ent tensor F' or fibre map, its co-factor H or area map and its Jacobian or volume
map are recalled for completeness,

F =Vx; H:%FXF; J:%H:F, (5.1)

where the more convenient representation of the co-factor H in terms of the alge-
braically useful tensor cross product operation introduced in Chapter 2 has been
used in above equation (5.1). Figure 5.2 depicts the deformation process as well the
three kinematic maps, that is, F', H and J for the described electro active material.
Moreover, both the deformation gradient tensor H and the co-factor are subjected
to the curl-free and divergence-free involutions in equations (2.36) and (4.1), namely

CURLF =0; DIVH =0. (5.2)

XY

Figure 5.2: Electro active polymer and surrounding truncated domain in initial
(undeformed) and final (deformed) configurations.

In general, it is possible to consider a subdivision of the domain V so that
V = UMV, with interfaces OV; N dV;,i # j. The deformation mapping ¢ is
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considered to be sufficiently regular in every subdomain V; and in the surrounding
truncated domain V,, but not necessarily smooth across interfaces. In this case,
equations (5.2) apply to V; and V., whilst suitable boundary and jump conditions
can be introduced as follows

¢ = (P)o.v on 9,V (5.3a)

¢=0 on Ouo Vo (5.3b)

[¢] =0 on (OV;NaV;)UoV; (5.3¢)
FXN=(FxN), . on 0,V (5.3d)
[F]1X Nlsy, =0 on (OV;NaV;)uaV; (5.3e)
HN = (HN), on d,V; (5.3f)

[HI N]oy, = 0 on VNV, UAV,  (53g)

where [¢] = (¢' — ¢7) denotes the jump of a variable ¢ across an interface 9V; N9V
with associated unit outward normal IN|ay;.

Let us define du and w as virtual and incremental variations of @, respectively,
where it will be assumed that du and wu satisfy compatible homogeneous displace-
ment based boundary conditions that vanishes on 0,V and 0, V.

5.3 Nonlinear continuum electromechanics

5.3.1 Governing equations in nonlinear electromechanics

In this section, the entire set of governing equations in nonlinear electromechanics
is presented. First, the Faraday and Gauss laws are introduced in a global and local
manner. Then, the translational and rotational equilibrium equations are revisited.
Moreover, the internal energy (the analogous to the strain energy in elasticity) and
the concept of multi-variable convexity in the context of nonlinear electromechanics
are introduced in this section.

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 introduced in Section 77?7
surrounded by a medium which, without loss of generality in the present manuscript,
will be the vacuum or free space. Moreover, let pf 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
dV. The local version of the Gauss law and its associated boundary and jump
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conditions can be written in a Lagrangian setting as

DIVD, = pg inV;,,i=1...n; (5.4a)
DIVD, = 0 in Vi; (5.4b)
[Do] - N = wy on d,V; (5.4¢)
[Do]- N =0 on 0,V; (5.4d)
[Do] - Nlov, =0 on 9V; N AV (5.4e)

where Dy is the Lagrangian electric displacement field [61,62]. Notice that equations
(5.4a) and (5.4b) represent the local Gauss law in the dielectric and the vacuum,
respectively. In addition, in the case of equations (5.4c)-(5.4d), the term [Dy]
represents the jump of electric displacement between the domain defined by the
dielectric V' and the surrounding vacuum V.. Equations (5.4) could alternatively
be presented in a spatial description in terms of the Eulerian electric displacement
D field?, which is related to its Lagrangian counterpart D, through the standard
Piola (area) transformation as Dy = H' D [61,62].

Analogously, the local version the Faraday law and the associated boundary and
jump conditions can be expressed in a Lagrangian setting as

Eq=—-Vyp inV,i=1...n; (5.5a)
E,=—-Vyp in V; (5.5b)

Y= (@)awv on d,V'; (5.5¢)

© = on Ouo Vo (5.5d)

[EjJXN =0 on 0, V; (5.5e)
[E¢] X Nloy, =0 on 0V; NIV}, (5.5f)

where FE is the Lagrangian electric field and ¢ 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 Vi. This is mathematically stated in equation (5.5d).
In equation (5.5¢), 0,V C OV represents the part of the boundary subjected to
electric potential boundary conditions, such that 9,V U9,V = 0V and 0,V N0,V =
0. As above equations (5.4), equations (5.5) 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 Ey = FTE
[61,62].

?Note that the computation of the Eulerian electric displacement D is also important at a
post-processing stage when computing or visualising final results.

3 Alternatively, equation (5.5a) could be replaced by the more general condition CURLE, = 0
and equation (5.5¢) by Eg X N = (EgXN); .
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Translational and rotational equilibrium

The local version of conservation of linear momentum (refer to equation (4.9) in the
context of elasticity) can be expressed in a Lagrangian setting as

DIVP + f, =0 inV,i=1...n; (5.6a)
DIVP =0 in Vi; (5.6b)
[PIN =t on O,V (5.6¢)
[PIN =0 on 9,V (5.6d)

[P]N |5y, =0 on 0V; NIV}, (5.6e)

with f, and ¢, forces per unit undeformed volume and surface, respectively, as
described in Section 2.2.1.

Notice that equations (5.6a) and (5.6b) represent the local translational equi-
librium in the dielectric and the vacuum, respectively. Moreover, in the case of
equations (5.6¢)-(5.6d), [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 sur-
rounding vacuum, the latter known as Maxwell stress tensor [63,68,77].

It is possible to highlight the differences for the local translational equilibrium
equation and its associated jump condition (equations (5.6a) and (5.6b)) in both
pure elasticity and in the more general context hereby considered, namely electroe-
lasticity. Refer to Section 4.2.3 in the context of nonlinear elasticity, where the jump
condition is replaced with the simpler one PIN = t;. Moreover, in the electrome-
chanical case considered, the stress tensor P includes now both deformation and
electrical components. As pointed out in [63], 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.

Once again, satisfaction of rotational equilibrium leads to the condition PFT =
FP” imposed on the coupled electromechanical stress tensor [61], and not on its
individual deformation and electrical contributions.

Remark 5.1. 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 (5.6b).

5.3.2 The internal energy in nonlinear electro-elasticity: multi-
variable convexity

For the closure of the system of equations defined by (5.3), (5.4), (5.5), (5.6) and
(5.10), an additional constitutive law is needed relating deformation and electric
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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 possi-
ble state variables (i.e. accumulated plastic deformation or electrical relaxation) are
disregarded, the internal energy density e (this would be the analogous to the strain
energy U(Vx) (2.39) for elasticity) per unit of undeformed volume can be defined
in terms of the deformation and the electric displacement, namely e = e(Vgx, D).
In addition, let us consider 0 Dy and ADg to denote virtual and incremental varia-
tions of Dy, respectively, satisfying compatible homogeneous electric displacement
based boundary conditions on 9, V. In this case, combination of (5.4) and (5.6) and
the first law of thermodynamics yields

De[5u, 6D0] =P Vo(s’l.l, + E() . 5D0, (57)
or alternatively,
p - 9e(F, Do) . pg,= 2F.Dy) , (5.9)
aF F=Vx aDO F=Vx

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,,(Vyx) and an electromechanical
component which is proportional to the internal energy of the vacuum eq, namely

1
eideal(Vox, Do) = €,(Vox) + g—eo(VofU, Dy);
" (5.9)

60(V0$,D0) = [[d7 d:FDOZJD, [[d:dd,

2€0J

where ¢, is a dimensionless constant representing the relative permittivity of the di-
electric and g, the electric permittivity of the vacuum, with gy ~ 8.854x 10712 A%2s*kg~tm 3.
For the particular case of the vacuum, equation (5.8) enables to obtain the Maxwell
stress tensor and the relationship between the electric field and the electric dis-
placement field based on the internal energy Wy(x, Dy) defined in equation (5.9)

as

1 1
P=—d®Dy— 5 —Il.H in V;

- =0 (5.10)
E,=—F"d in V.

80]

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

as
1 1
oc=—D®D— —IIpl in Vi;
<0 280 (5.11)
E = iD in V.
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In this paper, a generalisation of of equation (2.39) for the internal energy density
functional e including electromechanical contributions is postulated as

¢ (Vox, Do) = W (F,H, J,Dy,d), (5.12)

where W represents a convex muti-variable functional in terms of its extended set
of arguments V = {F, H, J, Dy, d} and with d defined in equation (5.9). Refer to
Figure 5.3 for a comparison of the above definition of multi-variable convexity with
that in the context of elasticity. Objectivity or material frame indifference implies
that W(F,H, J, Dy, FD,) must be independent of the rotational components of
F and H via symmetric tensors such as the right Cauchy-Green strain tensor C' =
F'ForG=H"H.

Remark 5.2. 1t would be tempting to postulate W as a convex function of { F', H, J, Dy}
[83], excluding the additional variable d. However, it is easy to show that this leads
to a non-convex representation of the energy function describing the vacuum (5.9)
and hence, that for a ideal dielectric elastomer. In other words, as the invariant
FD,- FD, is not convex with respect to arguments {F, Dy}, 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.

5.3.3 Work conjugate variables

The definition of multi-variable convexity in equation (5.12) enables the introduction
of a set of work conjugate variables ¥y, = {Xp, ¥y, 3;, Xp,, Xq} to those in the
set )V defined as

oW oW oW oW oW
E = — = —_— E = —_— = —_— 2 = —.
F J Dy aDou d ad

oF T oH’ a.J (5.13)
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MULTI-VARIABLE
CONVEXITY
7 A
{ Nonlinear elasticity } {Nonlinear electro-elasticity}
\4 l
{ \I/(VQ.’I:) = W(F,H7J) } {S(VQZL',D()) = W(F7H,J7D0,d)}
oW ( oW )
>F=%F >r=%F
ow ow
>H = oH ¥H = 5"
ow ow
“H =55 BH =57
ow
Sp. =
Po ™ oD,
ow
S

Figure 5.3: Extension of multi-variable convexity from nonlinear elasticity to nonlin-
ear electro-elasticity. Definition of work conjugates. Electrical variables highlighted
in blue.

Refer to Figure 5.3 for a comparison of the different work conjugates in con-
vex multi-variable electro-elasticity and convex multi-variable elasticity (polyconvex
elasticity). For notational convenience, for sets containing mechanical and electrical
variables, namely V™, X1}, V¢ and XY, used in subsequent sections are defined as,

Vm:{F,H,J}’ E?}:{EFUEH?EJ}?

. g (5.14)
V - {_l)o,d}7 ZV = {EDO, Zd}

Following a similar procedure to that of equation (2.52), the directional derivative
of the internal energy e with respect to virtual changes in the geometry is obtained
as

De [ou] = DW [DF [pu], DH [éu],DJ [du], Dd [du]]
=XYp: DF [0u]+ Xy : DH [du] + X;DJ [du] + X4 - Dd [du]
= EF : VQ&U + EH : (Fx Voéu) + ZJ (H : Vo(S’U/) + (Ed ® Do) . Vo(S’U,

= (EF+ZHXF+EJH+Zd®D0) . V05u7
(5.15)
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where the relationship Dd[du] = (Vodu)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 [5D0} =DW [6DU, F(5D0] = EDO . (SDO + Ed . F5D0 (5 16)
= (Zp, + F'S4) - 6D,. '

Comparison of equations (5.15) and (5.16) against (5.7), 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 Xy, as

P=p+XyxF+Y,H+X;0 Dy E,=Xp,+F'S, (5.17)

An expression for the Kirchhoff stress tensor [44] and the spatial electric field
emerges based upon the relations 7 = PF? and E = FTEj as
E=F" (Zp,+ F'Sy) = F "Sp, + 4. '

5.3.4 Tangent electromechanics operator for the internal en-
ergy

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

C QT ZVO’LL
- HADO ] (5.19)

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

0 defined as

0?%¢(F, Dy) N 0%¢(F, D)
OFOF  |p g, Q= 0DyOF

D%¢[0u,0Dg;u, ADy| = [ Vodu: 6Dy | {

: 0 — 826(F7D0)

C= =
F=Vox 8D08D0

F=Vx

(5.20)

Following a similar procedure to that presented in Section 2.3.5, with the addi-

tional relationships D?*d[du, ADy| = (Vodu)ADgy and D?d[§ Dy, u] = (Vou)dDy,
a more physically insightful representation of the tangent operator (5.19) is

D% (5w, Dy; u, ADg) = [Sy]" [Hiw] [Sa] + (S + Z/F) : (Vodux Vou)

(5.21)
+ Ed . ((Voa’u,)ADo + (Vo’u,)(SDo) s
where
[S(;}T = [(Voéu) : (Vooux F): (Voou: H) 0Dy ((Voou)Dy+ FéD,) } ;
i . (VQ’U,) ]
: (Fx Vo’u)
[SA] = (H . Vou) s
ADO
_(Vo’u,)Do + FAD()_

(5.22)
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and with the extended Hessian operator [Hy,] denoting the symmetric positive def-
inite operator containing the second derivatives of W (F', H, J, Dy, d) as

Wrr Wra Wrr Wep, Wra
Wur Wwaa Wwas Wep, Wha
Hw|= | Wyp Wium Wy Wip, Wil (5.23)

Wpor Wpor Wby Wbpep, Wbod

WdF WdH WdJ WdDO de

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 (5.38),
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 (5.38) is necessarily positive for virtual fields {ou, Dy} satisfying {du =
u,0Dy = AD;} and thus, buckling can only be induced by the second and third
(geometrically-based) terms.

Remark 5.3. Equation (5.38) makes it possible to highlight the relationship between
multi-variable convexity and ellipticity in the case of electromechanics. Taking rank-
one equal virtual and incremental displacement gradient tensors Vodu = Vou =
v®V and ADy = §dDy = V| (where V| represents any orthogonal vector to
V') [74] in equation (5.38) makes the initial stress term vanish since,

VouxVou=(vV)X(veV)=(vxv)®(VxV)=0;

(5.24)

This leaves only the contribution from the first positive definite term in equation
(5.38), leading to (refer to equation (5.19)),

(5.25)

wove vl [§ 2]V o

Equation (5.25) is a generalisation of the concept of ellipticity to the case of

electromechanics?.

4In the context of elasticity, ellipticity is equivalent to rank-one convexity and requires that
the double contraction of the elasticity tensor by an arbitrary rank-one tensor v ® V' should be
positive.
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5.3.5 A simple convex multi-variable electromechanical con-
stitutive model

As an example, a simple internal energy functional which complies with the definition
of multi-variable in (5.12) can be defined as

1 1
[+ —IIp,, (5.26)

Wi =u Il 17 J
1 = llp + pol T + f( )+251J 9%,

where a possible definition of the function f(.J) in equation (5.26) could be
F(J) = =2 (1 + 2u) In J + g (J—1). (5.27)

The work conjugates in (5.13) for the internal energy functional in (5.26) are
obtained as

1 1 1
EF:2M1F; EHZQILLQH; EJ:f,(J)—mI]d; ED():gDO; Zdzz—jl_,]d
(5.28)

For the particular constitutive model defined in equation (5.26), the first Piola-
Kirchhoff stress tensor and the material electric field are obtained according to
equation (5.17) as

P =2/, F + 2us HX F + (f’(J)

1 1
Ey=—D,+—F"d.
E9 €1J

1
— IId)H+—d®D0;
2
2€1J €1J (529>

Substitution of the relationship d = F D, enables the last equation to be re-
written as

1.1
Ey= (—I + —C> Dy, (5.30)

€2 €1

For the particular constitutive model defined in equation (5.26), the Hessian
operator becomes

(2T 0 0 0 0
0 2uT 0 0 0
Hy]=1] O 0 f'(N)+pmlla 0 ——nd|. (5.31)
0 0 0 I 0
| 0 0 ——nd 0 51

It is interesting to observe the positive definite nature of the above Hessian
operator provided that the constants py, ps, €1 and €9 are positive and that the
function f(J) is convex.
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Remark 5.4. Similarly to Remark 1 in the case of nonlinear elasticity, the degenerate
case €9 = 00 results in the ideal dielectric model in equation (5.9), which is convex
in {F,H,J d} alone without the need to introduce Dy as a separate independent
variable. Moreover, for py; = pus = 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 (vacuum)
cannot be expressed as a multivalued convex 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 work.

5.3.6 Alternative energy density functionals

Multi-variable convexity of the internal energy guarantees that the relationship be-
tween both sets of variables ¥V and I, 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(Xy) = s%p {T™+T°—-W(V)}; (5.32a)
U (X5, V) = s]%) {T™ - W (V)}; (5.32b)
o (V" X)) =— sblp {T° =W V)}, (5.32¢)

with the sets V™, V¢, X1} and X, defined in equations (5.14) and with
Tm:EFF+2HH+EJJ, T6:2D0D0+de (533)

In equation (5.32), T (X)) represents an extended Gibbs’ energy density, ¥ (X7, V°),
an extended enthalpy energy density and ® (V,3,), an extended Helmholtz’s en-
ergy density®. Expressions relating strain, stress and electric fields, in terms of the
different energy densities, follow naturally as in Table 5.1.

Figure 5.4 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 conjugates (denoted
as Xr).

Remark 5.5. Notice that the definition of multi-variable convexity in (5.12) ensures
a one to one relationship between the pairs {Dy,d} and {3p,, X4}, respectively.
Moreover, consideration of the definition of the spatial vector d = VyxD, and

5The 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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_ ar _ oY _ ox _ oY _ ox
F =357 H =35, J = 3%, Do = 9=p, d= 35,

_ ov _ ov _ ov _ _ oy _ _ov
F = B H = BT J = 0%, Xp, = oD, Ya = od

_ 02 _ 99 _ 92 __ o _ _ 09
Xr=3%F X0 =m Xy =57 Do=—p5,; | 2= 33,

Table 5.1: Expressions relating strain, stress, and electric variables for the energy
functionals YT (5.32a), ¥ (5.32b) and ¢ (5.32¢).

W(vm, ve)

R )3

F Y

H Xy
(5.32b J Y 5.32a)

D, | Xp,

d ¥q

(5.32¢
T35, %5) (Ey, V) (V™ )
R Yr R Yz R Yz
S F Sr F F S
Xy H >y H H Xy
>y J 3y J J P
Yp, Do D, Xp, Yp, Do
34 d d >4 >4 d

Figure 5.4: The arguments (R) of the internal W (V) (5.12), Gibbs’s T (3y,) (5.32a),
Enthalpy ¥ (X3}, V¢) (5.32b) and Helmtholz’s ® (V™, X¢,) (5.32¢) energy functionals
and their respective set of work conjugates (Xz). Relation between W (V) and
the remaining energy functionals according to the Legendre transforms defined in
equation (5.32).
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the definition of the material electric field — V¢ in terms of the work conjugates
{EDp,, Xa} in (5.17), results in turn in a one to one relationship between the variables
Dy and —V .

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 computa-
tionally convenient approach in the case of pursuing a standard semi-discrete vari-
ational implementation via the Finite Element Method, where the scalar electric
potential is preferred as an unknown over the electric displacement field vector. For
instance, the Helmholtz’s energy density @ = &(Vox, —Vp) can be defined as®

@ (Vox, —Vip) = — Sup {=Vop -Dy—e(Vox,Dy)}, (5.34)
0

leading to an alternative definition to that of (5.8) for the stress and electric fields

as
0D(F, Ey) 0P(F, Ey)
P=—1— ; Dy=— ——= .
(9F F=Vx ’ 0 aEO F=Vx (5 35)
Ey=—Vyop Ey=—Vyp

Tangent operators for the Helmholtz’s and extended Helmholtz’s energy
functionals

The tangent operator for the Helmholtz’s energy density @ = @(Vox, — V@) de-
fined in (5.34) is computed as

* T .
D?*® [6u, §p; u, Ap] = [ Voou: —Vop- ] [ ¢ P } [ : Vou

with the fourth order elastic tensor C*, the third order piezoelectric tensor P and
the second order dielectric tensor € defined as

C* = a2¢<F>EO) - P = 82¢(F7E0) . _ 82@<F7E0)
T T OFOF | F-vee ' OF0E, | F—vez ' = OE0E, | F-vie
Eo=—Vop Eq=—Vyp Eq=—Vop
(5.37)

As shown in Appendix C, it is possible to relate the constitutive tensors C*, P
and € in (5.37) to those emerging from the tangent operator of the internal energy,
namely C, @ and 0 in (5.20).

Following a similar procedure to that of equation (5.38) and in preparation for a
new mixed variational principle presented in the following Section 6.2.3, a possible
tangent operator for the extended Helmholtz’s energy functional ®(V™, ¥,) defined
in equation (5.32¢) is obtained as

DQ(I) [511,, 5ED07 (5Ed, u, AEDO, AEd] = [SE]T [H@] [S*A} + (EH + EJF) . (VO(SU X VoU) s
(5.38)

6 Alternatively, an equivalent definition of the Legendre transform in equation (5.34) can be
defined as @ (Vom, 7V0§0) = 1[1)1f {VogO . DO +e (Vom, Do)}
0
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where

s:]" = [(Voou): (Vodux F): (Vodu: H) 65p, 054];

:(Vou)
: (FXVou) (5.39)
[Sa] = | (H:Vou) |,
A p,
AS,

and with the extended Hessian operator [Hg| denoting the operator containing the
second derivatives of ® (F, H,J, Xp,, ¥4) as

Srr  Pra Pry Pryp, Oy,
®ur  Pum Pus  Pus,, PH:,
[Hq;] = (I)JF (I)JH (DJJ (I)JEDO q)JEd . (540)

Pspr Pxpr Pup g Pspmp, Pupyza

_(I)EdF s, r Pxyy q’zdzDO @zdzd_

Notice that the definition of multi-variable convexity in equation (5.12) enables
to relate each of the components of the above Hessian operator [Hg| (5.40) with the
components of the Hessian operator [Hy,] (5.23), as shown in Appendix C.

5.4 Variational formulations

This section presents several possible variational principles in nonlinear electro-
elasticity. Initially, a revision of the standard displacement and electric potential
based variational principle [63,110] is presented for completeness. 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) (5.12),
o(V™, 35, (5.32¢), ¥(X7, V°) (5.32b) and Y (Xy) (5.32a) emerge. In particular, two
new mixed variational principles based upon the extended energy functionals W (V)
(5.12) and ®(V™, 35,) (5.32¢) are presented in Sections 5.4.2 and 5.4.3 respectively,
for the first time in the context of nonlinear electro-elasticity.

These new mixed variational principles belong to the general class of Fraeijs-de-
Veubeke-Hu-Washizu (FAVHW) type variational principles, which were developed
with the purpose of enhancing the numerical solution obtained though Finite Ele-
ment based variational principles. Finite element implementation of the two mixed
variational principles presented will be presented in Chapter 5 based on the work
carried out in Reference [75].
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5.4.1 Standard displacement and electric potential based
variational principle

A first variational principle can be established by the total energy minimisation
defined in terms of the internal energy of the system e(Vox, Dy). The principle
applies to the space occupied by both the electro active polymer and the surrounding
truncated domain, namely V UV, as [63]

II.(z*, D) = irbf / e(Vox, Do)dV — 117, () ¢ ;
x,Jo
VUVeo (5.41)
DIVD, =5 inV UV
[Do] - N =w; ond,V

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

e, (x /fo a:dV+/t0 xdA, (5.42)

oV

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

I (x*, ¢, Dj) = 1nf sup / e(Vox, Dg)dV — 117 ()
Do
VUV (543)

+ / gp(pS—DIVDO)dV+/go(wS—[[Do]]-N)dA :

VUV 0wV

where the electric potential ¢ acts as the Lagrange multiplier needed to enforce the
constraints. Application of the Gauss divergence theorem to above equation (5.43)
yields an alternative representation of the variational principle as

II ( )y P aD*) = 1nf sSup / €(V0m7DO)dV+ / V0<10-D0d‘/_ Hewt<m74p> )
oo e VUVso VUV
(5.44)

with
Mewi (2, 0) = 17, () + 115, (0); 5, (@) = — / popdV — / whpdA,  (5.45)
1% o0V

where a new external work contribution, that is I1¢,,(y), appears due to electrical
effects. Provided that a one to one relationship between Dy and —V ¢ exists (refer
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to Remark 5), application of the Legendre transform (5.34) enables above variational
principle (5.44) to be reformulated as

p(x*, ¢*) = igf sup / O(Vox, —Vop)dV — epi(z, 0) - (5.46)

. i
Traditional Finite Element based implementations resort to this variational prin-
ciple, where the geometry and the electrical potential are the only unknowns of the
problem [77,110]. The stationary condition of this functional with respect to changes
in the geometry leads to the principle of virtual work (or power), written as

DITy[5u] = / P, : VodudV — DIlLu,[6v], (5.47)

VUV

where the term P, represents the first Piola-Kirchhoff stress tensor evaluated in the
standard fashion (2.53) in terms of the gradient of the geometry and the electric
potential, namely, by using {F, H,, J., —Vop}, where

1
F, =Vx; H, = §V0w X Vox; Jz = det V. (5.48)

Explicitly, the computation can be carried out from equation (5.35),. Analo-
gously, the stationary point with respect to changes in the electric potential leads
to the variational statement for the Gauss’ law as

DHqs[(ng] = / DO#, . VQ(SQOdV — DHext[(SQO], (549)

VUV

where the term D, represents the electric displacement evaluated from (5.35), by
using {Fy, Hy, Jo, —Vop}.

5.4.2 A new mixed variational principle in terms of the ex-
tended internal energy functional W

In the case of an electromechanical convex multi-variable energy functional, an
equivalent representation of the total variational principle II, in equation (5.44)
is

He(w*a 90*7 DS) = lan sup / W<V) dV + / DO . VOQO dv - Hext(wa 90) ;
e VUV VUV

st. {F=F,; H=H, J=J,; d=F,Dy inVUV,
(5.50)
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Using a standard Lagrange multiplier approach to enforce the compatibility con-
straints in (5.50) yields a new variational principle which can be represented as

HW(w*7F*7H*7 J*u Z*Fu Z*H,Z?}, g0*7D(§7d*7 22)

= inf sup { W(V)dv + / Dy - VypdV
VUVee

©.F.H,J,Do.d 55 5y 5,03 VUV (551)
+/ Sp: (Fy— F) + St (Hy— H)+ %, (Ju — J)
VUVe
+Ed ’ (FmDO - d)] dV — Hext(wa 90)} :
For notational convenience, the following sets of variables are introduced
y: {F,H, J,d}, Eyz {EF,EH,ZJ,Ed}. (552)

Virtual and incremental variations of the elements in the sets ) and ¥y in above
equation (5.52) are denoted as

(5;)) = {(SF,(SH, (SJ, 52D0}; (523} = {(SEF,(SEH,(;ZJ,(de};

5.53
A)) = {AF, AH,AJ, AEd}, AE)} = {AEF,AEH,AEJ,AEd}. ( )

The stationary point of the above variational principle (5.60) with respect to
virtual changes of the geometry leads to the principle of virtual work as

Dyl [5u] = / Py : VosudV — DIl [6v], (5.54)

VUV

where the first Piola-Kirchoff stress tensor is now evaluated as

Py =Yp+3YX¥gXF,+Y/H,+ 33® D,. (5.55)
Similarly, the stationary point of (5.60) with respect to the electric potential
yields
DyTly (5] = / Dy Vs dV — DILu,[60). (5.56)
VUVio

The directional derivative with respect to the elements in the set ) (5.52) and
with respect to the electric displacement field results in the constitutive relationships
formulated in a weak (variational) sense

oW oW
Da340101Tw [0, 0D :/ (——2);5de+/ <——E):5Hdv
2,3,4,9,10 W[ 0] VoV 8F F VoV 3H H

ow ow
+/ (——2)5Jdv+/ (——E)-éddv
vove \ T 7 vov, \od ¢

+ / < oW + Vop + FmTzd) 0D dV.
vuve \9Dg

(5.57)
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The directional derivative with respect to the elements of the set ¥y, (5.52) results
in the electro-kinematic constraints as follows

Ds 671111 [05y] = / (Fp— F):0XpdV +/ (Hy—H) :6XgdV

VUVeo VUV

+ / (Jo — J) 6%, dV + / (FyDy — d) - 65 4dV.
VUV VUV
(5.58)

5.4.3 A new mixed variational principle in terms of the ex-
tended Helmholtz’ energy functional ¢

In order to derive a variational principle in terms of the extended Helmholtz’s energy
(5.32¢), recall first the mixed variational principle Iy in (5.51) with a different
ordering of terms and where addition of subtraction of the term ¥Xp, - Dy has been
carried out, namely

HW(:'B*7F*7 H*a J*a 2}(77 2;—[7 ZT]?SO*) Déa d*a 2:(1)

=— inf sup {/ [T° =W (V)] dV + / Dy - VypdV
VUV

x,F . H,J,Dgy,d DT SIS S R VUV
+/ Sp: (Fy— F) + S« (Ho — H)+ %, (Ja — J)
VUV

+34-F,Dy+ Xp, - Do] dV — Hemt(m, QO)} .

(5.59)
where T has been defined in equation (5.33). Comparing the term in brackets in
the first integral in above equation with the definition of the extended Helmholtz’s
energy functional in (5.32c) enables to obtain an equivalent representation of the
above variational principle as

Mg (x*, F*, H*, J*, X%, X5, X5, 0", D, 5, 4")

= inf sup / (Y™, E5)dV
x,F,H,J,Dg SrEH,25,0,2D),.2d oV (5 60)
+ / Sp: (Fy— F) + S ¢ (Hy— H)+ 5, (Ja — J)

VUVso
+D0 . (EDO —+ VOSO) —+ Ed . FmDo] dV — Hezt(wa QO)} :

For notational convenience, the following sets are introduced,

D={F H,J]Xp,}; Yp={2pr,XH,2;, Do} (5.61)

Virtual and incremental variations of the elements in the sets D and ¥p in above
equation (5.61) are denoted as

0D ={6F,0H,0J,0%p,}; 0Xp ={0XF, 08 H,05,,0D};

5.62
AD = {AF, AH, AJ, AEDO}; AE'D = {AEF, AEH, AZ], AD(]} ( )
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The directional derivative of above variational principle in (5.51) with respect to
virtual changes of the geometry and electrical potential leads to identical expressions
to those for Il in (5.54) and (5.56) as

D:Ilg[6u] = Dy Iy [0u); DsIls[6¢] = DsIyy[5¢). (5.63)

The stationary conditions with respect to the elements in the set D (5.61) and
3.4 results in the constitutive relationships formulated in a weak (variational) sense

as
o o
D27374710711H¢[5D, (5Ed] = / <§—F - EF) OF dV + / (g—H - EH) 0H dVv
VUV VUV
0P 0P
+ / (E —2J> §JdV + / (82130 +D0) 0% p, dV
VUVso VUVeo
0P
/ (a_zd + FmD0> 584 dV.

VUVeo

(5.64)
The stationary conditions with respect to the elements of the set Yp (5.61)
results in the kinematic constraints and Faraday’s law as follows

D5,6,779H¢°[52D] = / (Fa: - F) : 621«" dVv + / (Hm - H) : 521’-[ dVv

VUV VUV
+ / (Jo — J) 6%, dV + / (Spo + Fo"Sa+ Vop) - D, dV.
VUV VUV

(5.65)

5.5 Convexification (stabilisation) of materially un-

stable invariants

For isotropic materials, the internal energy e is typically represented [61,62,65] as
e(Vox,Dy) =é(llp, g, J, IIp,, [1q,11}), (5.66)

where h = H D,. 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 (5.66), namely
Ilp, Iy, J, IIp, and 114 will result in a convex multi-variable energy functional
according to (5.12) 7.

Nevertheless, appropriate modifications of a non-convex multi-variable invariant
can yield an invariant convex multi-variable according to (5.12). The obtention

"For instance, the purely mechanical invariant ¥,, defined as ¥,,(F,H) = IIgIlg is not
convex in its arguments, i.e, F' and H.
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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.

5.5.1 Stabilisation example 1

In this section, the following non-convex multi-variable invariants will be considered
Wi =I1pllp,; Wy =I1glIp,. (5.67)

The one-dimensional representation of the invariant W; in above equation (5.67)
is expressed in terms of the stretch A and the sole component of the electric dis-
placement Dy as Wi(\, Dy) = A2D2. The Hessian of Wy(\, Dy) is simply obtained
as

PwW PwW
ONOA OAODg 2D(2) 4/\D0
[Hy,] = = : (5.68)
OPW _PW AND, 2\2

0DgON  0DgdDg
Clearly, the one dimensional representation of the invariant W; and hence, its
three-dimensional counterpart, is not convex multi-variable as det[Hy, | < 0. Alter-

natively, the invariant Wi (X, Dy) could be stabilised by adding two convex functions
of A and Dy as

Wimoa(X, Do) = (A + D2)? = 2W, (), Do) + A + Dy, (5.69)

The Hessian of the resulting invariant Wy ,,.0a(A, Do) in above equation (5.69) is
obtained as

62 Wl,mod azwl,mod 2 2
DAON XDy 120° +4D5 8ADy

[Hw, 0] = = . (5.70)

62W1,7nod aQI/VI,nwd 8)\D 12D2 4)\2
9DodN  9DodDo 0 0o

Clearly, W1 moeda(A, Do) is convex in its arguments {\, Do} since det[Hw 1 moq) > 0.
Based on the stabilisation procedure in equation (5.69) for the one-dimensional rep-
resentations of Wi (A, Dy), a convex multi-variable three-dimensional energy func-
tional including the stabilised version of the non-convex multi-variable invariants

Wi (F, Dy) and Wy(H, Dy) in (5.67) could be defined as

W(F,H,J,Do,d) =a (IIy ++*IIp,)’ +5 (I1a ++*1Ip,)’ +[(F,H,J, Dy, d),
WFD(:(F,DO) WHD(:(’H7DO)
(5.71)
with a, B and ~® positive material parameters and f(F, H,J, Dy, d), a convex
function of the elements of the extended set V. Appropriate values for o, 5 and ~

8The material parameter v is employed for re-scaling purposes.
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and suitable functions f must be such that, at the initial configuration, the stress
vanishes, the Hessian operator (5.23) is positive definite and material characteri-
sation can be carried out against available data. Since f is convex multi-variable
and o and (8 are positive material parameters, sufficient conditions to ensure the
multi-variable convexity of the functional (5.71) are the convexity of the energy
contributions Wgp, with respect to its arguments {F', Do} and Wgp, with respect
to its arguments {H, Dy} (refer to equation (5.71)). Proof of convexity of Wrp,
with respect to {F, Dy} can be found in Appendix A.1. Similar procedure can be
applied to prove convexity of Wy p, with respect to {H, Dy}.

5.5.2 Stabilisation example 2

Following a similar stabilisation procedure to that presented in Section 5.5.1 for
invariants W and W, (5.67), an energy functional including the stabilised version
of the non-convex multi-variable invariant [ could be defined as

W(F,H,J,Do,d) =a [II3; + 711, +~*11p,], +f(F,H,J,Do,d), (5:72)

WD, (H,Do)

with o, 8 and +? positive material parameters and f a convex multi-variable func-
tion. Therefore, a sufficient condition to ensure the multi-variable convexity of the
functional (5.72) is the convexity of the energy contribution WHDO with respect to
its arguments {H, Dy} (refer to equation (5.72)). Proof of convexity of W p, with
respect to {H, Dy} can be found in Appendix A.2.

5.6 Numerical examples

The objective of this section is to present well posed constitutive models via defi-
nition of internal energy density functionals e(Vox, Dy) complying with the multi-
variable convexity condition in equation (5.12). Without loss of generality, multi-
variable convexity internal energy functionals suitable for a reliable description of
the constitutive behaviour of isotropic dielectric elastomers will be presented.

Two examples will be presented. The objective of the first example, in Section
5.6.1, is to present a convex multi-variable constitutive model which captures the
electrostrictive behaviour of dielectric elastomers measured typically for a small
value of the electric field, which can be considered in practice as zero. The objective
of the second example, in Section 5.6.2, 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. However, modification of these parameters might
alter significantly the response of the material, showing an additional nonlinearity

9The material parameter v is employed for re-scaling purposes.
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which manifests in dielectric elastomers, namely electric saturation, which manifests
at high values of the electric field.

5.6.1 Incorporation of electrostriction in convex 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 eigea(Vox, Do) in equation (5.9)) via an additive
decomposition of a purely mechanical component and an additional contribution
proportional to the internal energy of the vacuum, as

1

11g;
2¢0J " (5.73)

1
mdeal = Wm(Fa Ha J) + g_WO(Ja d)a WO(J7 d) =

Wil F,H,J) = pollp + pool g + f(J),

where f(J) is defined as in equation (5.27) by replacing the constants p;, pe and k
with fi10, p12,0 and ko, respectively. In addition, the elastic parameters fi1 9, p12,0 and
Ko and the relative electric permittivity €, in (5.73) match the material properties
of the dielectric elastomer in the reference configuration, namely the shear modu-
lus p, the first Lamé parameter A and the electric permittivity e if the following
relationships are imposed

= 2p10 + 242, A= ko + Apts.0; € = £,€¢. (5.74)
A constitutive model defined as in equation (5.73) is termed ideal because it
neglects physical nonlinearities which are inherent to dielectric elastomers. In par-
ticular, electrostriction [109] and saturation [111] are not captured in a model like
that in (5.73). It has been reported in the experimental literature [5,109] that the
spatial electric permittivity of dielectric elastomers, namely ¢, is a function of the
deformation gradient tensor. This phenomenon is called electrostrictive effect [109].
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 elec-
tric displacement field would not exhibit any further variation irrespectively of the
increment in the applied electric field. This asymptotic behaviour is denoted as
saturation [111].
For the particular constitutive model in equation (5.73), tensor @ in equation
(5.19) (inverse of the dielectric tensor) can be obtained by using equation (B.8),
leading to the following expression

1
6=—F"F. 5.75
=7 (5.75)
Equation (5.75) and the push forward relation ™! = JF TOF ' between the

1

tensor @ and its spatial counterpart €™ enables the following expression for the

spatial dielectric tensor € to be obtained as

e=c¢l. (5.76)
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Since the electric permittivity tensor € in equation (5.76) is constant, electrostric-
tion and saturation cannot be incorporated using a constitutive model defined as
that defined in equation (5.73).

The authors in Reference [109] have proposed constitutive models for dielectric
elastomers incorporating the electrostrictive behaviour based on experimental ob-
servations. These authors focused on the particular experimental set up depicted
in Figure 5.5. In this set up, a thin film of an incompressible dielectric elastomer
is subjected to an electric field applied across its thickness, namely, in direction
OXj3. Consequently, a uniform deformation in the plane of the film (perpendicular
to the axis OX3) characterised by the stretch A, is observed. Moreover, the incom-
pressibility constraint enables the deformation gradient in the film to be expressed
as

A0 0
F=|0 X 0 |. (5.77)
0 0 1/X

Under this particular experimental set up, the internal electromechanical energy
of the vacuum, namely W (5.73) can be expressed in terms of the stretch A and the
only component of the material electric displacement field Dy as

D
257’50)\4 ‘

Wo(X, Do) = (5.78)

The authors in Reference [109] incorporate the electrostrictive effect by modifying
the internal energy in equation (5.73) as

1

Wonao = Wi (A
w ( ) * 5r,Zhao(>\)

Wo(A, Dy), (5.79)

with Wy(A, Do) defined in (5.78). 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 &, zna0(A) as

Erzhao(N) = 4.68 (1 — 0.106(\ — 1)). (5.80)

The spatial electric permittivity in the reference configuration, namely &, of the
dielectric elastomer studied by Zhao et al is € = &, zpao| y—1 €0 = 4.68¢¢. Notice that
the electric permittivity associated to the constitutive model proposed by Zhao et
al. [109] in equations (5.79) and (5.80) does not depend on the electric displacement,
and hence, on the electric field. Therefore, this model cannot capture the satura-
tion effect. Alternatively, a generalised three-dimensional’® convex multi-variable
constitutive model incorporating electrostriction and, moreover, saturation, can be

10The proposed constitutive model can be applied to more general scenarios than that for the
experimental set up depicted in Figure 7.6.
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Figure 5.5: 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 [y and hg respectively, leads to a
uniform biaxial expansion of the film with final length [ = Ay and final thickness
h = 1/A*hy, with A the stretch in the dielectric elastomer.

Figure 5.6: 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 £ = 0.
The green dashed line corresponds to the constitutive model proposed by Zhao et al.
(5.80). The blue line corresponds to the convex multi-variable constitutive model in
equation (5.81) with g = 0.45u, pe = 0.1u, €2 = oo and €; = 1.05¢, consistent with
g, = 4.68, = 1.55 x 10° N/m? and A\ = 10° N/m? in the reference configuration.
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defined through and extended convex multi-variable function as follows

2 1
W = il lp + polIg + IIg+ pe (H% + IIplly+ an)

e~-e e~e

1
2J€1

~
Stabilised electrostrictive invariant Wgq(F, d) (58]‘)

1 K
+ 5 1Ip, = (201 + 4ps 4+ 12p0) In J + §(J —1)%
2

Material characterisation in the reference configuration enables the material pa-
rameters fi1, fi2, e, €1, €2 and g, in above (5.81) to be expressed in terms of the
material properties in the reference configuration, namely p, A and ¢ as

. 1 1 1 12
= 2p1 + 240 + 12; A = K+ 8pte + 4pto; - =—+—+—. (582
g €1 E9 Ee

The amount of electrostriction in the constitutive model We;; (5.81) is controlled

by an additional electrostrictive parameter f., defined as

£1 = feg, (5.83)

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 £5) leading to a high value of £ in detriment of é (5.82). An additional stiffening

parameter can be introduced for the convex multi-variable constitutive model W;
(5.81), defined as

12:“6 = fs,u (584)

High values of the stiffening parameter f; lead to mechanically stiffer constitutive
models. Notice that the energy functional W, ; in above equation (5.81) contains
the invariant Wgq. This invariant results after stabilising the non-convex multi-
variable invariant I/gI14, where the same stabilisation procedure as that for Wgp,
and Wgp, in equation (5.71) has been utilised (refer to Section 5.5). Following the
same procedure as that for the constitutive model in (5.73), the spatial dielectric
tensor is obtained as

1 4] -1
e(F,d) = (—I + —IIpl + é‘l(J,F,d)) ;
€1 Ee
4] 8.J Jb! (5.85)
e Y(F,d) = IIb~ ' + d®d+ ,
52#@ 53,“@ €2

where b is the left Cauchy-Green deformation tensor, defined as b = FFT. Eval-
uation of the expression for € in above (5.85) for a vanishing electric displacement
field, namely Dy = 0 leads to the following expression for e(F', 0)

1 4 -1
e(F,0) = (—I + —JI]FI + ib—l) . (5.86)

€1 Ee 130
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Particularisation of the kinematical restrictions of the experimental set up de-
scribed in equation (5.77) enables a diagonal representation of the above electric
permittivity tensor as

€11 0 0
g = 0 €11 0 s (587)
0 0 £33

where an expression for the component £33 can be obtained in terms of the stretch
A as

-1
e35(\,0) = (5_11 + éf(/\) + ix‘) C f) =224 % (5.89)

For the shake of simplicity, the material parameter ey is prescribed as e, =
o0o. Notice that the resulting energy functional would be convex in a reduced set
{F,H,J d} CV. Choosing the extreme values of the deformation in the experiment
considered in reference [109], namely A\; = 1 and Ay = 6, the following system of
equations is obtained

(i 42 f(/\l)) B = €r.7ha0(A1)€0; (l + lf(&)) h = Erzmao(A2)g0 (5.89)

€1 Ee €1  Ee
The above system of equations in (5.89) enables £; and ¢, to be determined as

er=105c = £, =1.05, &, = 252. (5.90)

Figure 5.6 shows the good agreement between the predicted spatial permittivity
for the constitutive model proposed by Zhao et al. [109] and for the convex multi-
variable (with electric material parameters chosen as in (5.90)) constitutive models
in equations (5.81), for the range of deformations considered in the experiment, i.e
1 < X <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 (5.81), the elastic parameter p. did not have any
influence. This characterisation was performed at the specific scenario for which
D, = 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 displacement field which, for extreme values of the electric field, resembles
the physical behaviour known as electric saturation. This nonlinear effect will be
appreciated in the following section.

5.6.2 Numerical experiment

In this section, in addition to the constitutive models Wigeas and Wy in equa-
tions (5.73) and (5.81), respectively, a non-convex multi-variable internal energy
functional very similar to the convex multi-variable model in (5.81) containing the



156 CHAPTER 5. CONVEX MULTI-VARIABLE FORMULATION ELECTRO-ELASTICITY

invariant IIg11; without the additional stabilising invariants will be defined as

2
Weo =idlp + fiollg + ——11q+ —1Iplly4
2J¢; Ee
Non-convex multi-variable invariant (591)
1 R R K
+ _AIIDO — (2/11 + 4#2) InJ + —(J - 1)2
252 2

Equivalence in the reference configuration between the convex multi-variable con-
stitutive model in equation (5.81)-(5.82) and the non-convex multi-variable model
in above (5.91) is guaranteed if the parameters /iy, fia, ., é&2 and & are related to
the material properties of the material in the reference configuration, namely u, s

d
and € as ) ) o ) 11 . 12
=211 + 2fia; A=k + 4fiy; -—=—+—+ = (5.92)
£ &1 €9 Ee
An electrostrictive parameter similar to that in equation (5.83) can be defined

for the constitutive model in above equation (5.91) as

£, = f.c. (5.93)

Notice that the following choice of material parameters, i.e,
& =105 = f, =105 & =252, (5.94)

would replicate the electrostrictive behaviour (variation of the spatial electric per-
mittivity with the deformation for Dy = 0) of the model in (5.81) with the particular
choice of electric material parameters 1, ¢; and ¢ in equation (5.94).

The objective of this section is to study the behaviour of the convex multi-
variable and non-convex multi-variable constitutive models in equations (5.81) and
(5.91) respectively, for the experimental set up depicted in Figure 5.5 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 D, are obtained via minimisation of an energy
functional per unit undeformed volume 7(\, Dy) defined as

m(A, Do) = g\n]ijn {W(F(X), Do(Do)) — EoDo} - (5.95)

The stationary conditions of the energy functional m(\, Dg) in above (5.95) are

obtained as W BF

oW 0D
Dr(), Dy)[6Do] = (8D0 80,

Since equation (5.96) must hold for any arbitrary virtual variations {0\, 0Dy},

(5.96)

— EO) 0Dy = 0.

the final system of nonlinear equations is obtained

(5.97)

R\ Do) =0;  R(\Dy) = [RA(A’DOW ,

RDO(A7 DO)
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with

oW or
OF =~ O\’

ow ' 0D,
0Dy 0D,

Ra(A, Dy) = Rpe(A, Do) = — L. (5.98)
For the particular experimental set up described in Section 5.6.1, where the
deformation gradient tensor F' is defined as in equation (5.77) and where the material

electric displacement field is defined as Dy = [0 0 DO}T, the derivatives %—f and

g—gg featuring in equations (5.96) and (5.98) are obtained as
10 0
OF oD
ot LA S R =t (USRS (5.99)
0 0 —2X73 0

A combined Newton-Raphson/arc length algorithm has been applied to solve
the above system of nonlinear equations in (5.97)-(5.98). Figure 5.7 shows the re-
sult of the nonlinear equations (5.97) replicating the experimental set up in Figure
5.5. The predicted behaviour of the dielectric elastomer film considering the convex
multi-variable constitutive model in equation (5.81) (where different values of the
material parameter p,. have been considered), the non-convex multi-variable consti-
tutive model in (5.91) and the ideal dielectric elastomer model in (5.73) has been
studied. The three models considered have identical material properties in the ref-
erence configuration, namely pu, X and . As it can observed from Figure 5.7(b),
a constitutive model with a low value of the material parameter pu. 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 5.8 studies the influence of the electrostrictive electric pa-
rameter f. on the convex multi-variable constitutive model in equation (5.81). No-
tice that in this case, unlike that one depicted in Figure 5.7 (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. (re-
fer to equation (5.90)) takes place in the definition of electrostriction for Dy = 0, as
shown in equation (5.88). A comparison of the response of the convex multi-variable
constitutive model in equation (5.81) for different values of the electrostrictive pa-
rameter f. for a fixed value of f, is carried out against that of the non-convex
multi-variable constitutive model in equation (5.91) (with f. chosen according to
equation (5.94)) and the ideal dielectric elastomer model in equation (5.73). As it
can be observed from Figure 5.8(b), a constitutive model with a high value of the
electrostrictive parameter f, is also more prone to develop electric saturation.

Finally, Figure 5.9 shows the graphical visualisation of the inverse of the La-
grangian dielectric tensor 6, the piezoelectric tensor @7, and the Lagrangian elec-
trostrictive tensor B computed according to equations (B.8), (B.5) and (B.10), re-
spectively, for the convex multi-variable constitutive model in equation (5.81), the
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(d) Ep and A, (e) Dy and A and (f) Ey and Dq for the convex multi-variable model
in equation (5.91) (for different values of the elastic constant f.), the non-convex
multi-variable model in (5.91) and an ideal dielectric elastomer (5.73). Material
parameters: €; = 1.05¢, €5 = 0o and p; = 2us for the convex multi-variable model
and with €; = 1.05¢, é; = 0o and ji; = 2ji5 for the non-convex multi-variable model.

g, = 4.68, u = 10° N/m? and X\ = 105 N/m?.
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(d) Ep and A, (e) Dy and A and (f) Ey and Dy for the convex multi-variable model
in equation (5.81) (for different values of ¢.), the non-convex multi-variable model
in (5.91) and an ideal dielectric elastomer (5.73). Material parameters: g2 = 00,

tte = 0.1p and py; = 2uy for the convex multi-variable model and with €5 = co and
fi1 = 2fio for the non-convex multi-variable mode. &, = 4.68, u = 10° N/m? and

A =105 N/m?.
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non-convex multi-variable constitutive model in (5.91) and the ideal dielectric elas-
tomer model (5.73), having the three models the same material properties in the
reference configuration, namely, x4, A and . For the visualisation of these tensors,
their associated moduli %, Q, and B, are defined via a spherical parametrisation of
the arbitrary direction n as in [112]'h:
1 ~ -

,g::n~0n; Q=0: (n®nen); B,=m®n):B:(nen). (5100)

As predicted from Figures 5.7 and 5.8, for increasing values of the dimensionless
electric field E/\/u/e, the differences in the three constitutive tensors between the
three constitutive models involved increase.

5.7 Concluding remarks

This Chapter has proposed a new variational framework to formulate large strain /large
electric field electro-elasticity. This work extends for the first time the ideas pre-
sented by Bonet et al. [44] in the field of polyconvex elasticity to nonlinear electro-
elasticity [76]. With that in mind, a new internal 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 work is on material
stability and not on the existence 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 authors show simple techniques,
denoted as stabilisation, which enable to create convex multi-variable electrome-
chanical invariants by modifying a priori non-convex multi-variable invariants.

An additional set of variables ¥y = {Xp, ¥y, ¥, Xp,, Xq}, dual (work con-
jugate) 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
VY and Xy, enable the definition of new interesting extended Hu-Washizu type of
mixed variational principles which are presented. The use of a tensor cross prod-
uct [1,44,82] operation and its associated algebra, greatly facilitates the algebraic
manipulations of expressions involving the adjoint of the deformation gradient and
its derivatives.

1 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 (B.2).
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Figure 5.9: Numerical experiment for the experimental set up in Figure 7.6.
From left to right: convex multi-variable constitutive model in equation (5.81);
non-convex multi-variable constitutive model in (5. 91) ideal dielectric elastomer
(5.73). Graphical representation of 1/& (5.100), for (a) E/\/u/e = 0.028, (b)
E/\/% = 0.14 and ( E/\/% = 2.35. Graphlcal representatlon of Q (5.100),
for (d) E/\/p/e = 0. 028 e) E/\/uu/e = 0.14 and (f) E/\/p/e = 2.35. Graphical
representation of B, (5. 100 for (g) E/\/uje = 0 028 (h) E/\/u/e = 0.14 and
i) E/\/rﬂs = 2.35. Material parameters. g1 = 1.05e, g5 = o0 and py = 2us for
the convex multi-variable model in (6.47) and £, = 1.05¢, é; = o0 and fi1 = 2o
for the non-convex multi-variable model in (5.91). &, = 4.68, u = 10° N/m? and
A =105 N/m?.
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6.1 Introduction

This Chapter presents the Finite Element computational framework tailor-made for
the simulation of Electro Active Polymers (EAPs) [4-8,109] in applications where
very large deformations and electric fields are involved, developed by Gil and Or-
tigosa [76].

Chapter 5, based on the work published in Reference [76], has presented the
concept of multi-variable convexity in the context of electromechanics. This math-
ematical condition enables the most accepted constitutive inequality, namely ellip-
ticity (rank-one convexity) [11], to be fulfilled for the entire range of deformations
and electric fields. Moreover, taking advantage of a new tensor cross product opera-
tion [44,82], tedious algebra is remarkably simplified yielding insightful representa-
tions of otherwise complex expressions (i.e. electro-mechanical tangent operators).

The consideration of convex multi-variable energy functionals brings additional
benefits, including the solution to the well known shortcomings of classical displacement-
potential based formulations [60,77-79,110]. More specifically, a new family of ex-
tended Hu-Washizu type of variational principles [40,47,51,53-55,80] has been pre-
sented in Chapter 5. The development of these new mixed variational principles [76]
is a robust alternative to resolve the spurious (non-physical) mechanisms associated
to the more classical displacement-potential approach. This Chapter presents the
Finite Element implementation of these new mixed variational principles.

This Chapter is organised as follows. Section 6.2 is focussed on the Finite El-
ement discretisation and implementation of the variational principles presented in
Section 5.4. Section 6.3 includes a wide spectrum of challenging numerical examples
in order to demonstrate the robustness and applicability of the proposed enhanced
mixed formulations, ranging from simpler isotropic to more complex anisotropic
polyconvex models. Finally, Section 6.4 provides some concluding remarks and a
summary of the key contributions of this Chapter.

6.2 Finite Element discretisation

In this Section, the Finite Element implementation of the variational principles
presented in Section 5.4, suitable for large strain and large electric field scenarios,
where electro active materials can be typically encountered, is carried out.

6.2.1 General remarks

The implementation of the variational principles in Section 5.4 is based on a fi-
nite element partition (tesselation) of the domain V' (representing an electro active
polymer in its initial configuration) into a set of elements. Inside each element the



166 CHAPTER 6. FEM IMPLEMENTATION OF ELECTRO-ELASTICITY

6.2.2 Finite Element
semi-discretisation
of the variational

principle Ty

6.2.3 Finite Element
semi-discretisation 6.2.1 Gen-
of the variational eral remarks
principle I1s

6.2 Finite Element
discretisation

6.1 Introduction

6.3.1 Three dimen-

sional patch test C h a pte r 6

6.4 Conclusions

/ 6.3 Examples

6.3.3 Comparison
of performance be- 6.3.5 Twisting
tween displacement- of piezoelectric
potential and energy harvester

mixed formulations

6.3.4 Torsional
actuator. Fiber
reinforced dielec-

tric elastomer

Figure 6.1: Chapter layout.
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problem variables can be interpolated in terms of a set of nodal shape functions as,

N n np
=) N F:iFaNf; DoziDOGNfO; (6.1)
a=1 a=1 a=1

where a denotes the nodes used in the interpolation of the above variables and
n(e) denotes the number of nodes associated to the variable (e). In general, differ-
ent interpolations are used to describe different variables. The same interpolation
space is used for work conjugate pairs; that is, NF = N2r NDo = NZpo gtc. All
the variables and their virtual and incremental variations {x, du,u}, {F,0F,AF},
{Dy, 0Dy, ADg} etc. are interpolated using the same interpolation spaces (Galerkin-
type discretisation).

The variational framework associated to the variational principles Iy, and Il in
(5.51) and (5.60), respectively, can be implemented using a variety of finite element
spaces. Of course, not all choices will lead to effective or valid finite element formu-
lations. In particular, the LBB [94,95] condition must be satisfied. Alternatively,
the LBB condition can be circumvented via stabilised formulations [43,84,96,97].

Mixed formulations might result in expensive computations due to the large
number of additional variables involved. However, careful analysis of the continuity
required for each of the variables, shows that only displacements and electric po-
tential need to be continuous across elements. Stress, strain and electric variables
can actually be discretised independently on each element of the mesh. Crucially, a
static condensation procedure (as that carried out for the Hu-Washizu and Hellinger-
Reissner mixed variational principles in Sections 2.6.2 and 2.6.3 in the context of
nonlinear elasticity) of the residuals and stiffness matrices associated to those vari-
ables for which continuity across elements is not required leads to a computationally
comparable cost with respect to displacement potential formulations [44].

A plausible choice [40,44] for the interpolation functions of the different variables
involved in the variational principle Iy, (5.51) considers a quadratic tetrahedron el-
ement for the geometry and electric potential discretisation, piecewise linear element
by element interpolations for {F,Xr}, {H,Xg}, {d,X4} and Dy and piecewise
constant interpolation for {J, 3 ,}.

Similarly, a quadratic tetrahedron element for the geometry and electric potential
discretisation, piecewise linear interpolations for {F,Xr}, {H,Xu}, {Do, Xp,}
and d and a piecewise constant interpolation for {.J, ¥} is used for the formulation
associated to the variational principle Ilg (5.60).

In what follows, for a variational principle Iy, formulated in terms of the vari-
ables U, for which virtual and incremental variations are denoted as U and AU,
respectively, a k—iterative Newton-Raphson process is usually established by solving
a linearised system of equations for the increment AU as

Finite element discretisation of above system (6.2) results in the well known
residual vector Ry, and tangent stiffness matrix Kyguy.
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6.2.2 Finite Element semi-discretisation of the variational
principle Il

Let us consider the mixed variational principle Iy in equation (5.51). For notational
convenience, the following set ¢ of variables is introduced

q:{w7307y72y7D0}7 (63)
where the sets ) and Xy defined in equation (5.52). The discrete stationary condi-

tions of the variational principle Ily (5.51) with respect to virtual changes in the
geometry and in the electric potential (i.e. equilibrium and Gauss law) are

DIy [6u] =) " RS - du; R;:/PWVON: dV—/fON: dv — /tON;c dA;
a=1 1% 1%

oV
DIy [6g] => R%-6¢% RY = /DO - VoN?dV — /pON;f dv — / woN¥ dA,
a=1 1% v ER%
(6.4)
where the first Piola-Kirchhoff stress tensor Py is evaluated as
Py =Yp+3XuxF,+Y,H, +X;® D,. (6.5)

The discrete stationary conditions of the variational principle Iy, (5.51) with
respect to virtual changes of the elements of the set ) (5.52) and Dy (i.e. constitutive
and Faraday laws) is

ng nH nJ
DIy[6Y,0Do] = Y Ry : 6F"+ > Ry : 6H+ R6J°
a=1 a=1 a=1

n npg (6.6)
+) Ry-6d*+) Ry, 0D,
a=1 a=1
where the different residuals emerging in above equation (6.6) are
a ow . oW
RF—/<8—F—ZF) NFav; RH—/(a—H—EH) N2 v,
ow ow
o= (5= -2, | N/ o= =5 - ¢
J /(aJ J) adV7 d /(8(1 2d)NadV,
u ow
R}, = / <aD0 + Vop + FmTEd) NZav.
v
(6.7)

The discrete stationary conditions with respect to the elements of the set Xy
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(5.52) (i.e. compatibility) yields

ny e Ny ny;

DIy [6%y] = Y R, :08p"+ > R%, :6Zp"+ Y RE 0%
a=1 a=1 a=1

n (6.8)
2q
+Y Ry, 054"
a=1
where the residuals in above equation (6.8) are
%FZ/(Fm—F)Nde; %HZ/(H:,;—H)NaHdV;
' Y (6.9)
Ry, = /(Jw — J)N] dv; Ry, = /(FwDO —d) N%qv.
v 1%

The stiffness matrices arising from the variational principle Ily (5.51) (before
static condensation is carried out) emerge as

_5U-T _me 0 0 szy KwDo_ [ u ]
o 0 0 0 0 K.p, | | Ad
D2HW [5(]; Aq] = 53] 0 0 Kyy Kygy KyDO Ay

523; szm 0 Kgyy 0 KEyDg AE)}
_5D0_ _KDosc Kp, Kpyy KDOEy KDODO_ _ADO_

(6.10)
Notice that since the above formulation emerges from a variational principle,

namely ITy in (5.51), the resulting global stiffness matrix is symmetric. Hence, the
Ky« = K? etc. The

following relations will be satisfied: Ky, = K T 25 p,
expressions for the non-zero blocks in the stiffness matrix defined in equation (6.10)

:1323;7

are presented below.

The procedure to obtain the stiffness matrix contribution K has been already
presented in Reference [44] and in Section 4.2.2 in the context of nonlinear elasticity,
yielding

(Kool = Ean [keal: kow= / (Bm +X5Fs) (VoNg x Vo) dV. 511
v
The stiffness matrix contribution K ;bzy arising from the linearisation of R, with

respect to incremental changes of the elements in the set Eg,b is defined as

J}Zy

where the individual stiffness matrices in (6.12) are defined as

K% :/(I@VON:)NbpdV; (K2, Lﬂ:&jk /(meVON(‘f)NbHdV )

X D352,
v 4 kI
Kk, = [ N/H.VoNz av: Kk, = [ (Do Vo) NPV,
1% 1%

(6.13)
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The stiffness matrix contribution K “a,bDO is obtained as

Kilp, = [ (B4 VaNg) NP av. (6.11)
4

The only stiffness matrix contribution emerging from the linearisation of the
residual R, namely K Z)bD , 1s obtained as

K%, = /V NPNPeIdv. (6.15)

The stiffness matrix contribution of the diagonal block Ky adopts the following
expression

NFENFWprp NENHEWpy NEN/Wg; NFEN&Wgpg

e / NENFWyp NENHWug NENWg; NENIWHg
Yy N/NFW;p  N/NEW;u  NIN/W;;  NINEW,q4
V| NeNFWap  NENHEWug  NON/Wa;  NENEW,

dV, (6.16)

where the Hessian operator [Hy| has been defined in equation (5.23). The stiffness
matrix contribution K g,bzy emerging from the linearisation of the residual RS, with
respect to incremental changes in the elements of the set Yy is

NFNFT 0 0 0
0 NENHZ 0 0
K. =— o b dv 6.17
vy / 0 0 N/N] 0 ’ (6.17)
v 0 0 0  NONAI

The stiffness matrix contribution associated to the residual RJ,, namely K g,bDO
is defined as

K$p, = / INFNPWegp, NENPWup, N/NP°W;p, NEINP'Wap,] dV.

' (6.18)

The stiffness matrix contribution K azby D, Tesulting from the linearisation of the
residual Ry, with respect to incremental changes in Dy is defined as

K¢ p,=[0 0 0 K¢ 5], K% b, = /V NANPOF, dV. (6.19)
Finally, the block K p, is obtained from

Kp,p, = /NfONbD“WDODO dv. (6.20)
\%
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Static condensation

This process will be illustrated for the particular formulation associated to the vari-
ational principle IIy (5.51). Similar procedure can be applied to the formulation
associated to the variational principle Ilg (5.60). The algebraic system of equations
obtained locally at a particular element e (see equation (6.10)) is written as

I{IeocalAqe = Rlocah (621)
with

€T

N T
Ripca = [Re R, R; R;, REDO] ; A= [u® Ap® AY°® A ADS]T,

(6.22)
and where the local stiffness matrix K7, is defined as,
(K., 0 0 Kiy, Kip, |
0 0 0 0 K. p,
leocal — 0 0 K:(;]y ngzy KSJDO . (6.23)
Ky, 0 K5, 0 K5 p,
_KeDow KeDonp K%oy KEDOEy KEDODO_

Notice that the superscript e in equations (6.21) and (6.23) has been used to
denote the local (element) character of the variables involved. The fourth, fifth and
third (in this order) equations (forth, fifth and third rows) in above (6.21) enables
the local variables AY®, AD§ and AXS, to be expressed as

AV =~ K5y ] (RS, + Kut + K p ADS) (6:24a)
AD; = — [Kp,p,| " (Rb, + Kot + Kb, Ap" + Ky AV + K5, ASS)

(6.24b)
AS =~ [K5, ] (R5 + K5y AV + K5, ADj) (6.24c)

Substitution of AY* (6.24a) into the expression for AD§ in (6.24b) and subse-
quent substitution of these two into the expression for AXS, in (6.24c) enables the
local variable AXS, to be expressed in terms of the geometry and electric potential

as
ASS = Ry, + M5 u®+ M5 Ad°, (6.25)
where R;y, M, and M5, will be defined in equation (D.1). Using this ex-
pression for AXS,, the fifth equation in (6.21) enables the local variable AD§ to be
expressed as
AD§ = Ry, + My, 0 + My, Ad°, (6.26)
where the auxiliary residuals and matrices R}, o M ;)Ow and M5, oo Will be defined

in equation (D.1). Finally, the third equation in (6.21) enables the local variable
AY° to be expressed as

AYS = B, + Mt + M A", (6.27)



172 CHAPTER 6. FEM IMPLEMENTATION OF ELECTRO-ELASTICITY

where the auxiliary residuals and matrices RY,, M3, and M i,so will be defined in
equation (D.1). All in all, the new expressions for the incremental local variables
AYS,, AD§ and AY® in terms u® and Ad® enable the local algebraic system of
equations in (6.21) to be formulated exclusively in terms of the unknowns u® and

Ad° as
K K u R;
[Km KW] [Acb} [Rey (6.28)

©

where the modified residuals (6.28) are expressed as
R, =R, + K.y Ry +K.pRp: R.=R,+K.pRp. (629

Finally, the modified stiffness matrices in (6.28) are expressed as

K. =K¢ o+ Kos, M5, , + Kop, Mp, o
K = K;EyMezy@ + KmDOMDW; (6.30)

e e \ 7€
KW = KwDOMDW.

The expressions for all the auxiliary residuals and stiffness matrices in equations
(6.29) and (6.30) are presented in Appendix (D.1).

6.2.3 Finite Element semi-discretisation of the variational
principle Ilg

Let us now consider the mixed variational principle Il in equation (5.60). For
notational convenience, the following set of variables p is introduced

p=A{x,0,D,Yp, Xa}, (6.31)

with the sets D and Xp defined in equation (5.61). The discrete stationary condi-
tions of the variational principle Ilg in (5.60) with respect to virtual changes of the
geometry and with respect to virtual changes of the electric potential are

DIy [du] ZR“ ou’; DIlg [6¢] = ZRa o, (6.32)

where the expressions for R} and R, in (6.32) are identical for those in (6.4). The
discrete stationary conditions with respect to the elements in the set D (5.61) and
34 (i-e. constitutive laws) are

DII4[6D, 654 = ZR“ SF* + ZR“ SH® + ZR“(SJ“
(6.33)

”EDO nsy

+ Y Ry, 0%, + Y Ry, -3,
=1 a=1
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where the residuals in above equation (6.33) are

o oo . OP
RFZ/(a—F—z:F) NFav;, RH:/(a—H—z:H) NP qv:
\% \%
a o0 . O
& :/ (E B E”’) Ne v =0 :/ (azpo i DO) N’ dv;
\% \%4

a 8(1) d
. _/ (a_zd FmD0> N2V,
' (6.34)

The discrete stationary conditions with respect to the elements of the set ¥p
(5.61) yield (i.e. compatibility and Faraday laws)

g Ty sy

DIs[6Sp] = Y R%, 05"+ > Ry, 08"+ ) RE 6%
a=1 a=1 a=1 (635)
"D

+Y Ry, -0Dg,
a=1
where the residuals in above equation (6.35) are

RS, :/(Fw — F)NFav; RS, . :/(Hac —~ H)N? dv,

v Vv
Rg, = / (Jo — J) N; dV; Rj, = / (Epo + Fy2a + Vop) N dV.
74 1%

(6.36)
The stiffness matrix contribution arising for the variational principle I1g (5.60)
before static condensation is carried out emerge as

- - T r - - -

du K,, 0 0 K.s, K5, u
S 0 0 K, 0 0 Ad
D?Tlg [6p; Ap] = | 0D 0 Kp, Kpp Kops, Kbopsx, AD

0Xip Kypa 0 Ks,p 0 Ky, s, AXp
_52,1_ _szw 0 Ks,p Ks, s, szzd_ _Agd_
(6.37)

The objective of the following derivations is to present the expressions for non-zero

blocks of the stiffness matrix in above equation (6.37). The stiffness matrix contribu-
tion K is obtained exactly as in equation (6.11). The stiffness matrix contribution
Kab

e, emerging from the linearisation of Ry, with respect to incremental changes in

the set Yp, can be further decomposed into each of the contributions of the elements
of the set Xp as

ab . ab ab ab
KwED_[KwEF KY., K

xX g

KngO} , (6.38)
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where each of the individual contribution in (6.38) is obtained as

K = / (I @ VoND) Ny dVsy [Kgs, ], =Ein / (Fe X VoNIYNH AV |

1% \% kI
K% = / N/H ,V,N=dV: K, = / (Za® VoNZ) NPoav.
1% 1%
(6.39)
The stiffness matrix contribution K “wbzd yields
K, = [ (Do- VaNg) NIV (6.40)
1%

The stiffness matrix contribution obtained from the linearisation of R with
respect to incremental changes in the elements of the set D is

Ky, =[0 0 0 Kip ] K& = /V N¢NPerav. (6.41)

The stiffness matrix contribution of the diagonal block K42, results in

NENFOpp NENHD gy NEN/® R, NbeDWI)FEDO

K / NENFoyr  NHENFOyy  NEN/®y;, NENPOys,,

pp N/NF® ;R NINH® NIN/®;; NINPo® s,

v NaDONbF(I)EDoF NEONbHCDEDoH NcPONI;](I)EDoJ NaDDNbDOCI)zDOXDo

(6.42)
In the case in which an explicit representation of the extended Helmholtz’s energy
functional ®(F, H, J, X p,, X4) is not available, Appendix C shows the relationship
between the components of the Hessian operator [Hg| in terms of the components

v,

of the Hessian operator [Hyy]. The stiffness matrix contribution Ky,  arising from
the linearisation of Rf, with respect to incremental changes in the elements of the
set Xp is defined as

NFNFT 0 0 0
0 NENHZ 0 0
K% =— o b dv. 6.43
prp / 0 0 NN/ 0 (6.43)
v 0 0 0 —NDonDPoy

Finally, the expression for the matrix K%, , €merges as

K%y, = / [NFN2®ps,, NENgdgs, N/NE®;s, NPNIds, s.|dv.

' (6.44)

The stiffness matrix contribution K %l;zd yields

K¢ s, =[0 00 K§s]: Kis, = / NPoNAFT gV (6.45)
\%
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The last stiffness matrix involved in the variational principle I1g (5.60), namely,
K‘g’dzd is obtained as

K® s = / NPoNZagy o dV. (6.46)
|4

6.3 Examples

The objective of this section is to present a series of numerical examples in order
to prove the robustness, accuracy and applicability of the computational framework
presented above. Numerical results dealing with both displacement-potential based
and mixed formulations will be displayed.

Three formulations have been compared, corresponding to: i) displacement-
potential based formulation, hereby denoted as DPF [110]; ii) an eleven field {p, D, ¥p, X4}
(6.31)-(5.61) formulation associated to the variational principle I1g (5.60) and de-
scribed in Section (6.2.3), hereby denoted as M®F and iii), an eleven field {q, W, ¥y, Do}
(6.3)-(5.52) formulation associated to the variational principle Ily (5.51) and de-
scribed in Section (6.2.2), hereby denoted as MWEF.

All of the numerical results in which mixed formulations have been used corre-
spond to the following selection of functional spaces: continuous quadratic inter-
polation of the displacement field (geometry) x and the electric potential field ¢,
piecewise linear interpolation of the conjugate pairs {F, X}, {H, X g}, {Do, Xp,}
and {d, ¥4}, and piecewise constant interpolation of the Jacobian J and its associ-
ated stress conjugate ¥ ;. With these functional spaces, the two mixed formulations
M®F and MWPF will render identical results.

6.3.1 Three dimensional patch test

This first numerical example includes a standard three dimensional patch test in
order to asses the correctness of the computational implementation. This problem
has already been presented in References [40,44] in the context of elasticity. The
constitutive model used in this case is that in equation (5.81), hereby recalled for
the sake of clarity, that is

2 1
Wel :/L1]IF+/L2[[H—|— I[d"_,ue 11127—}— [IF[[d+_[[L2i
2Jey HeEe 2¢2 (6.47)
1 A '
—l——28 IIp, — 2(p1 + 2p9 + 6pe) In J + §(J —1)%
2

The material properties in the reference configuration are chosen as p = 10° (Pa),
A =1.094 x 10° (Pa) and e = 4.68<0, which are compatible with a Poisson ratio of
v = 0.4582 in the reference configuration. The material parameters, corresponding
with this definition in the reference configuration, can thus be obtained and are
presented in Table 6.1.
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pi1 (Pa) | po (Pa) | A(Pa) | ex (N/V?) | (e2) " (VZ/N) | fe s

0.225p | 0.5 10° 4.68¢ 0 1.0515 | 0.0996

Table 6.1: Material properties for example 6.3.1. Parameters f. and f; defined in
equations (5.83) and (5.84), respectively.

(a) (b) ()

Figure 6.2: Three dimensional patch test. (a) View of half undistorted mesh in
the reference configuration. (b) View of half distorted mesh in the reference con-
figuration. (c) Example of deformed geometry after applying a voltage difference
of Ap =30 MV in the OXj direction for the constitutive model defined in (6.47).
Parameters f. and f; defined in equations (5.83) and (5.84).
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A homogeneous electric field is defined in the O X3 direction, applied to a cubic
shape domain of side L, as depicted in Figure 6.2. To achieve this distribution of
electric field, non-zero normal (electric) Dirichlet boundary conditions are applied
on the boundary faces perpendicular to the OXj3 axis and zero (electric) Neumann
boundary conditions are defined everywhere else. Moreover, zero (mechanical) nor-
mal Dirichlet boundary conditions are defined on three faces perpendicular to the
0X1, OX, and OXj; directions and zero (mechanical) Neumann boundary conditions
are applied everywhere else.

The domain is discretised using two different meshes of (2 x 2 x 2) x 6 tetrahedral
elements. First, a structured mesh is shown in Figure 6.2(a) and second, a distorted
mesh is shown in Figure 6.2(b), where the interior node is displaced randomly. The
objective of this example is to demonstrate that the same homogeneous solution is
obtained for both meshes. As expected, hence passing the patch test, for the two
mixed formulations defined, namely MWEF and M®F, the results are identical for
both meshes. A homogeneous deformation gradient tensor and a Lagrangian electric
field for both meshes is obtained as

1.15598 0 0 0
F=| 0 115598 0 . Eo=|0| (MV/m). (6.48)
0 0 0.749559 30

For completeness, the quadratic convergence of the Newton-Raphson algorithm
is displayed in Figure 6.3.

log10(Residual)

[
H
=

[
|
A

|
=
D

15 2 2.5 3 3.5 4
Iteration number

Figure 6.3: Three dimensional patch test: quadratic convergence of the Newton-
Raphson linearisation procedure.
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6.3.2 Convergence of the proposed formulation

The objective of this example is to demonstrate the p-order of accuracy of the dif-
ferent mixed formulations, as a function of the chosen finite element approximation
spaces. The constitutive model considered is based on the following convex multi-
variable expansion

A 1 1
Weaimpte = p I Tot 2 Tir =2 + 2p2) T +5 (= 1)2+gnd+gnpo. (6.49)
1 2

The material parameters in (6.49) are presented in Table 6.2. In order to study

A(Pa) | g1 (N/V?) | g5 (N/V?)
1 4 4

p1 (Pa) | po
1

N | /%
IS
~—

Table 6.2: Material properties for example 6.3.2. Parameters f. and f, defined in
equations (5.83) and (5.84), respectively.

the p-order of convergence of the new mixed Finite Element formulations, the anal-
ysis of an ad-hoc test problem is carried out. The problem is constructed so that
smoothness of the solution is guaranteed. For that purpose, the following simple
exact fields associated to the deformed or Eulerian configuration  and the electric
potential ¢ are considered

AX?
wexact — X + BX? : SDexamt — QOOXi (650)
X3

where the superscript in (6.50) is used to emphasise the exact smooth solution with
A=0.1,B=02,C =0.3and ¢y = 10*. The deformation gradient tensor and the
Lagrangian electric field are obtained via equations (2.1) and (5.5a), respectively,

leading to
1+ 3AX2 0 0 3o Xt
Fexact — 0 1+ 3BX22 0 ; ngact — 0 ) (651)
0 0 1+3CX?2 0

The remaining variables defining multi-variable convexity, namely {H, J, Dy, d}
need to be obtained for the smooth displacement and electric potential fields in equa-
tion (6.50). Particularisation of equation (2.26) for the smooth fields in equations
(6.50) enables H®*" and J®% to be obtained as

1 1
Hexact — §Fexact X Fexact; Jexact — 5Itl'exact . Fexact. (652)

Particularisation of equation (5.17) to the constitutive model in equation (6.49)

leads to

1 1
- Dgxact S ( Fexact)T dexact — ngact. (653)
9 €1
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Making use of the relationship d** = F®** D*" in (6.53) results in the final
expression of the Lagrangian electric displacement field D§**" as

<lI + lcexact) Dgxact — ngact = Dgxact — (lI + iCexact> - ngact.
€2 €1 €2 €1

(6.54)
where C*" is the right Cauchy-Green tensor. Once all the elements of the set Vexact
have been determined, it is possible to obtain the set of exact work conjugates 3§52
via equation (5.13). Finally, the associated volumetric force and electric charge
in mechanical and electrical equilibrium with the exact first Piola-Kirchhoff stress
tensor P™*" and exact Lagrangian electric displacement field D" are determined
from equations (5.6a) and (5.4a), respectively as

fO (mexact’ SOexact) — —DIVPexaCt; Po (wexact’ sOexact) — DIVD(e)xact’ (655)

where D" has been obtained in (6.54) and where P can be obtained after
application of equation (5.17).

It is then that the rate of convergence of the different variables {x, ¢, V, ¥y}
to their analytical counterparts, namely {a®@t, pexact pexact Fiexactl can be studied.
For that purpose, the same geometry as that presented in Section 6.3.2 is considered
and initially discretised with (2 x 2 x 2) x 6 tetrahedral elements and, subsequently,
h-refinement is carried out generating a total of three discretisations.

The L! norm of the error for a particular component of the different variables in-
volved, namely x, F', H, J, Dy, d, X, ¥, X5, ¥p, and X4 is investigated for two
different choices of interpolation spaces, leading to the definition of two different Fi-
nite Element types. The first element, called “Element 1”7, corresponds to the choice
of interpolation spaces described at the beginning of Section 5.6, namely, continuous
quadratic interpolation of the displacement field (geometry) @ and the electric poten-
tial field ¢, piecewise linear interpolation of the conjugate pairs {F, X}, {H,X g},
{Dy,¥p,} and {d, ¥4} and piecewise constant interpolation of the Jacobian J and
its associated stress conjugate ;. Alternatively, “Element 2” is characterised by the
same choice of interpolation spaces for the electric potential (continuous quadratic
interpolation) and for the pairs {F,Xr}, {H, X g}, {Dy, Xp,} and {d, 34} (piece-
wise linear interpolation). The Jacobian and its work conjugate, namely J, 3, are
interpolated using piecewise linear interpolation. Four cubic bubble functions are
added at the barycentre of each face of the tetrahedron and a quartic bubble func-
tion is added at the barycentre of the tetrahedron itself, in analogy with the classical
P2% — P1 Crouzeix-Raviart element [45], typically used in u — p formulations for
incompressible and nearly incompressible elasticity.

Figure 6.4 shows the order of accuracy of the different unknown variables for
the mixed formulations (all yielding identical convergence pattern). Figure 6.4(a)
displays the convergence of the variables {x, F', H, J, Dy, d} whereas Figure 6.4(c)
displays the convergence of the variables {Xp, Xy, ¥, Xp,, Xq} for "Element 17.
As expected, the constant interpolation of the Jacobian J and its work conju-
gate Y ; affects the optimal convergence of the different variables, specially those
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purely mechanical and the pair {d, 34}, for which a decrease of one is observed in

the order of convergence. Figure 6.4(b) displays the convergence of the variables
{xz,F,H,J Dy, d} whereas Figure 6.4(d) displays the convergence of the variables

{2Fr,. 2,27, Xp,, X4} for "Element 2”. As expected, the convergence observed is

p+ 1 in all the variables, since the convergence is optimal for this element.
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Figure 6.4: Convergence of the proposed formulation: order of accuracy of different

strain, stress and electric magnitudes for the mixed formulations. Order of accuracy
of the kinematic variables &, F', H and J and electric variables ¢, ¥p, and X4

for (a) Element 1 and (b) Element 2. Order of accuracy of the kinetic variables
Yp, ¥y and 3 and electric variables Dy and d (¢) Element 1 and (d) Element 2.
Constitutive model defined in (6.47). Results obtained with the M®F formulation.

6.3.3 Comparison of performance between displacement-potential

and mixed formulations

The objective of this example is to compare the solution obtained with the displacement-

potential based formulation DPF against those obtained with the mixed formula-
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tions M®F and MWF in a bending dominated scenario and near the verge of
incompressibility. A standard benchmark problem typically used in the computa-
tional mechanics community to test formulations under those specific conditions is
the Cook’s membrane problem [40, 44].

The geometry and boundary conditions of the membrane are depicted in Figure
6.5. The application of an electric potential in the electrodes leads to an out of plane
bending-type deformation. In fact, although in more realistic geometrical configu-
rations (the purpose of this example is exclusively to test the mixed formulations
proposed), this type of potential Dirichlet boundary conditions are used in practical
applications where dielectric elastomers and piezoelectric polymers are utilised as
bending actuators.

X

X3

(b)

Figure 6.5: Comparison of performance between DPF and MWEF formulations.
Geometry and boundary conditions.

The constitutive model used is identical to that described in Section 6.3.1 in
equation (6.47). The material properties in the reference configuration are chosen
as i = 10° (Pa), A = 4.99 x 107 (Pa) and & = 4.68¢0, which are compatible with
a Poisson ratio of v = 0.499 in the reference configuration. The material parame-
ters of the model, compatible with this definition in the reference configuration (as
explained in Section 6.3.1), are chosen according to Table 6.3.

Figures 6.6(a)-(b) show the contour plot for the hydrostatic pressure p and for the
stress variable X g3 obtained with the MWF formulation. Finally, Figures 6.6(c)-
(d) display the contour plot for the Eulerian electric field component E; and the
Eulerian displacement field component D5 obtained with the MWEF formulation.

A detailed comparison between the results provided by the DPF and the mixed
formulations is established in Table 6.5 for different meshes. For completeness, Table
6.4 displays the discretisation details for each of the meshes employed. Results are
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pa(Pa) | pa(Pa) | A(Pa) | en (N/V?) | (e2)" ' (VZ/N) | fe fs

0.2254 | 0.5y | 4.99 x 107 4.68¢¢ 0 1.0515 | 0.0996

Table 6.3: Material properties for example 6.3.3. Parameters f, and f, defined in
equations (5.83) and (5.84), respectively.
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Figure 6.6: Contour plot of (a) the hydrostatic pressure (N/m?), (b) stress conjugate
variable X3 (N/m?), (c) the electric field component E; and (d) the electric
displacement complement D5 for the MWF formulation. Polyconvex constitutive
model in equation (6.47), with material parameters defined in Table 6.3. Electric
potential difference Ay applied between electrodes of 140.49 MV. Results shown
for a discretisation of (12 x 12 x 4) x 6 tetrahedral elements (8,125 x 3 and 8,125
degrees of freedom associated to the spatial coordinates @ and the electric potential,
respectively).
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‘ Mesh ‘ Elems. ‘ Dofs. | Dofs. ¢ Dofs. U Dofs. J, ¥

1 | 1,470 | 2,475 x3 | 2475 | 1,470 x4x 9| 1,470 x 1
2 | 3,600 |5,730x3| 5730 |3,600x4x9| 3,600x 1
3 | 5880 [9,251x3| 9,251 |5,80x4x9| 5,80 x 1

Table 6.4: Comparison of performance between DPF and MWF formulations.
Mesh discretisation details. Column 2: number of tetrahedral elements (Elems.).
Column 3: number of degrees of freedom (Dofs.) associated to the spatial coor-
dinates @. Colummn 4: number of degrees of freedom (Dofs.) associated to the
electric potential. Column 5: number of degrees of freedom (Dofs.) associated to
the fields U = {F,H,Dy, X, XH,Xp,, Xa}. Column 6: number of degrees of
freedom (Dofs.) associated to the strain/stress fields {.J, X}

presented for stresses, electric displacements and displacements sampled at points A,
Band C (X4 =24 52 —2]"; Xp =24 22 —2]"; X = [48 60 —2]" ). As can
be noticed, the DPF implementation underestimates the displacements obtained
with respect to those for the alternative mixed formulations. As expected, regarding
the stresses, the differences are very significant between both formulations. Whereas
the results for the mixed formulations show a defined convergence pattern, the results
of the DPF do not seem to converge, with clear pressure oscillations (even with
incoherent changes in sign as mesh refinement is carried out).

6.3.4 Torsional actuator. Fibre reinforced dielectric elas-
tomer

The objective of this example is to observe how the behaviour of a dielectric elas-
tomer matrix can be modified when fibres are introduced in a specific direction
characterised by the unit normal vector IN. The geometry and boundary conditions
for this example are depicted in Figure 6.7(a), where the dimensions a, b and ¢ are
set toa =1, b = 2 and ¢ = 10. The actuator is completely fixed at the position
X3 =0 (0 < X3 <10) and a pair of electrodes is located in X; = —0.5 and X; = 0,
where —0.5 < X; < 1. Moreover, the dielectric elastomer matrix is reinforced with
fibres oriented as in Figure 6.7(b). For clarity, the vector N in the direction of
the fibres has been parametrised spherically in terms of the angles 6 and ¢ (refer
to Figure 6.7(b)). In order to produce intricate deformation patterns, different ar-
rangements of the fibres are used in the areas defined by the constraint X, > 0 and
X5 <0, where —1 < X5 < 1.

In order to account for the fibres in the constitutive model, an additive decom-
position of the internal energy in terms of a purely isotropic component (associated
to the dielectric elastomer matrix) and an anisotropic component (associated to the
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DPF formulation MWTPF formulation

Coarse Medium Fine | Coarse Medium Fine

ol 1 1192.87 333.04 118.32 | 520.28 494.75 412.81

of | 1542.95 1033.10  739.31 | 415.80 325.46 233.81

afy 1064.70 112.11 -123.94 | 132.35 157.46 155.31

Ji 1569.10 1046.26  734.48 | 260.29 159.92  87.60

o2 | 1506.68 821.84  693.71 | 1199.33 1021.09 874.46

oB 12169.36 1836.70 1570.01 | 1009.44 778.38 674.34

DOZA(X 107%) 5.447 5.440 5.438 5.432 5.436  5.439
Do, P (x 107%) 5.439 5.435 5.434 5.424 5.433  5.438
u¢ 0.455 0.456 0.456 0.455 0.456  0.456

ug 0.495 0.498 0.499 0.502 0.503  0.503

u¢ 3.708 3.802 3.843 3.897 3.933  3.948

Table 6.5: Comparison of performance between DPF and MWF formulations.
Stress components (kPa), electric displacement components (107*N/mV) and dis-
placements (m) at points A, B and C. Results obtained using the DPF formu-
lation (columns 2 to 4) and mixed formulations (columns 5 to 7). Prescribed po-
tential difference Ay = 62.5 M'V/m. Coarse, medium and fine discretisations of
(8x8x6) x6, (12x12x6) x 6 and (16 x 16 x 6) x 6 tetrahedral elements, re-
spectively.

Ap

Region X, <0

Figure 6.7: Torsional actuator. Fibre reinforced dielectric elastomer. (a) Geometry
and boundary conditions. (b) Arrangement of the fibres within the isotropic matrix.
[lustration of spherical parametrisation of the vector IV in the region characterised
by X5 > 0.
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fibres) is followed as
Writre =Wei + Weoni(F, H, J, N, (6.56)

where the convex multi-variable isotropic component W,; has been defined in equa-
tion (6.47) and with W,,;(F, H, J, N) defined as,

Wam'(F,H, J,N) :M3]IFN+HSI]HN_2M3IHJ (657)

Notice that the above additive decomposition of the internal energy Wy in
(6.56) into its isotropic and anisotropic contributions, namely Wy, and W,,; guar-
antees that the stress and the electric displacement field vanish in the reference
configuration. Moreover, provided that ps is positive, the anisotropic component
Wi in (6.57) is convex multi-variable itself. Hence, the resulting energy functional
is convex multi-variable. The following choice of material parameters is used

p(Pa) | p (Pa) | p3(Pa) | A(Pa) | er (N/V?) | (e2)  (VE/N) | fe | [s
55 1 ol ek 10° 4.68¢ 0 1.15 | 0.04

Table 6.6: Material properties for example 6.3.4. Parameters f. and f, defined in
equations (5.83) and (5.84), respectively.

Figure 6.8 shows, for the same value of the applied electric potential, the de-
formed shape and the contour plots for the stress conjugate X r;; and the Eulerian
electric field component E; corresponding to different orientations of the angles 6
and 1) parametrising the unit vector N (see Figure 6.7(b)). Finally, Figure 6.9 shows
the contour plot of the hydrostatic pressure p for different stages of the deformation
corresponding to different values of the prescribed voltage in the electrodes for the
particular arrangement of fibres described in Figure 6.8(b).

6.3.5 Twisting of piezoelectric energy harvester

This example includes the twisting of a piezoelectric material whose geometry is
characterised by a length L = 6m and a squared cross sectional area of side a = 1m.
The energy harvester is clamped at its left end and subjected to a torsion on its right
end. The electric potential is fixed to zero at the plane defined by the constraint
X7 = 0. This example is included to demonstrate the robustness of the mixed
formulations in extreme deformation scenarios. The torsion at the right end is
generated through Dirichlet boundary conditions as follows

(I-Ey®Ey)x=0Ey x X, (6.58)

where Evy is the unit vector normal to the cross section in the reference configu-
ration, X are the initial coordinates, # is the angle of rotation and a are the final
coordinates. As can be observed, the section is not restricted to in-plane torsion
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Figure 6.8: Torsional actuator. Fibre reinforced dielectric elastomer. Contour plot
of hydrostatic pressure p and Eulerian electric field E for the following spherical
parametrisation of the vector IV in the direction of the fibres: (a) p and (d) E; for
0 =mn/2and ¢ =7/4in Xy >0and § = —7/2 and ¢y = 7/4 in Xy < 0, (b) p
and (e) E; for 0 = ¢ =7/4in Xy > 0 and 0 = 57/4 and ¢ = 7/4 in Xy < 0 and
(c) p and (f) E; for # = 1) = 0. Results obtained with the MWF formulation for
Ap = 11.53 MV /m. Constitutive model defined in (6.56) and (6.57) with material
parameters given in Table 6.6. Results shown for a discretisation of (2 x 8 x 30) x 6
tetrahedral elements (5,185 x 3 and 5,185 degrees of freedom associated to the
spatial coordinates & and electric potential, respectively).



6.3. EXAMPLES 187

A

7.00E+03 1.02E+03 5.05E+03 1.03E+04 -1.69E+03 6.92E+03 155E+04

-3.71E+03 -4.20E+02 2.87E+03 6.15E+03
(b) (c)

Q & &

-1.65E+04 -2.25E+03 1.20E+04 2.62E+04 -1.86E+04 -1.96E+03 1.47E+04 3.13E+04 -2.02E+04 -1.62E+03 1.70E+04 3.56E+04

1.11E+04

(d)

v

-2.25E+04 -9.84E+02 2.05E+04 4.20E+04 -2.55E+04 2.10E+02 2.59E+04 5.16E+04 -2.55E+04 2.10E+02 2.59E+04 5.16E+04

() (h) (i)

Figure 6.9: Torsional actuator. Fibre reinforced dielectric elastomer. Contour plot
of the hydrostatic pressure p for (a) Ap =549 MV, (b) Ap =72TMV, (c) Ap =
843 MV, (d) Ap =10.01 MV, (e) Ap =1043 MV, (f) Ap =10.71 MV, (g) Ap =
11.07 MV, (h) Ap = 1148 MV and (i) Ap = 11.67 MV. Fibres arrangement: 6 =
Y =m/4in Xy > 0and § = 57/4 and ¢ = 7/4 in Xy < 0. Results obtained with the
mixed formulations. Constitutive model defined in (6.56) and (6.57) with material
parameters given in Table 6.6. Results shown for a discretisation of (2 x 8 x 30) x 6
tetrahedral elements (5,185 x 3 and 5,185 degrees of freedom associated to the
spatial coordinates & and electric potential, respectively).
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and zero Neumann boundary conditions are imposed normal to the cross sectional
area. The same example in the context of pure elasticity has been presented by the
authors in Reference [44].

Figure 6.10: Twisting of piezoelectric energy harvester. (a) Boundary conditions:
clamped left end and twisting rotation applied at the right end. ¢ = 0 in plane
X; =0. Axes OX1, OX5 and OX3 coincide with ox, oy and oz in (b), respectively.
(b) Example of finite element discretisation: (4 x 4 x 24) x 6 tetrahedral elements
(3,969 x 3 and 3,969 degrees of freedom associated to the spatial coordinates & and
electric potential, respectively).

The geometry and boundary conditions for the problem are depicted in Figure
6.10(a). In this example, a simple convex multi-variable constitutive model able
to generate the direct piezoelectric effect is proposed. In particular, a transversely
isotropic material characterised by a preferred direction IN parallel to the axis O X5
is considered. Notice that the aim of this example is not to fully characterise this
specific material symmetry class. A simple convex multi-variable constitutive law
for transverse isotropy incorporating piezoelectricity is proposed as,

1
2J€1

1
Wp:M1[]F+MQIIH+ ]Id—F?IIDO+,LL3[IU—|—Q(J,D0,N), (659)
2

where the vector v in above equation (6.59) is defined as,

d
v/ H3E3

where p3 has units of stress, namely (Pa) and e3 of electric permittivity, namely
(N/V?) . The convex function g in above equation (6.59) has been introduced to
guarantee that both the stress and the electric field in the reference configuration
vanish. A possible choice of g which satisfies that condition is,

v =

+FN, (6.60)

by
9(J, Do, N) = = (21 + dpa + 2us) I J + 2 (J = 1) =2 ?DO .N.  (6.61)
3
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w1 (GPa) | o (GPa) | uz (GPa) | A(GPa) | €1 (N/V?) | &5 (N/V?) | e3(N/V?)
1 % % 495 4.6880 10681 10381

Table 6.7: Material properties for example 6.3.5.

Notice that the proposed constitutive law defined in equations (6.59) and (6.61)
is convex multi-variable. The material parameters in above equation (6.59) has been
chosen according to Table 6.7.

Notice that now the material parameters in Table 6.7 are more consistent with
those of piezoelectric polymers. Figures 6.11(a)-(d) display the contour plot of the
stress component o5, the stress conjugate X g3y, and the components of the Eulerian
electric displacement field D; and Dj3, respectively.

6.4 Concluding remarks

This Chapter encompasses the work in Reference [75], where a new computational
framework tailor-made for the numerical simulation of electro active polymers sub-
jected to extreme deformations and/or electric fields was developed. In this Refer-
ence (and in Chapter 5) Gil and Ortigosa proposed an extension of the concept of
polyconvexity to the field of nonlinear electro-elasticity, via a convex multi-variable
definition the internal energy with respect to the deformation gradient F', its co-
factor H, its Jacobian .J, the Lagrangian electric displacement field Dy and an
additional spatial or Eulerian vector d computed as the product between the defor-
mation gradient tensor and the Lagrangian electric displacement field.

The new definition of multi-variable convexity electro-elasticity has enabled a
new family of new mixed variational principles to be defined for the first time (refer
to Section 5.4). This Chapter has focussed on the Finite Element discretisation of
two of those types of mixed variational principles. These types of Finite Element
enhanced methodologies are necessary in scenarios in which the simpler displacement
potential based formulation yields non-physical results, such as volumetric locking,
bending and shear locking, pressure oscillations and electro-mechanical locking, to
name but a few. The applicability, accuracy and robustness of the new formulation
are demonstrated via a series of challenging numerical examples, including both
isotropic and anisotropic convex multi-variable constitutive models.
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Figure 6.11: Twisting of piezoelectric energy harvester. Contour plots corresponding
to (a) 12, (b) 09, (¢) p, (d) X1y, (€) Lo, (f) ¢, (g) Dy and (h) D3. Results
obtained with the new mixed formulations. Constitutive model defined in (6.59) and
(6.61) with material parameters given Table 6.7. Results shown for a discretisation
of (4 x 4 x24) x 6 tetrahedral elements (3,969 x 3 and 3,969 degrees of freedom
associated to the spatial coordinates & and electric potential, respectively).
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7.1 Introduction

In this Chapter, unlike the two preceding Chapters, where only electromechanical in-
teractions were considered, a more general scenario characterised by the coexistence
of both electromechanical and magnetomechanical interactions will be analysed.
Notice that this more general situation, characterised by a more complex physical
coupling, is deliberately considered as it enables to particularise the resulting hyper-
bolic framework to more specific scenarios suitable for either electroactive materials
(characterised by the existence of electromechanical interactions) or magnetoactive
materials (characterised by the existence of magnetomechanical interactions).

Starting with the same rationale as in Chapter 5, an extension of the new concept
of multi-variable convexity is proposed in this Chapter for the more general scenario
of nonlinear electro-magneto-mechanics. The extended set of variables which define
multi-variable convexity is now enriched with two additional variables accounting
for the magnetic nature of the problem, namely the Lagrangian magnetic induction
and a spatial or Eulerian magnetomechanical variables b analogous to d in the
context of electroelasticity (refer to equation (5.9)). The resulting extended set, i.e,
V = {F H,J Dy By,d,b} enables to extend concept of ellipticity to the entire
range of deformations, electric and magnetic fields hence, guaranteeing the material
stability of the constitutive equations.

Conservation laws for each of the arguments of the extended set V will be pre-
sented in this Chapter. Conservation laws for the purely geometrical arguments of V),
namely F', H and J have been presented in Chapter 4. Moreover, the Maxwell equa-
tions represent first order hyperbolic conservation laws for Dy and By. However, two
completely new conservation laws for the electromehcanical and magnetomechanical
variables d and b, respectively are presented in this Chapter.

The extended set of variables, namely {F, H,J, Dy, By,d,b} enables a new
set of entropy conjugate variables {Xp, X g, %, Xp,, XB,, Xd, Db} [84] to be in-
troduced. Multi-variable convexity of the internal energy guarantees that the re-
lationship between both sets of variables is one to one and invertible. Crucially,
and in line with the pioneering work of Hughes et al. [2] in the context of Com-
putational Fluid Dynamics and later Bonet et al. [43] in the context of nonlinear
Computational Solid Dynamics (recapitulated in Chapter 4), the new definition of
multi-variable enables a generalised convex entropy function to be defined in the
context of nonlinear electro-magneto-mechanics.

The existence of the generalised entropy function enables the transformation of
the system of conservation laws in electro-magneto-mechanics into a symmetric set
of hyperbolic equations when expressed in terms of the entropy conjugates of the
conservation variables, as shown in Chapter 4 in the context of nonlinear elasticity.
Furthermore, the eigenvalue structure [30] of the full new set of hyperbolic equations
is studied in this Chapter.

This Chapter is organised as follows. Section 7.2 extends the new definition
of multi-variable convexity introduced in Reference [76] and presented in Chapter
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5 for nonlinear electro-magneto-mechanics. A completely new set of first order
hyperbolic conservation laws is presented in this scenario. Section 7.3 presents
the eigenvalue structure associated the set of first order hyperbolic equations in
nonlinear electro-magneto-mechanics. Section 7.4 defines the generalised convex
entropy function and its associated flux for the context of nonlinear electro-magneto-
mechanics and presents the symmetric set of conservation laws expressed in terms
of the new set of extended entropy variables. Finally, Section 7.5 focuses mainly
on the analysis of material stability of convex multi-variable and non-convex multi-
variable constitutive models suitable for the description of electrostrictive dielectric
elastomers [5-8].
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nonlinear electro-
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7.2 Conservation laws in convex multi-variable non-

linear electro-magneto-mechanics

Let us consider the solid body described in Section 5.2. Let us assume that this
material responds mechanically when magnetically excited [3]. Moreover, let us con-
sider that electromechanical and magnetomechanical interactios are not exclusive.
Starting with this material with a very highly coupled electro-magneto-mechanical
response and following the rationale and notation as those in Chapter 4 (for the
particular case of nonlinear elasticity), the objective of this Chapter is to present
a first order hyperbolic framework for the more general case of electro-magneto-
mechanics. Notice that we have deliberately avoided focussing on electro active
materials (which do not exhibit magnetomechanical interactions) or magneto active
materials (which do not exhibit electromechanical interactions). Following this more
generic approach, it is possible to particularise the hyperbolic framework hereby de-
veloped to those more specific scenarios.

7.2.1 Conservation of mass and momentum

For the sake of completeness, we include in this Chapter both equations for the
conservation of mass and linear momentum mathematically stated in Section 4.2.3
for the more specific case of pure elasticity. Let us recall (refer to equation (7.4))
that the conservation of mass for a Lagrangian setting can be written in terms of
the Lagrangian (and therefore constant) density of the material py as

d
_ edyV = 1
dt/vpov 0. (7.1)

which enables to not to incorporate the density within the vector of unknowns U
(refer to equation (4.2)). The global form of the conservation of linear momentum
(refer to equation (4.8)) in a Lagrangian setting is hereby included for completeness
too

d

@ pdV:/ todAJr/fodV, (7.2)

dt Jy oV v
with its associated local form and jump conditions (refer to (4.9)), both in a La-
grangian setting expressed as

Op

5, ~DIVP = f; Ulp|] = -[P|N. (7.3)
where the assumption of negligible vacuum effects has been made in above equations
(7.2) and (7.3), hence leading to the relationship PIN = ¢, in the boundary of the

solid.
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7.2.2 Conservation of electric charge and Maxwell equations

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

d
— o dV = 4

Analogously to the equation of conservation of mass in (7.1), equation (7.4)
implies that the initial electric density charge of the material p§ 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

d
< / BydV = — / CURLE, dV; (7.5a)
dt Jy v

d
it / DydV = / CURLH, dV + / JodV, (7.5b)
dt v Vv %

where Dy and Bg denote the material form of the electric displacement field and
the magnetic inductions, E, and H, the electric and magnetic fields, respectively
and J, a surface current density in the reference or material configuration. Appli-
cation of the divergence theorem on both equations (7.5a) and (7.5b) results in the
associated global conservation laws as

d

—/ BodV = | E,x dA; (7.6a)
dt Jy ov

d

—/DOdV:— H, x dA+/J0dV. (7.6b)
dt Jy ov v

Finally, the equivalent local differential equations and jump conditions are

% +CURLE, =0;  U[Bo| = -[E] x N; (7.7a)
88130 — CURLH, = Jo;  U[Do| = [Hy| x N; (7.7b)

The Maxwell equations include two more differential equations: the Gauss law
and the Gauss law for magnetism, which can be expressed as

DIVD, = p%:  DIVB, = 0. (7.8)

There exists a clear similitude between equation (7.8) and equation (5.2). In
fact, both Gauss laws in equation (7.8) can be seen as an additional set of (electro-
magnetic) involutions [113] to those described in equation (5.2) for the fibre and
area maps which need to be satisfied by the conservation variables. Figure 7.2
illustrates the evolution of a continuum from the reference configuration to two
different configurations at different time stages satisfying the mechanical and electro-
magnetic involutions in equations (5.2) and (7.8), respectively.
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CURLF], =0
DIVH|, =0
DIVB|,, =0
DIVD,|,, = ¢}
H=F"| H .
E=F \tl E,

D= H"|, D, B =7 B,
t2

da = H|, dA

dv = J|,, dV

la = H|, dA

H=F"| H

CURLFJ, =0

E=F""| E
DIVH|, =0 ’

DIVD|,, = p5 B= H—T’t B,
DIVB,|, =0 1
dw = F|, dX D=H"|, D
CURLF|,, = 0
DIVH]|, =0
DIVB,|,, = 0
DIVDy|,, = sf

Figure 7.2: Evolution of the continuum from its reference configuration (¢t = ty) to
two different instants ¢t = ¢; and ¢ = 5. Satisfaction of the associated involutions
at every instant of the deformation. Evolution of the infinitesimal fibre, area and
volume elements and of the Eulerian fields {E, D, H, B}.
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7.2.3 The internal energy in nonlinear electro-magneto-elasticity

Equations (7.2), (7.5a) and (7.5b) establish a balance between the evolution of the
conservation variables p, By and D, and their associated fluxes. These fluxes
depend on the first Piola-Kirchhoff stress tensor P and the material form of the
electric and magnetic fields, namely Ey and H, respectively, which 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 or electrical
relaxation) are disregarded, constitutive laws can be derived from the internal energy
density e per unit of undeformed volume, defined as

€ = 6(V0§B,D0,B0). (79)

Notice that in the more specific scenario of electromechanics, the internal energy
e is a function of the deformation gradient tensor and the electric displacement field,
namely e(Vox, D) (refer to equation (5.8) in Section 5.3.2). For the more general
case considered now, the first principle of thermodynamics (under the assumption
of no dissipative effects) yields the following expression for the time derivative of
the internal energy e(Vox, Dy, By)

é:PIVOU+E0'D0+HO'Bo. (710)

Combination of equations (7.9) and (7.10), establishes the necessary constitutive
relationships from which the first Piola-Kirchhoff stress tensor P and the material
form of the electric and magnetic fields, namely FE, and H respectively, can be

defined as

de(F, Dy, By) Je(F, Dy, By) Oe(F, Dy, By)
P = ;. Eo= ; Ho=
(7.11)

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

Following the same rationale as in Section 5.3.2 in the context of electromechanics,
it is possible to extended the concept of ellipticity to the entire range for deforma-
tions, electric fields and magnetic fields, via a convex multi-variable definition of the
internal energy e(Vox, Dy, By) (7.9) as [74,75]

€(V01’,D0,Bo) :W(F,H, J, Do,Bo,d,b>, (712)

where W represents a convex multi-variable functional in terms of its extended set
of arguments V), defined as

V ={F, H,J Dy Byd,b}, (7.13)

F=Vx
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with the electromechanical variable d defined as F D, (refer to equation (5.9)) and
with the new magnetomechanical variable b defined as

b= FB,. (7.14)

Work conjugate variables in convex multi-variable electro-magneto-mechanics

The definition of multi-variable convexity in equation (7.12) enables the introduction
of a set of work conjugate variables ¥y = {¥p, Xy, %, Xp,, XB,, Xd, 2} to those
in the set V (7.13) defined as

ow ow ow
ow ow
_ . _ oW, 1
EDO aDov EBO 830’ (7 5)
o, W 0w

“odt T

Using the properties of the tensor cross product in Reference [43,44], it is possible
to obtain the time derivative of the internal energy e (7.9) now expressed in terms
of V (7.13) as

¢(F,D,, By) = W(F,H,J,Dy,d,By,b)
:2F:F+EH:H+ZJJ
+3p, - Dy+Xp, - By
+3,-d+3,-b
=Erp+3YXgXF+Y/H+Y¥X; Do+ 3, ® Bg) : Vv
+ (Zp, + F'Sy) - Dy + (Zp, + F'S) - Bo.

(7.16)

Comparison of equations (7.16) against (7.10), enables the first Piola-Kirchhoff
stress tensor P and the material form of the electric and magnetic fields, namely
E\ and H | respectively, to be expressed in terms of the elements of both sets }V and

>y as
P:2F+EHXF+2JH—|—Ed®D0+Eb®Bo, (717&)
Ey=3Xp, + F'3y; (7.17b)
Hy=Xp, + F'%,. (7.17c)

Finally, a convex multi-variable representation of the internal energy as that in
equation (7.12) ensures that the extended Hessian operator of the extended internal



200CHAPTER 7. HYPERBOLIC FRAMEWORK FOR ELECTRO-ELASTICITY
energy, namely [Hy,| (7.12) is positive definite, with [Hyy| defined as
([ Wer Wrnw Wrs Wep, Wra Wrs, Wi
War Wwaa Wwa; Wb, Wwoa Wuas, Whb
Wip Wom Wy Wip, Wia Wi, Wp
Hw] = |Wp,r Wper Wby Wbpep, Wbpea WpeB, Wpes | - (7.18)

WdF WdH WdJ WdDo de WdB 0 de

Weaor Weoer Waoes Wisypy, WiBod WaoB, WhBeb

Wer Wemr  Wss  Win, Wea Wi, W

A simple convex multi-variable electro-magneto-mechanical constitutive
model

As an example, a simple internal energy functional which complies with the definition
of multi-variable convexity in (7.12) can be defined as

1 1 1 1
Wy = 11 17 J —1I7 —1I] —1I1 —1I1. 7.19
v =l Ip + pol Iy + f( )+251 D0+2€2 al-i‘QMA1 Bo+2ﬂ2 b (7.19)

A possible definition of the function f(J) in equation (7.19) could be [44]
f(J) = =2(p1 + 2p2) In J + g (J—1)%. (7.20)

Moreover, multi-variable convexity is subject to positiveness of all the constants
in above equation (7.19). Among those, p1, p2 and k have unit of stress, namely
N/m?, g, and e units of electric permittivity, namely N/V? and fi; and jip units
of magnetic permeability, namely N/A? | where A denote the Ampere units in
the international system. These material parameters relate to the shear modulus
i, first Lamé parameter 5\, relative electric permittivity €, and relative magnetic
permeability i, of the material in the reference configuration as

. 1 1 1 1
= 2p1 + 2pz; A= K+ 4puo; — 4 — = =—, (7.21)

' 1 1
€1 €2 &) flu - fl2 firflo

where €y and fiy denote the electric permittivity and magnetic permeability of the
vacuum, respectively, of value g9 = 8.854 x 10712 N/V? and iy = 1.256 x 1076 N/ A2,

The work conjugates in (7.15) for the internal energy functional in (7.19) are
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obtained as

1
rp=2mF; Yyg=2uH;, X;=/f(J))—-—=Il4
F pa L H M2 L1 ] 7= f"(J) 26, J2 d

1 1

Yp, = —Dy; X4=—d; (7.22)
92 &1
1 1

EBO = —Bo, Eb == A—b
€2 2

For the particular constitutive model defined in equation (7.19), the first Piola-
Kirchhoff stress tensor and the material electric field are obtained according to
equation (7.17) as

1 1
2 2

1 1 1 1 (7.23)
EO :—DO + —FTd; Ho = TBO + TFTb
1 E9 1 H2

Finally, the Hessian operator [Hyy| in above equation (7.18) adopts the following
diagonal positive definite representation,

-2/,,L11.
0o 2

0
0
0
0o |. (7.24)
0
0

1

S O O O O

7.2.5 Additional set of conservation laws in nonlinear electro-
magneto-mechanics

The definition of multi-variable convexity in equation (7.12) represents a suitable
relaxation of the convexity criteria on the internal energy e(Vox, Dy, Bg) which
is compatible with the Legendre-Hadamard condition (refer to Reference [76]) and
which does not preclude buckling. This relaxation relies on the definition of the
internal energy in terms of the extended set of variables V (7.13). 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 (7.7a) and (7.7b) represent a set of conservation laws in terms of
the conservation variables Dy and B. Moreover, Section 4.2.4, following the work of
References [42,43,57,58,99,104,105] has presented the conservation laws associated
to the purely kinematic entities of the set V (7.13), 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 (7.13),
namely d and b.
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Conservation line, area and volume maps

The global form of the set of conservation laws associated to the purely kinematic
arguments of the set V (7.13), namely {F', H, J} have been presented in equations
(4.11), (4.15) and (4.19), respectively. For the sake of completeness, we recall this
equations hereby as,

d / / 1

— [ FdV = —p R dA, 7.25a
dt Jy av Po ( )
d 1
—/ HdV:/ Fx (—p®dA); (7.25b)
dt v oV £o

d 1

— [ JdV = H:(—p®dA|. (7.25¢)
dt Jy av Po

The corresponding local differential equations and jump conditions to those in
equation (7.25) have been presented in equations (4.12), (4.16) and (4.20), respec-
tively, which are hereby included for the sake of completeness, that is

F 1 . 1
8_ — DIV (—p ® I) =0; U[[F =— H—pﬂ ® N; (7.26a)
ot Po : Po
H 1 . 1
OH _ upe <—p x F) ) v[H] = —Fx [[—p]] ® N; (7.26D)
ot Po : Po
1 1 1
9 _prv (—HTp> —0. vlJ]=-H: (H—pﬂ ® N) . (7.260)
ot Lo . Po

Conservation of d

In order to evaluate global and local conservation laws for the electromechanical
variable d (7.14),, let us recall its definition d = F Dj. In the regions of the domain
V' where the fields are smooth, it is possible to obtain

od OF 0D, 1

1 1
= DIV (p—p ® Do) — (DIVDy) (—p) + F (CURLH, — Jy),
0

Po
(7.27)
where the local conservations laws for F' and D in equations (7.26a) and (7.7b), re-
spectively, have been conveniently substituted in above (7.27). Use of the involution
equation for Dy (7.8), into above equation (7.27) yields

od ¢
— = DIV (v® Dy) - %p + F (CURLH, — Jo). (7.28)
0

Let us now focus on the term FCURLH)| in above equation (7.28). Consider-
ation of the curl-free involution equation for F' in (4.1) enables us to re-write this

term as

B 0(Ho), 0
(FCURLHO)i = E[S[JK 8XJ = GXJ (

EnxFir (Ho)g), (7.29)
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and hence,
FCURLH, = —-DIV(Fx H,). (7.30)

Substitution of the above expression (7.30) into equation (7.28) finally yields the
local conservation law for the variable d as
od Po

1
ot Po Po

With the purpose of deriving the correct jump conditions for the variable d across
a discontinuity surface with unit normal IN and moving with velocity 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

[aeb] =ae[b] +[a] ob. (7.32)

where @ and b denote the average values of both variables at both sides of the
discontinuity, i.e, @ = 3 (a™ 4+ a~). Hence, above equation (7.32) can be applied in
order to compute the jump of the variable d as

ld] = [FDo| = F|Dy| + [F| Do. (7.33)

Introduction of the jump conditions for both Dy (7.7b) and F' (7.26a) into (7.33)
gives

Uld] = F ([[HO]] X N) - ([[ip]] ® N) D,. (7.34)

Po

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

(o)1= (202 1
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Similarly, the first term on the right hand side of above equation (7.34) can be
alternatively written as

F([[HO]] x N) = — (FxN) [H)|
= —[(FxN)Ho| + [FxN|H,

[[FxHON—ULpO((p]] ) )Ero

[[FxHO]]N—UipO ([[p]] ® NxN))ﬁ

(7.36)

J/

:0

= |[Fx Ho|N.

Introduction of both equations (7.35) and (7.36) into equation (7.34) finally yields
the jump condition for d

UH S ( |[p—10p ® Doﬂ _ |[FXH0]]> N. (7.37)

Combination of the local conservation law for d in (7.31) and the jump conditions
in (7.37) finally gives the global conservation law for this variable as

d

1
ddV / Vo (—p) D, dV +/ F (CURLH, — Jy) dV. (7.38)
dt 14 Po v

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 (7.14), and its associated
jump conditions as

%—DIV (ip®Bo+FxE0) = 0; U[[b]] = — (IlipééBoﬂ + HFXEO}DN'
Po

Combination of the local conservation law for b and its associated jump condition
in above equation (7.39) enables to obtain the global conservation law for b as

d

1
[ bav = / (—p ® B0> dA + / (Fx Eq) dA. (7.400)
dt av \ Lo oV
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7.2.6 Combined equations

205

Combining the results of the Sections above, a full set of first order conservation
laws (4.3) can be established with vector of variables U, vector of fluxes F; and

vector of source terms S defined as

Fr=

T
Fi
Fi
Fi
Fre
Fro
Fi
Fi

fo
0

0
0
_JO
0
~FJ,—“%p
0

. (741

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

1
F|=-PEp Fi= ~ P Er
0

1 1
.‘FfI:—Fx(—pQ@El); f{:—H:(-;a@EI);

Po Po
FP*=Hyx Ey; Fr*=—Eox Ep;

1
——p(Dy- E;)+ (FxHy) Ey;

Fi=
! Po

Fb= —lp(B0 .E;)— (FxE,) E,
. (7.42)
where P, E, and H, are defined in terms of the extended sets V and Yy as in
equations (7.17a), (7.17b) and (7.17c), 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 & in (7.41), that is
%—L: + A,g—)’“(‘[ _s. (7.43)

a*

where the ‘non-trivial’ second term on the left-hand side of above equation (7.43),
namely a* can be expressed as

O3x3

CATDwg

o5
il
~c
T
L

(7.44)
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where the entries in the first column of above matrix A; can be written in indicial
notation as

OFF 1 oOFH 1 OF] 1
[ L } = —0ik0rK; { ! } = —Eimr€rmrFomnr; [ I} = —Hir;
6p iKk Po ap 1Kk Po ap 2 Po
OF¢ 1 OF" 1
— 5 (Do Ey): — ~5,.(By- E;).
{8p Lk Po « (Do Ei) |:ap:|ik Po (Bo- Ei)
(7.45)

In addition, the inner products (-) and (:) appearing in the vector of conservation
variables in (7.44) represent standard contraction of repeated indices. For simplicity,
the expressions for both matrices V[Af/l** and V[Af/]* (7.44) have been carried out in
Appendix E (see equations (E.1) and (E.4), respectively).

7.3 Eigenvalue structure of the equations in non-
linear 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 (7.41)
and demonstrate its hyperbolicity. Two scenarios will be considered: firstly, that
defined by the system of conservation laws (7.41) and, second, a simplified case for
low frequency scenarios.

7.3.1 Eigenvalue structure

The eigenvalues or wave speeds and the corresponding eigenvectors of the system of
conservation laws in equation (7.41) can be determined by identifying possible plane
wave solutions (in the absence of source terms) of the type

S:gp;d\

U=¢(X N —cotlUhy=¢(X N — cyt)

N Qm'

« |, (7.46)

o
R

aul gj\ ol

[l

«

where ¢, are the wave speeds corresponding to the eigenmode U, and NN, the
normalised direction of propagation. The above expression in (7.46) for the set of
conservation variables U leads to an eigenvalue problem (refer to equation (4.5))
given by

ANua = Caua§ AN = A[N[, (747)
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with the flux Jacobian matrix A; defined in equation (7.44). Particularisation of
the involution equations for Dy and By in equations (7.8) (for the case in which
p6 = 0) to plane wave solutions of the type described in equation (7.46) yields

(Dgo - N)¢' = 0; (Boo - N)¢' = 0. (7.48)
For non trivial solutions ¢’ # 0, equation (7.48) leads to (refer to Figure 7.3)
(Doa . N) = 0, (Boa : N) = 0, (749)

which enables to re-define U,, (4.28) as

13

[0

B!

«

|m‘

«

_ J.
U, = o : 7.50
INNl?Oa ( )

IN]YBOa

ISH
S

ba

with the projection operator Inpn defined as
Inn=1—-N®®N. (7.51)

Particularisation of the local conservation equation for the deformation gradient
tensor F' (7.26a) to plane wave solutions of the type described in equation (7.46)
yields (refer to Figure 7.3)

- 1 , _ _
—coFop ——p,®N¢p =0=F,=f, N, (7.52)
Po

where f, = —calpo P, Moreover, substitution of the above plane wave-like solutions
(7.46) in conjunction with (7.52) into equations (7.26b), (7.26¢) and (7.31), (7.39)

yields

I_{a:Fx(]_"a(X)N); a:H:(]_"a@N);
do = fo(Do-N)+ F (InnD,,); b, =f,(By-N)+F (InnBo,) -
(7.53)
The expressions in above equations (7.52)-(7.53), where the eigenmodes F,,
H,, J,, d, and b, have been expressed in terms of a reduced set of eigenmodes
{fo, INnNDo., InnBy,}, enable to re-write and reduce the eigenvalue problem in
(7.47) (with Ay defined as in equation (7.44)) to

cdl, = AU, (7.54)
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4Fa = fa®N
N .—"';Ha =Fx (f,®N)

“ ja = H : (}'a ®N>
a:fa(DO'N)—i_F(INNDOa)

4bo = fo(Bo- N) + F (InnBoa)

Figure 7.3: Eigenmodes F, H,, Jo, INNDo,, InnBo,, d, and b, at a discon-
tinuity surface I'y. The eigenmodes D,_, By, are perpendicular to the vector of
propagation IN, thus complying with the involution equations (7.49).

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

P, 0 Cnn onT TN

. ¥ ir 0 0 0
u = o : A, = — | ro , 7.55
“ | InnDoa N 0 -WTn —-WR" —-W9 (7.55)

InnBo, 0 WON WO WR

where the second order tensor W in above equation (7.55) is defined as W;; =
ErixNi. Moreover, the second order tensors Cnn, Qn and Tn in (7.55) are
defined as

(CNN)ij = CirjyNINy; (On)1; = QrjsNy; (Tw)1; = T150N s, (7.56)

and with the different constitutive tensors C (fourth order elasticity tensor), Q (third
order piezoelectric tensor), 7 (third order piezomagnetic tensor), € (second order
dielectric tensor), R (second order magnetoelectric tensor) and 9 (second order per-
meability tensor) featuring in equations (7.55) and (7.56) defined in equations (G.2),
(G.5), (G.8), (G.11), (G.14) and (G.13), respectively, in terms of the components of
the Hessian operator [Hy| (7.18).

Careful analysis of the matrix A} in (7.55) enables to identify the following
multiplicative decomposition of A}y as

N = —SU, (7.57)
where the second order tensors S and U are defined as
0I O 0
I 00 0O LT Ogxg
S — . U=|ro 7.58
00 0 —-wW|’ [09X9 Q |’ ( )
00 W 0



7.3. EIGENSTRUCTURE OF THE PROBLEM 209

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

CNN QNT TNT
Q=|9nx 6 R |. (7.59)
T~ RY o

Following a fundamental theorem in the theory of hyperbolic equations [2], sum-
marised in F for completeness, given the symmetric nature of S (7.58),, a sufficient
condition for the existence of real eigenvalues for the above Jacobian matrix Aj (re-
fer to (7.55) and (7.57)) would be the symmetric positive definiteness of U (7.58),
and hence, of @ (7.59). Moreover, positive definiteness of the electro-magneto-
mechanical acoustic tensor @ can be shown by noticing the following relationship
between @ and the Hessian operator [Hy,|, namely

- T -

H, H,
fo 1 fa A A
InnDy,| Q |INnnDy, | = | InnDoo | [Hw] | InnDoo | >0. (7.60)
INNBOa INNBOQ IN]YBOa INJYBOa
| b | b

As can be seen, the positive definiteness of the electro-magneto-mechanical acous-
tic tensor @ is implied by the positive definiteness of the extended Hessian operator
[Hyy ], always satisfied by convex multi-variable energy functionals (7.12). Results in
this Section enable the extension of the multi-variable convexity concepts presented
in [76] to more general ‘dynamic’ and ‘electro-magneto-mechanics’ scenarios.

Remark 7.1. Equation (7.60) makes it possible to highlight the relationship be-
tween 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 (7.60) as

) c 9" T I fooN
[-fa X N : NJ_7]_‘ NJ_Q'} Q 0 R NJ_7]_ > O, (761)
T R" 9 N,

where IN| ; and N, represent two arbitrary vectors orthogonal to IN. Above
expression (7.61) is a generalisation of the concept of ellipticity [11] to the case
of electro-magneto-mechanics. Moreover, this equation, in conjunction with (7.60)
links this property to the satisfaction of multi-variable convexity and, as a result of
Appendix F, to the Legendre-Hadamard condition.

Finally, notice that expression (7.61) is nothing more than the generalisation to
electro-magneto-mechanical scenarios of the simpler electro-mechanical condition

T T. %

c Q } {fa@)N} 50

7.62
Q 0 Ny (7:62)

[fo®N: Ny {
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Above equation (7.62) is identical to Remark 4 in Reference [76], which estab-
lishes the relationship between multi-variable convexity and ellipticity.

7.3.2 Low frequency scenarios. Constrained case

In this Section, a particular scenario, interesting from the point of view of pos-
sible 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 (7.41) to be dramatically simplified. Specifically, the Maxwell
equations (refer to both (7.7a) and (7.7b)) are now treated as constraints’, as shown
in Reference [114]. The resulting system of hyperbolic equations is then

o PE; C T
F wP © Er 0
H Fx|(ip® E,
U= P Fr=— plo : S = 8 . (7.63)
HZ p_op®E[
Z ~—p(Dy - Ey) g
L J I piop(BO.E[) | L J

subjected to the following constraints (different to the concept of involutions [113])
CURLE, = 0; CURLH, = 0. (7.64)

For the constrained set of first hyperbolic equations in equation (7.63), the as-
sociated eigenvalue problem can be obtained following a similar procedure to that
presented in Section (7.3.1) for the unconstrained case, yielding a similar expression
for the eigenvalue problem as that presented in equation (7.55), now subjected to
the constraints in equation (7.64), that is

D, 0 CNN onT T’ D,
f i1 0 0 0 f
e L — 7.65
“lol ™0 —wTw -WRT —ww| |D. (7.65)
0 0 WONx W6 WR/| |B.

Notice that the last two rows in above equation (7.65) are in fact constraints
imposed on the eigenmodes Dy, and Bgy,. These two rows can alternatively be
written in terms of the auxiliary scalar parameters Ap, and Ag, as

TN}a + R"Dy, + 9By, = A, IV;

- _ _ 7.66
Onf,+0Dy, + RBy, = A\p,N. (7.66)

9Dg
ot

'For low frequency scenarios, it is customary to adopt the simplification ~ 0 and 8£0 ~ 0.
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Notice that the scalar parameters Ap, and Ag, in above equation (7.66) are used
to indicate the collinear nature between the vector IN and the vectors QN]_‘cy +
0D, + RB,, and Tn f,, + RT Dy, + 9B, respectively. From equation (7.66), it
is possible to obtain both By, and Dy, as
Bo, =97! (AN —Tnfo — RTDOa) ;
Dg, =0~ (Ap,N — Onf,— RBy.).
Consideration of the involutions in equation (7.49) (namely Dy, -N = By, -N =
0) yields an expression for the two scalar parameters Ag, and Ap, as

N9 (Tnfo+R'Dy.)  N-0'(2nfo+ RBg,)
B N .9 'N ’ B N.0°'N

(7.67)

)‘Bo Dy

(7.68)
Substitution of equation (7.68) into equation (7.67) enables both eigenmodes
By, and Dy, to be expressed in terms of the eigenmodes f,, as

Bo. = — [0 — BRT07'CR] ™' (Tn* — BRT07'Qq) f.;
Dy, = — [0 — CRY'BR"] ' (Qn* — CRO 'TN) [,

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

(7.69)

o |7 NeON) | T*_'I (N@9'N)|
N N-¢'N | =V N N-9 N |V
[ (Ne9'N [ (N®67'N
N -9 N N-0'N
] ] (7.70)
Finally, the first two equations (rows) in above equation (7.65) can be written as
T T P
D, 0 Cvnv N TN Fo | _
Ca {J_%J + 70 0 o ||Du|” 0, (7.71)

BOoc

with Dy, and B, defined in terms of £, in equation (7.69). Finally, substitution of
the second row into the first row in above equation (7.71) and consideration of the
expressions for both Dg, and By, in terms of f, (refer to equation (7.69)) yields
the following eigenvalue problem

(poT — Q) P, = 0. (172

where the generalised electro-magneto-mechanical acoustic tensor Q* in above equa-
tion (7.72) is defined as

Q = CNN —ON" [6—CRO'BR"] " (Qn* — CRY9 'Tw)
~—~— . ,
Classical acoustic tensor Electric contribution to the acoustic tensor
—T~" [9 —BR"0'CR] ' (Tn* — BRT07'Qx).

Magnetic contribution to the acoustic tensor

(7.73)
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Remark 7.2. Particularisation of the expression for the generalised electro-magneto-
mechanical acoustic tensor Q* in equation (7.73) to the field of electromechanics
yields the following expression for the generalised electromechanical acoustic tensor,
also derived in Reference [30], as

(N®6'N)

*=Cnn— QN0 T~
Q NN — N [ N-0-'N

] On. (7.74)

Similarly, the expression for the generalised magnetomechanical acoustic tensor
can be obtained as

N®d9 'N)

*=Cnn—Tn'97! I—(
Q NN — TN N-9 N

] T (7.75)

7.4 Symmetrisation of the equations in nonlinear

electro-magneto-mechanics

For completeness, the objective of this Section is to show that multi-variable convex-
ity of the internal energy enables the introduction of a generalised convex entropy
function which, in turn, guarantees symmetrisation of the system of conservation
laws [2,102] presented in equation (7.41). This symmetrisation confirms (see Section
7.3.1) existence of travelling waves in the material, as shown by Hughes et al. [2] in
the context of Computational Fluid Dynamics and in Section 4.4.3 in the context
of Computational Solid Dynamics.

7.4.1 Conservation of energy and generalised convex en-
tropy

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

1
S(p,F,H,J,Dy,By,d,b) = 3P P W(F,H,J, Dy, By,d,b), (7.76)
0

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

1
A=——PTp+ 8, Sy = E, x Hy, (7.77)
Po
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where Sy in above equation (7.77) is the Poynting vector in the Lagrangian or
material configuration. Having defined the entropy S of the system, note first that
the conjugate entropy variables are given by the derivatives of S as,

v
Xp
u

s 5,
V_si | = | (7.78)
¥B,
>4

2

Multiplication of each of the conservation laws in equation (7.41) by the corre-
sponding conjugate variables (7.78), with the use of the involution equations (5.2)
for the deformation gradient and its co-factor and (7.8) for Dy and By yields

S=v-p+Xp: F+Xy - H+%,J
+3p, Do+ Xp, Bo+3q-d+3%,-b
=v-DIVP+v- fi+%p: Vov+ g : CURL (v X F) + X;DIV (H"v)

+Xp, - Do+ Xp,  Bo+Xq- (VevDy+ FDy) + Xy - (VovB, + FBy).
(7.79)
Introduction of the expressions for P, Ey and H in equations (7.17a), (7.17b)
and (7.17¢) into above equation (7.79) yields

S=v-DIVP+wv-f,+P:Vyw+ E,-Dy+ H, - By. (7.80)

Finally, use of equations (7.7a)-(7.7b) enable to re-write above equation (7.80)
as

S =DIV (PTv — So) +v - fo— Ey- Jo, (7.81)
with Sy defined in (7.77). Notice that use of the property

has been made in above equation (7.81). The statement in equation (7.79) 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+/f0-vdV—/ So-dA—/EO-JOdV, (7.83)
dt Jy av 1 )% 1%

where E denotes the total energy per unit undeformed volume. The local version of
this equation gives,

E
%—t — DIV (P"v — 8y) = fo-v— Eg - J,. (7.84)
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From the comparison of both equations (7.81) and (7.84), 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 = E, coinciding with the
notion of Hamiltonian per unit of undeformed volume.

7.4.2 Symmetric hyperbolic equations for elastodynamics

With the definition of the conjugate entropy variables given above (7.78), it is now
possible to derive a symmetric quasi-linear system for these variables. Consideration
of the involution equations for F and H in (5.2) and those for Dy and By in (7.8),
enables us to re-write the local form of the conservation law for linear momentum p
(refer to equation (7.3) where first Piola-Kirchhoff stress tensor P is substituted by
its equivalent representation in (7.17a)), the deformation gradient tensor F' (refer
to equation (7.26a)), the Co-factor H (refer to (7.26b)), the Jacobian J (refer to
(7.26¢)), Dy (refer to (7.7b) where H  is substituted by its equivalent representation
(7.17¢)), By (refer to (7.7a) where Ej is substituted by its equivalent representation
(7.17b)), d (refer to (7.31) where H, is substituted by its equivalent representation
(7.17¢)) and b (refer to (7.39) where E| is substituted by its equivalent representa-
tion (7.17b)) as

poaa—:: — DIVEF —+ FZ X CURLEH - HEVOEJ - Vodeog - Voszog = fO - ngd,
(7.85)
which represents the conservation of linear momentum and
[ XF | [ Vv i [ 0 ]
Yy Fyx Vv 0
5 Y Hsy : Vyv 0
[Hyy] ™! 5 | Zo0| CURLX g, + Fs" x V3" = Jo |,
25, —CURLZEp, — Fs" x V24" 0
4 Vov ® Dy — Fs (CURLE g, + F&' x V5,") FsJ,
| 3 | |Vov® Bo+ Fs (CURLEp, + Fs" x VX,")] | 0 |
(7.86)

which represents the remaining set of conservation laws. Notice in above equation
(7.86) that the notations F's, Hyx, Dgx and Bgs have been used here to explicitly
indicate that these variables are now being evaluated from the conjugate variables
in (7.78) using the reverse constitutive relationships, namely

Fy =F(3p,YXH,%;,%D,, XBy; Xds 2b);
Hsy =H(Xr,YXu.27, XDy, XBy, 2ds 2b);
Dys = DO(EF, YH, %5, XD,y, 2By 2d; z315);
Bos = By(YXp, XH,%/, XD, XBys Xds 2b)-

(7.87)
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The symmetric nature of this system is more easily appreciated combining the

above set of equations (7.85) and (7.86) to give

oy L 0V
A+ At = s (7.88)

———

,8*
where matrix A, in above equation (7.88) is defined as
pol 0 ]

_ | 7.89
A= [ (7

with [Hyy| defined in equation (7.18). It is therefore certain that the matrix A,
is symmetric positive definite provided that the internal energy e (7.9) is convex
multi-variable in the sense described in equation (7.12). Finally, the second term on
the left-hand side of (7.88), namely 5* can be expanded in indicial notation as

0 dwdrr ElrxFjy Hip 00 o Doy dixBor

0 0 0 O 0 0 0

0 0O O 0 0 0
. 0 0 0 0 0 5
B 0 &k 0 Errx Frk 0X;

0 ErxrFik 0

sym 0 ErrFig P
0
X
(7.90)

7.5 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 (7.19) will be analysed. In par-
ticular, the speed of propagation of acoustic and electro-mechanical waves for this
material will be studied for a particular experimental set up. Additionally, an in-
teresting and more detailed study of convex multi-variable constitutive models for

the particular case of electro-mechanics will be carried out in this section.

7.5.1 Analysis of eigenvalues (wave speeds) for polyconvex
electro-magneto-mechanical materials
Let us consider the constitutive model presented in equation (7.19), suitable for

the description of the behaviour of electro-magnetrostrictive materials in the large
deformation and large electric and magnetic fields regime. For this specific simple

[EF]kK
[EH]kK
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convex multi-variable constitutive law, the non-zero components of the matrix Ajy
in equation (7.55) can be written as

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

1 1
+f"(J)(HN @ HN) + g—DgNI + ﬂ—BgNI;
2 2

OnT = L (d® N + F(Dy- N)):

19p)
r_ 1 (7.91)
TN = ﬂ—(b®N+F(BO-N));
2
1 1
0=—I+—F'F;
51 €9
1
0:~—I+ —F'F.
H1 fo

In the reference configuration, where Vox = I, Dy = 0 and By = 0, an explicit
expression for the the eigenvalues of the matrix A%, can be obtained (e.g. by using
a standard symbolic algebra computer package) as

c1 = cy = 0;

o _ (et (e te)
C]=0C =C = —C;, = —Cg = P = CoCr;
E2E1 a2

5 Ce
M1 + fi2) (7.92)
= C7 = Cg = —Cg = —C10 =
\/ 2 (p11 + pio) \/ ptA
Cp = C11 = C12 =
Po Po

The set of eigenvalues denoted as ¢; represents the speed of light in the material.

Therefore, ¢y and ¢, in above equation (7.92) represent the speed of light in vacuum
and the relative speed of light in the material. The set of eigenvalues denoted as
¢s corresponds to the speed of propagation of shear waves [42]. Finally, the set of
eigenvalues ¢, corresponds to the speed of propagation of pressure waves [42] in the
material. For a Young’s modulus £ = 10° Pa, Poisson ratio v = 0.482, relative
permittivity €, = 4, relative permeability fi, = 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; ¢, =34.25m/s; ¢ =749 x 10" m/s. (7.94)

2Given the Young’s modulus E and the Poisson ratio v, the shear modulus y and the first Lamé
parameter A are obtained as
E Ev

20+ T aEn =2 (7.93)
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Let us now consider a different configuration characterised by a purely volumet-
ric deformation gradient tensor defined in terms of the uniform stretch A as F' = \I.
Moreover, let the electric displacement and magnetic induction be defined in terms
of their dimensionless modulus, DO and BO respectively, as Dy = \/[,L_gb[)Ez and
By = VuiByE3, with the unit vectors E5 and Es defined in equation (4.6). For
this specific configuration, Figure 7.4 shows the speed of propagation of the pressure
waves for different values of {\, Dy, By} and for different orientations of the propa-
gation vector IN, spherically characterised in terms of the angles 0 < a < 27 and
0<p<mas .

N = [sinfcosa sinfBsina cos /] (7.95)

Similarly, Figure 7.5 displays the evolution of the speed of propagation of shear
waves for different values of {), Do, Bo} and for different orientations of the propa-
gation vector IN. The speed of light in the material ¢; remains practically unaltered
throughout the entire range of deformations. This confirms that the speed of propa-
gation 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.

7.5.2 Analysis of electro-mechanical constitutive models

In this section, an analysis of the behaviour of electro-active materials described via
polyconvex and non polyconvex constitutive models is carried out.

Analytical derivation of wave speeds in simple polyconvex constitutive
models for dielectric elastomers

The aim of this section is to obtain the explicit representation of the speed of prop-
agation of the acoustic waves for the particular scenario of electro-mechanics, where
magnetic effects can be neglected and for the case of a simple convex multi-variable
constitutive model. From the eigenvalue problem in equation (7.72), the wave speeds
can be obtained as the square root of the quotient between the eigenvalues of the gen-
eralised electro-mechanical acoustic tensor @* (7.74) and the density po. The convex
multi-variable constitutive model in equation (7.19) is considered (where magnetic
effects are neglected). For this particular constitutive model, the expression for Q*
yields

Q" =2 I + 2, (FN ® FN)— (FN - FN)I — FF" + (F : F)I| + f"(J) (HN @ HN)

. 2 . 2 N6 'N
.. <D0 N) _(Do N) e [I_M] o

9 E9 N - 0_1N

(. J/
-~

Cp

(7.96)
The eigenvalues of the generalised electro-mechanical acoustic tensor Q™ in above
equation (7.96) depend on the propagation vector IN. We restrict our analysis to
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Figure 7.4: Representation of the pressure waves for the convex multi-variable con-
stitutive model in equation (7.19) for different orientations of the propagation vector
N, spherically parametrised as in equation (7.95). The values for the set {\, Dy, 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 7.5: Representation of the shear waves for the convex multi-variable consti-
tutive model in equation (7.19) for different orientations of the propagation vector
N, spherically parametrised as in equation (7.95). The values for the set {, Dy, Bg}
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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the case where the propagation vector is a principal direction of the deformation.
In this case, let the eigenvalues of the deformation {A;, A2, A3} be associated to
the (unitary) principal directions in the deformed and undeformed configurations,
denoted as {t;,ts,n} and {T,T, N}, as in Section 4.6.1. In that case, intro-
duction of the different identities in equation (4.68) into equation (7.96) for the
specialised scenario considered yields the following expression for the generalised
electro-mechanical acoustic tensor Q*

2
@ =2l + 2 (2 + )T A7) + 7'(0) (51 ) mem

A3
. (PN > /Dy-N 2FI o | 1 (N®6'N) P (7.97)
3 — - .
2 €9 €9 NN N - 9_1N
o

where the rank two tensor Ar in above equation (7.97) is defined as
Ar =X\t @t + ot @ ty. (7.98)

The wave speeds then can be obtained by solving the following equation (refer
to equation (7.72))

pocs, = Do - Q"D (7.99)

Combination of equation (7.99) and the expression for @* in (7.97) finally yields

) . J\°
poca = 2u1 + 211z (AT + A3) — By - Ardy,) + [ (J) (A—?)) (P, - 1)

Eo N.-0'N

2 2 .p-1 —1 . T —
+ (D0N> 1- (Zxata-pa> <(FTpa.0—1Ta) _(Ta-07'N) (6 'N - F'p,)
a=1

)

J/

ﬁa'(?;ﬁa
(7.100)
where Doy = Dy-IN and where the expression for p,-Cpp,, in above equation (7.100)
has been obtained in equation (H.11). The first set of eigenvalues corresponding to

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

2
i+ g O+ N) + £7(J) () + 2

C12 = + P
0

(7.101)

The next four eigenvalues correspond to shear waves where the vibration takes
place on the propagation plane. The corresponding velocity vectors are orthogonal
to n and in the directions of the unit eigenvectors {t;,ts} of the rank-two tensor
Ar. Particularisation of the expression for Cp in equation (H.11) to the case of
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shear waves gives

s 1 (2) (2 (5 (st - (1))
C34 = j:\ - |

p1 + a7+ f7(J) (%)2 n (D_N>2 (52 , (al + a4 g (Ai)Q))
C56 = ﬂ:\ |

Po
(7.102)
where the expression for the coefficients {1, aq, a3} in above equation (7.102) has

been determined in equation (H.7). Polyconvexity of the constitutive model con-
sidered entails that the six eigenvalues in equations (7.101) and (7.102) must be
real.

For more complex convex multi-variable constitutive models, the same proce-
dure 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 co-
inciding with a principal direction of the deformation. However, the complexity of
the model, associated to possible nonlinear effects such as electrostriction [109] or
electric saturation [109] could lead to cumbersome algebraic manipulations.

Analysis of material stability in dielectric elastomers

The Legendre-Hadamard condition is strongly related to the material stability of the
constitutive equations [86]. 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 [109] dielectric elastomers.
In particular, we focus on dielectric elastomers subjected to a specific experi-
mental set up which has been presented in Reference [75] and which is depicted in
Figure 7.6. In this set up, a thin film of an incompressible dielectric elastomer is
subjected to an electric field applied across its thickness, namely, in direction OXs3.
Consequently, a uniform deformation in the plane of the film (perpendicular to the
axis OX3) characterised by the stretch A, is observed. However, a slightly differ-
ent scenario to that in Reference [75] is analysed in the present section, in which
the deformation in the OXj is completely constrained. Therefore, the deformation
gradient tensor (accounting for the incompressibility constraint) can be expressed
as
0
0
/A

F = (7.103)

o O X

0
1
0

The behaviour of two constitutive models is studied in this section. First, the
following convex multi-variable constitutive model (slightly different to the convex
multi-variable electrostrictive constitutive model presented in equation (5.81)) is
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Figure 7.6: 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 hg respectively, leads to a
uniform axial expansion in the OX; direction and final thickness h = 1/Ahg, with A
the stretch in the dielectric elastomer.

defined as

1 2 1
Wel,l:/L1][F+/JJ2IIH+?[I(1+,U@ (I[IQ,—'—F - [[FI[d_'_IuQ 2][,1)
1 e-e e

~ ”(7.104)

Stabilised electrostrictive invariant

[\

1 K 2
—IIp, —pInJ+—=(J—=1)".
+2€2 DO ILL n + 2( )

An alternative non-convex multi-variable constitutive model(slightly different
to the non-convex multi-variable electrostrictive constitutive model presented in
equation (5.91)) is defined as

- - 1 2 1
Weo = pullp + fiol Iy + — 114+ —IIpllg +—11p,
28, € 2¢9
Non polyconvex invariant (7105>

—,uan—l—g(J—l)Q.

Auxiliary material parameters f. and fs, defined exactly as in equations (5.83)
and (5.84) for the convex multi-variable model in (5.81) and ., defined as in equation
(5.93) for the non-convex multi-variable model in (5.91) can be introduced to control
the level of electrostriction and electrical saturation of the model.

Notice that more severe mechanical stiffening can be achieved via introduction
of invariants of the form /I, with m > 2 as in the purely mechanical Arruda-Boyce
constitutive model [77]. An alternative constitutive model, suitable for rubber-like
materials with stiffening behaviour and hence, for dielectric elastomers, is the Gent
constitutive model [81]. This two alternative constitutive models can always be

written as a convex combination of some of the strictly mechanical entities in the
set V (7.13), namely {F', H, J}.
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Determination of the value of the variables {f., fs} for the constitutive model
W, in (7.104) which minimises the error in the variables { P, X, D, E} between both
constitutive models We; ; in (7.104) and W, 5 in (7.105) for the entire experimental
set up has been carried out. Figure 7.8 shows the qualitatively accurate agreement
in the response for both convex multi-variable and non-multi-variable convex con-
stitutive models in equations (7.104) and (7.105), respectively, for a particular value
of the electrostrictive parameter of f, = 1.5 (moderate electrostriction), which cor-
responds (after minimisation) to a value of the parameters {f., fs} of f. = 1.195
and f, = 0.1633.

Certainly, this minimisation procedure entails a qualitative similarity of the dif-
ferent constitutive tensors relevant in electro-mechanics, namely C, @ and 6 in
equation (5.20) for the entire experimental set up for both multi-variable convex
W1 and non-multi-variable convex W o constitutive models. Figure 7.9 shows
the graphical visualisation of these tensors for both constitutive models in equation
(7.104) and (7.105) for different stages of the experimental set up for a value of the
electrostrictive parameter for the non-multi-variable convex model W; 5 of fe =15
fo=15 (moderate electrostriction), which corresponds (after minimisation) to a
value of the parameters {f., fs} of fo = 1.195 and f, = 0.163. Based on Refer-
ence [112] and [76], a spherical parametrisation of a vector m permits to define the
moduli ji, @ and & in Figure (7.9) as

fi=mnen):C:(ne®n); Q=9:(Menen);

oy | =

=nfOn. (7.106)

Figures 7.10 and 7.11 study the possible loss of material stability for the non-
multi-variable convex constitutive law W, 5 (7.105) and the multi-variable convex
constitutive model Wy (7.104)* for the current experimental set up considered,
depicted in Figure 7.6. Loss of material stability is associated to the loss of positive
definiteness of the generalised electro-mechanical acoustic tensor Q* in equation
(7.74) [86]. Therefore, a sufficient condition for material instability (refer to equation
(4.76)) is

q=min(q1,q2,q3) <0; @ = Qy;
g2 = Q1,Q% — Q1,Q%; g3 = det Q™.

The evolution of the variable ¢ in (7.107) for all the possible orientations of the
propagation vector IN for both constitutive models W1 (7.104) and W5 (7.105)
is depicted in Figures 7.10 and 7.11, respectively. The same highly electrostrictive

(7.107)

material as in Figure 7.9 is considered. It can be observed in Figure 7.10 that at
a certain stage of the experimental set up, the variable ¢ becomes zero (negative
values of the variable ¢ (7.107) have been set to zero in order to facilitate the

3For the remaining values of f. (5.93) used in Figure 7.7, namely {1.05, 10, 100}, the associated
value of the parameters f. (5.83) and f, (5.84) resulting after minimisation are {1.024,1.701, 1.833}
and {0.019,0.887,0.999}, respectively.

4Convex multi-variable constitutive models in the sense described in equation (5.12) are always
materially stable.
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Figure 7.7: Numerical experiment reproducing the experimental set up in Figure
7.6. Response of the non-multi-variable convex constitutive model W, 5 in (7.105)
for different values of the electrostrictive parameter f, in equation (5.93) for material
parameters F = 10° N/m?, v = 0.48 and ¢, = 4. The following choice of material
parameters was used: fi1 = 2fia, €9 = 00. Representation of the relation between
(a) Evs D, (b) Pyiay — Paaas Vs A, (¢) Evs A, (d) D vs A, (d) Payz, — Pagas VS
D and (d) Pgz, — Pryas vs E.
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Figure 7.8: Numerical experiment reproducing the experimental set up in Figure
7.6. Response of the non-multi-variable convex constitutive model W, 5 in (7.105)
for fe = 1.5 (5.93) and multi-variable convex model W, in (7.104) for f. = 1.195
(5.83) and f; = 0.163 (5.84). The following choice of material parameters was
used: [i1 = 2fia, €2 = co. Representation of the relation between (a) E vs D, (b)
Pyw, — Paow, vs A\, (¢) Evs A, (d) D vs A\, (d) Pgey — Paye, vs D and (d)
Pais, — Paya, v E.
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Figure 7.9: Numerical experiment reproducing the experimental set up in Figure
7.6. Evolution of 1 (7.106) (left column), Q (7.106) (center column) and i (7.106)
(right column) for the non-multi-variable convex constitutive model We; 5 in (7.105)
for fe = 1.5 (5.93) and multi-variable convex model W in (7.104) for f. = 1.195
(5.83) and fs; = 0.163 (5.84). The following choice of material parameters was used:
fi1 = 21, €2 = 00. 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
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identification of material instability) for the non-multi-variable convex model W, 1
(7.105). Obviously, it is impossible to obtain negative values of ¢ (7.107) for the
multi-variable convex model W, ; (7.104) (refer to Figure 7.11).

7.6 Concluding remarks

This Chapter, based on the work presented in Reference [74] completes the new
convex multi-variable variational and computational framework for the analysis of
Electro Active Polymers (EAP) developed by Gil and Ortigosa in References [75,76]
and described in Chapters 6 and 5. The approach presented in this paper allows
also 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 con-
vex multi-variable definition of the electromechanical internal energy, postulated
in [76], to the field of nonlinear electro-magneto-elasticity. This paper 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 com-
pletely new conservation equations for the spatial vectors d and b (7.14) have been
presented in this work. The proposed convex multi-variable definition of the inter-
nal 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 the context of 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 [44] 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 energy functionals has
also been presented.



228CHAPTER 7. HYPERBOLIC FRAMEWORK FOR ELECTRO-ELASTICITY

Figure 7.10: Numerical experiment reproducing the experimental set up in Figure
7.6. Evolution of the variable ¢ (7.107) (a value of zero of this variable would indicate
material instability) for the non-multi-variable convex constitutive model W, in
(7.105) for f, = 1.5 (5.93). The following choice of material parameters was used:
fi1 = 2fiz, €2 = 00. Results obtained for an electrically induced strain (actuated
strain) of (a) A = 1.053, (b) A = 1.311, (c) A = 1.631, (d) A\ = 2.428, (e) A = 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) A = 5.246.
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Figure 7.11: Numerical experiment reproducing the experimental set up in Figure
7.6. Evolution of the variable ¢ (7.107) (a value of zero of this variable would indicate
material instability) for the multi-variable convex constitutive model W ; in (7.104)
for fo =1.195 (5.83) and f, (5.84) and f; = 0.163. The following choice of material
parameters was used: [i; = 2fio, €2 = o0. Results obtained for an electrically
induced strain (actuated strain) of (a) A = 1.053, (b) A = 1.311, (¢) A = 1.631, (d)
A =2.428, (e) A = 3.081, (f) A = 3.621, (g) A = 4.089, (h) A = 4.304, (i) \ = 4.508,
(j) A =4.891, (k) A =5.07 and (1) A\ = 5.246.
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8.1 Conclusions

The main objective of this thesis is the development of materially stable constitutive
laws for nonlinear electro-elasticity in scenarios characterised by extreme electrically
induced deformations in the presence of high electric fields. Starting with the most
well-accepted convexity restriction which complies with the ellipticity condition,
namely multi-variable convexity, tantamount to the concept of polyconvexity in the
context of nonlinear elasticity, this work proposes an extension of the concept of
multi-variable convexity to the field of nonlinear electro-elasticity.

8.1.1 Polyconvex nonlinear elasticity

The key contributions of these thesis in the context of convex multi-variable (poly-
convex) elasticity are:

e Application of a tensor cross product operation initially introduced by de
Boer [82] and recently rediscovered in [44], for the first time in the context
of nonlinear continuum mechanics. The algebra associated to this tensor cross
product has been exploited in this work, greatly facilitating the manipulations
of the co-factor and the Jacobian of the deformation gradient as well as its
derivatives.

e The definition of a new set of variables, conjugate to those defining multi-
variable convexity (polyconvexity), namely the deformation gradient tensor, its
co-factor and its Jacobian. The consideration of polyconvex energy functionals
enables a one to one and invertible relationship between these two sets of
variables, leading to the definition of a complementary energy for the first
time in the context of polyconvex elasticity.

e The definition of new Hu-Washizu and Hellinger-Reissner type of mixed vari-
ational principles in the context of polyconvex elasticity, where the new tensor
cross product operation introduced features heavily.

e The Finite Element implementation of the new Hu-Washizu and Hellinger-
Reissner mixed variational principles. A static condensation procedure has
been presented for the Hellinger-Reissner mixed variational principle, where a
particular choice of functional spaces for the different variables satisfying the
Ladyzenskaja-Babuska-Brezzi condition has been utilised, the resulting formu-
lation having a comparable computational cost to those of displacement based
formulations. Linear continuous interpolation using tetrahedral elements for
both displacement and pressure and stabilised via a PetrovGalerkin technique
for fully incompressible scenarios has been presented.

e This thesis endows multi-variable convexity (polyconvexity) with a physical
and insightful interpretation. Fxploration of the connections between the
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Legendre-Hadamard condition and the hyperbolicity of the equations for Solid
Dynamics enables to conclude that the time derivative of each of arguments of
the convex multi-variable set must be written as first order conservation laws.
A set of first order conservation laws is presented in this thesis for polyconvex
elasticity. Exploiting the one to one and invertible relationship between these
arguments and their associated work conjugates, a symmetrisation of the sys-
tem of conservation laws in terms of the entropy conjugates has been carried
out in this thesis.

8.1.2 Convex multi-variable nonlinear electro-elasticity

The most relevant novelties of this thesis in the context of convex multi-variable

nonlinear electro-elasticity are:

The extension of the definition of multi-variable convexity to the field of non-
linear electro-elasticity, whereby the convex nature of the internal energy is
enriched with additional electromechanical variables to those in the purely
mechanical context. The new definition of multi-variable convexity ensures
the material stability of the constitutive equations and hence, the ellipticity
condition for the entire range of deformations and electric fields.

The definition of a new extended set of variables work conjugate to those in
the convex multi-variable set in electro-mechanics.

The definition of a new family of Hu-Washizu type of mixed variational prin-
ciples in the context of nonlinear electro-elasticity heavily relying in the use of
the newly introduced tensor cross product operation.

The Finite Element implementation of the new Hu-Washizu mixed variational
principles. A series of challenging numerical examples have been included in
order to prove the superiority of the proposed mixed formulations with respect
to classical potential-displacement formulations.

The definition of a new set of first order hyperbolic equations for nonlinear
electro-magneto-elasticity. Moreover, exploiting the one to one and invertible
relationship between the convex multi-variable set and its work conjugate set,
it has been possible to define a novel generalised convex entropy functional in
the context of nonlinear electro-magneto-elasticity, permitting a symmetrisa-
tion of the conservation laws in terms of the work (entropy) conjugates.

8.2 Recommendations for further research

e Fluid Structure Interaction. Dielectric elastomers have a promising future

in biomedical applications, where they have already been suggested as reliable
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actuators capable of pumping blood and hence, act as an artificial heart. Im-
mersed or boundary fitted methodologies are reliable numerical techniques for
the simulation of these fluid structure interaction scenarios.

e Continuum enriched Cosserat description. Flexoelectric materials ex-
hibit an spontaneous polarisation when subjected to a change in the gradient
of the strains. A proper Cosserat theory extended to the context of electro-
elasticity and scenarios where large deformations might occur is probably the
most plausible approach for this new type of interesting materials.

e Incorporation of dissipative effects. Dielectric elastomers exhibit visco-
electro-elasticity. The consideration of dissipative phenomena is one of the
few remaining ingredients for an extensive material characterisation of electro
active materials.

e Electrically induced fracture. One of the main failure modes of dielectric
elastomers is electric breakdown, a threshold value for the electric field beyond
which fracture of the material can occur. The numerical simulation of electri-
cally induced fracture at finite strains is an interesting and challenging area of
research
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Appendix A

Proof of convexity of stabilised
invariants

The objective of this Appendix is to prove the convexity of the stabilised family of
invariants proposed in Section 5.5 with respect to its arguments, proving that the
resulting estabilised invariant complies with the definition of multi-variable convexity
given in equation (5.12).

A.1 Stabilisation strategy 1 in Section 5.5.1

Convexity of invariant Wgp, (F', Dy) in equation (5.71) is subject to positiveness of
the variable F defined as

*Wrp, 0*Wrp,
OFOF  9FJDy { - oF

F=[06F: éDy |

5D, } >0, (A1)

?*Wpp, 0*Wrp,
O0DgOF  8DdDy

where each of the terms featuring in the Hessian of Wgp, in (A.1) are obtained as

*Wrp,

0 _S8FQF +4(11 211p)T:

OFOF 8F @ F+4(11p +~°11p,)T;

— 20 —8’F ® Dy: A2
oFoD, O @ (A-2)
O*Wgp,

— 20 8 Dy @ Dy + 4y (11 211p VI,

9D.0D, 7' Do ® Dy + 4y (11 +~v°11p,)

Introduction of above equation (A.2) into (A.1) yields
F =8(6F : F)? + AllpILip + 44*IIp, [ I5p

;'—rl F3
+87'(6Dq - Do)’ + 49" 11p, 1 Isp, + 47’11 L;p, (43)
Fa Fa
+ 169*(6F : F)(6Dy - Dy).
Fs
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Application of the Cauchy-Schwarz inequality to the tensors F' and dF and to
the vectors Dy and §d D, reads as,

[Ipllsp > (OF : F)*; IIp,Ilsp, > (6D - Dy)”. (A.4)

Equation (A.4) enables a set of inequalities for F; and F» in (A.3) to be written

as,
Fi=8(6F : F)2 + 4lIpl sy > 12(5F : F)?;

Fa =8y (0Dg - Do)* + 4v*11p,IIsp, > 127*(Dy - Dy)>.
Introduction of the inequalities for F; and F; in (A.5) into equation (A.3) yields

(A.5)

the following inequality

F > 12(6F : F)* +44*11p,I1sp + 129*(0Dg - Dy)?

i ” 7 (A.6)
+ 4y  IplIsp, + 1672 (6F : F)(§Dy - Dy).
Fa Fs

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

F>F5 Fr=F +F; +Fs (A7)

Introduction of equation (A.6) into equation (A.7), enables the intermediate
variable F* in (A.7) to be written as

F' =F+F;+Fs=12(0F : F)* +127*(6 Dy - Dy))* +16~7*(6F : F)(0Dy - Dy).
a2 b ab

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

F* =12a® + 120* + 16ab = 4(a® + b* + 2(a + b)?) > 0. (A.9)

Positiveness of F* in above (A.9) yields positiveness of F in (A.6) (inferred from
(A.7).). Hence, the invariant Wgp, (F', Dy) in equation (5.71) is convex with respect
to its arguments, namely {F, Dy}.

A.2 Stabilisation strategy 1 in Section 5.5.2

Convexity of invariant Wgp, in equation (5.72) is subject to positiveness of the
variable G defined as

®Wup, 0*Wup,
OHOH O0HODg -OH
0Dy

G=[0H: 6Dy | >0, (A.10)

®Wup, 0*Wup,
0DgOH 0Dy0Dg
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where each of the terms featuring in the Hessian of Wgp, in (A.10) are obtained as

Wb,

0D _SH @ H +4llg + 29T

oo ~ PH@H Al 27T

azWHDo 2

PWip, ) o Al
0HOD, < o
aQWHDO _ 874D0 ® Dy + 272(HTH + 272[[[) I)I.

0D,0D, O

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

G =4llyllspg +49*'11p,IIsp, +4y* 0HD, - HSDy + HD, - $H5 D)

3 o i (A.12)
+8(6H : H)" + 87" (Dy - 6Do)” + 29’1 Isup, + 2° [ msp, -
G

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

G =4lIyllsy > 4tr (H'HSH"6H) = 4tr (H'HSH ' H) . (A.13)

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

G >dtr (H'SHOH"6H) + 4y*I1Ip,IIsp, + 47’ ((HDy - HSDo + HD, - SH6Dy)

a? 52 gs
+8(6H : H)" + 87" (Dy - 0Do)” + 27’1 Isuup, + 29° [ usp, -
G

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

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

Introduction of equation (A.14) into (A.15), enables the intermediate variable
G* to be written as

G*=Gi+G+Gy=4tr (B"B); B=0H"H ++*$D,® D,. (A.16)

Finally, positive definiteness of the tensor B” B in above equation (A.16) implies
positiveness of G* and hence, positiveness of G (inferred from equation (A.15),).
Therefore, convexity of invariant Wep, in (5.72) with respect to its arguments,
namely {H, Dy} is proved.
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Appendix B

Relationship between the
constitutive tensors of the internal
energy in terms of its reduced and
extended representations.
Electro-elasticity

The objective of this section is to express the physically meaningful constitutive
tensors introduced in equation (5.20), namely C, Q@ and €, emanating from the
Hessian operator of the internal energy e (5.12), in terms of the components of the
Hessian operator of the extended representation of the internal energy, namely [Hyy|
(5.23).

B.1 Elasticity tensor

From equation (5.19), the second directional derivative of the internal energy e with
respect to changes of the geometry can be obtained as

D?*e[6u;u] = Voou : C : Vyu. (B.1)

Comparison of equations (B.1) and (5.38) enables the elasticity tensor C to be
alternatively re-written in terms of the derivatives of the electro-kinematic variable

set V as
C=Wprr+ FX(WyggxF)+W,;;H® H +C,
+2Wen X )™ 4 2Wpy @ H)™™ + 2Wra @ D)™
+2((FxWgy) @ H)Y™ 4+ 2((F X Wrq) @ Dg)™™
+2(H ® (Wjq @ Dg))™™ + A,
where
AinJ = &iip€rip (Xm + ZJEH)pP; Ciirjg = (de)ij Do1Dyy. (B-3)
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B.2 Piezoelectric tensor

From equation (5.19), the second directional derivative of the internal energy e with
respect to changes in geometry and electric displacement field leads to the following
expression

%e [6u; ADo) = (Vobu : Q") - AD,,. (B.4)

Comparison of equations (B.4) and (5.38) allows to re-express the piezoelectric
tensor Q7 in terms of the elements of the set V as

QT:WFDO‘FFXWHDO‘FH@WJDO"’Q?

B.5
+ol+ol+ ol + ol +3,01 (85)

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

(Q{>11J = Wapy);y Dors (B.6a)
(Qg)lu (Wrair;) Fjr: (B.6b)
(Q3T)11J (F' X Wra)irj Fjs; (B.6¢)
(R1),, =(H ® Wia)ir; F; (B.6d)
(95) 1, = Waa);; FjsDor. (B.6e)

B.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 (5.19) as

e [6Do; ADg) = 0Dg - OAD,. (B.7)

Comparison of equations (B.7) and (5.38) enables the inverse of the dielectric
tensor @ to be re-expressed in terms of the elements of the set V as

0 = Wp,p, + WpyaF + F'Wyp,) + FTWaaF. (B.8)

B.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 (5.19)) is the
electrostrictive tensor, defined as

09"

B‘F:ng = a—DO- (B.9)
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Introduction of equation (B.5) into (B.9) enables B to be expressed in terms of
the elements of the set V as

(B|F:Vo:c)UJK = (WFDODO)UJK + (WFDod)qu Fnk
+ (FXWupDo)irgx + (F XWhDed) 170 Fmic
+ (H @ Wipeno)irsx + (H @ Wined) i1 Fini
+(Bi+ By +Bs+By+Bs), 0 + Wan, )i 015 + (Waa),,, Fmrors,

(B.10)

where Wapc = Maa?)—gac and with
(B1);175 = Wabepe)ir Dor + Wabed) i jm Fink Dor + (Wapy),; 0155 (B.11a)
(32)UJK - (WFdD0>i]jK Fi;+ (WFdd)ink FjpFrx; (B~11b)
(Bs)irsx = (FXWhap, )15 Fjs + (F X Whda) 1 FjoFex; (B.11c)
(34)UJK = (H ® WJdDo)inK FjJ + (H ® WJdd)z‘Ijk FjJFkK? (B-lld)
(Bs)irsx = Waap, )i FisDor + (Wadd) jy, FioFiox Dor + (Waa); Fisori. (B.11e)
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Appendix C

Relationships between the Hessian
operator of the Helmholtz’s
energy functional and that for the
internal energy

When an explicit representation of the Helmholtz’s and extended Helmholtz’s en-
ergy functionals, namely ®(Vox, —Vop) (5.34) and ®(F, H, J, ¥Xp,, 3q) (5.32¢) is
not available, their associated Hessian operators need to be obtained in terms of
the components of the Hessian operators associated to the internal energy function
e(Vox, Dy) and its extended representation W(F, H, J, Dy, d) respectively, by ex-
ploiting the partial Legendre transforms presented in equations (5.34) and (5.32c¢),
respectively.

Starting with a generic partial Legendre transform between two generic energy
functionals, this section shows how to relate the Hessian operators of (Vox, —V )
and ®(F, H,J, Xp,,Xq) to those for e(Vox, Dy) and its extended representation
W(F,H,J Dyd).

C.1 Generic transformation between Hessian op-
erators

Let F(A, B) be an energy functional convex in the sets of variables {4, B}. Con-
vexity of the energy functional enables a new energy functional £(.A, ¥g) depending
upon the set of variables A and a set of variables X5 (work conjugate to those con-
tained in the set B) to be defined via the following partial Legendre transformation,

L(A,Yg) = —max {¥:B—F(A,B)}. (C.1)

Let the first derivatives of the energy functional £(.A, ¥g) and the sets of variables

249
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>4 and YXp be related as

oOF .. OF _
oA TN oB

Combination of equations (C.1) and (C.2) enables the first derivatives of the

Ss. (C.2)

energy functional £(A, X5) to be obtained as,

oL oL
ﬂ —_— EA, ﬁ —_— _B. (C-S)

Let the Hessian operators of both energy functionals F(A, B) and F(A, B) be
represented as,

Laa  Las } []:AA fAB]
H] = B Hf| = : C4
e |:['25A Lspss Hs Fa  Fss (C4)
with Lep = —8‘9628%. The components of the Hessian operator [Hyx| can obtained in

terms of the components of the Hessian operator [H,] in a standard manner as

Lyprs = — [JTBB]il ; (C.5a)
Lasy = —FaBLsgss; (C.5b)
Laa=Fan— FasLlspas, (C.5c¢)

where Ly, = [ﬁgBA]T

C.2 Relation between the Hessian operator of the
Helmholtz’s energy ¢(Vx, Vyp) and the Hes-
sian operator of the internal energy ¢(Vx, D)

Let the set of variables A, B, ¥4 and ¥z (C.1) be defined as,

A= Vx; B = Dy;

(C.6)
Y= P; Y5 =—Vo.

For this particular case, the energy functions L£(A, ¥3) and F(A, B) coincide
with the Helmholtz’s energy functional @(Vox, —V,p) and the internal energy
e(Vox, Dy), respectively, namely

E(.A, EB) = (P(V()ZE, —VoQD); f(.A, B) = G(VoiL‘, Do) (C?)

For these two energy functionals, the equivalent expression to that in (C.5a), re-
lating electrical components of the Hessian operators of @(Vox, — V@) and e(Vox, Dy),
namely € (5.37) and 6 (5.20), respectively is

e=0"" (C.8)



C.3. RELATION BETWEEN THE HESSIAN OPERATOR [Hg| AND THE HESSIAN OPERA

The equivalent expression to equation (C.5b), relating the coupled contributions
of both Hessian operators, namely P (5.37) and Q (5.20), yields

~PT=Q" ek, (C.9)

where the operation e in above (C.9) indicates the contraction of the last and first
components of the tensors on the left and right hand sides of the operation symbol
o, respectively. Finally, the mechanical component of the Hessian operator of the
Helmholtz energy, namely C* (5.20) emerges after applying equation (C.5a), yielding

C*=C+QeP, (C.10)

with C defined in (5.20).

C.3 Relation between the Hessian operator |[Hg]
and the Hessian operator [Hyy|

Let the set of variables A, B, ¥4 and ¥z (C.1) be defined as,

(C.11)
Ya={2Fr.2u.2}; Y ={2D,: Xa}-

For this particular case, the energy functions £(A, ¥3) and F(A, B) coincide
with the extended Helmholtz’s energy ®(F, H, J, ¥ p,, 34) and the internal energy
W(F,H,J, D,,d), respectively, namely

LA, SE) =®(F, H,J,Sp,, q); F(AB) =W(F,H,JDyd). (C.12)

For these two energy functionals, the equivalent expression to that in (C.5a),
relating some of the components of the Hessian operators [Hg| and [Hy/| reads as
-1

(I)EDOEDO CI)EDoEd :_|:WD0D0 WDod} ' (013)
Psysp,  Puumg Wap, Waa

Analogously, the equivalent expression to equation (C.5b) yields

Pryp, WFp, Prs, Wrv
Pasp, | =~ |WaD, [q)zDOzDO] D | PEs, | = — |Wav | [Ps,s,] - (C.14)
P rsp, Wb, Pz, Wia

Finally, the remaining components of the Hessian operator [Hg| emerge after



252 APPENDIX C. RELATIONSHIPS HESSIAN OPERATORS

applying equation (C.5a), yielding

Prr = Wrr — [Wrp, Wrd %;f] : (C.152)
Oppr = Wrm — [Wep, Wrd) [225] : (C.15b)
®p;=Wrs — [Wrp, Wra [q:;;(f] ; (C.15¢)
Py =Wun — [Wup, Whadl [‘I;)z:;df] ; (C.15d)
Opry=Was— [Wap, Waad] [(I()I)ZED;]J] : (C.15¢)

P
Oy =Wys— [Win, Wia [;;OJJ] : (C.15f)
d



Appendix D

Auxiliary residuals and stiffness
matrices associated to static
condensation procedure

The auxiliary residuals and stiffness matrices arising in the static condensation pro-
cedure for the variational principle Ily (5.42) (see equations (6.25), (6.26), (6.27),
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(6.29) and (6.30)) are

R;, = —[M:]™" (RS + K5y, Ry, — M5M$ (Rp,, + Koy RY)) ; (D.1a)
Ry, = —M; (Rp, + Ko yRS + K5 o R ) (D.1b)
Ry = —[KS )] RS (D.1c)
M7 = [Kp,p, — K,y ([Kezyy]flKezyDO)rl; (D.1d)
M; = [K5p, — K5y ([K%yy]ilK%yDo)]il; (D.1le)
M = K5y, — MSM{Kp 5 |7 (D.1f)
M5, = —[K5 )| KS o (D.1g)
My, = —M; (K5 M5, — M5MS (KD, + KpyMS5,)) ; (D.1h)
M, = MSMSMSKS, (D.1i)
th)om = —Mj (KeDozyMezym + KeDom + K%OyM;ﬁzm) ; (D.1j)
Mbp,, = —MS (K e M5, + K5, ) ; (D.1k)
M, = M5, — (K5, 5| K5 p, M b,y (D.11)

M§,¢ = —[Kgyy]—lKgyDoM;W. (D.1m)



Appendix E

Components of the Jacobian
matrix for the full system 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 A; in equation (7.44). 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 4.3.

Matrix “,7[** in equation (7.44) adopts the following expression

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

WI**: 03x3x3x3 03x3x3x3  03x3  03x3x3  03x3x3  03x3x3 03x3x3 7
03><3><3><3 03><3><3><3 03><3 03><3><3 03><3><3 03><3><3 03><3><3
03><3 03><3 0 O3><1 O3><1 03><1 O3><1
(E.1)
with

Py =Wrp+FXWyp + H @ Wip + Wap 0 Dy + Wep ¢ By;
P/TJ:WFH+FXWHH+H®WJH+WdH<>DO+WbH<>BO§
P;=Wps+FXWgy+ HW;;+ Way @ Do+ Wy ® By;
15;0 = Wrp, + F XWup, + H® W;p, + Wap, © Do + Wpp, ¢ By; (E.2)
P, = Wrg, + F X Wyp, + H © Wys, + Was, © Do + Wes, © Bo;
ﬁi:WFd+FxWHd+H®WJd+WdDO<>D0+WbDo<>BOS
Py = Wiy + F X Wy + H @ W + Wap © Dy + Wep © Bo,

where the tensor operation ()< () between a third or second order tensors, A and
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A respectively, and a vector V yields
(Ao V)1 = Aimm Vr; (Ao V)i = AinVi (E.3)

The matrix W, (featuring in the definition of the Jacobian matrix A; (7.44))
is defined so that W, = W N, with W, defined as

- (WHop - (WHon - (wHo, - (WHop, - (WHog, - (WHq — (WHoy)
e _ | (WEor) WEo ) WEG ) WEop, ) WEog, ) WEoq4) WEo, )
N |- (FWHop) - (FWHou) -(FWHo,) -(FWHop,) - (FWHop,) - (FWHog) - (FWHo,)|

(wEE) (W) (WEL) (rwEon  (rwEen)  (ewEw)  (rwE)

(E.4)

Notice that the second order tensor W is defined as W;; = Eryx Nk and that
the terms Eor, Eog, etc. in above equation (E.4) are defined as

Eop = Wpor + F' Wap; Eoy = Woor + F" Wy
Eq = Wpes + F " Way; Eop, = Wpopy + F*"Wap,; (5.5)
Eop, = WpyB, + F' Wag,; Eoq = Wpoa + FTWag;

Eg = Wpyp + FT W,

Finally, the terms I/{\O/F, fI\o/H, etc. in above equation (E.4) are defined as

I/{\O/F = Wg,r + FTWbF; I/{\O;J = Wg,Ha + F ' Wyn;
Hy, = Ways + F Wy Hop, = Wa,p, + F*Wyp,; (E.6)
Hop, = Wa,, + F* Wip,; Hyy = Wgya + F"Wea;

Hop = Wayo + F W,



Appendix F

Theorem relevant to the
hyperbolicity of the eigenvalue
problem for both elasticity and
nonlinear
electro-magneto-elasticity

The objective of this section is to prove that, as stated in Sections (4.3.1) and
(7.3.1), a second order tensor A}, defined via the multiplicative decomposition in
equations (4.35) and (7.57) (for the respective cases of nonlinear elasticity and non-
linear electro-magneto-elasticity) 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 F.0.1 Let A € R™"™ and B € R™" be symmetric and symmetric posi-
tive definite matrices for any arbitrary dimension specification n. Let C' be defined
in terms of the following multiplicative decomposition as

C =AB. (F.1)
Then, the matriz C' defined as in equation (F.1) has real eigenvalues.

Proof. The eigenvalue problem associated to matrix C' introduced in Theorem
F.0.1 is defined as
(cel — AB)m, =0, (F.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 = v/ B*. This particular choice of L enables to re-write equation

!Since B is a positive definite matrix, it admits the following decomposition in terms of its
eigenvalues ¢, and eigenvectors mg 5, namely B = co5Mq 5 @ Mo 5. The symmetric matrix v B
can be defined as VB = /CapgMap @ Moy
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(F.2) as
(ca = AVBVB) 11, = 0 (F.3)

The identification of the eigenvalues ¢, in above (F.3) is equivalent to the so-
lution of the following polynomial equation, namely detD = 0, where D = ¢, I —
AVB+B. Pre- and post-multiplication by v B \/E_1 does not alter the solution
to the polynomial equation (F.3), namely det(D) = det(\/ED\/Efl). Therefore,

the roots (the eigenvalues of C') can be equivalently obtained as
det (caI - \/EA\/E> ~0. (F.4)

Equation (F.4) proves that the eigenvalues of the matrix C' defined in Theorem
F.0.1 are the same as those for the matrix defined as v BAVB (the same cannot
be said regarding the eigenvectors). Symmetry of this new matrix vVBAVB (it is
obvious to verify symmetry of this matrix) guarantees therefore that its eigenvalues,
and therefore those for matrix C are real.



Appendix G

Relationship between the
constitutive tensors of the internal
energy in terms of its reduced and
extended representations for
electro-magneto-mechanics

The objective of this section is to express the physically meaningful constitutive
tensors in electro-magneto-elasticity in Section 7.3.1, namely C, @, T, R, 68 and
Y, 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 [Hy| (7.18).

G.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

d%e

D?%e [511/,’11,] =Viu:C:Vou=C= m

(G.1)

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

C=Wrrp+ FXWggXF)+W;;H® H+C; +Cs
+ 2<WFH X F)Sym + 2(WFJ X H)Sym -+ 2<Wpd &® Do)sym + 2(pr X Bo)sym
+2(FxWgy) @ H)™ 4+ 2((F X Whq) ® D)™ + 2((F X W) ® Bg)™™

+2(H @ (Wja® Dq))™ + 2(H ®@ (W ® By))™™ + A,
(G.2)
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with

Airjs = Eipplrip (Ea +X53m),p;  Crirjg = Waa);; DorDos;  Coirjg = (Web),; BorBoy-
(G3)

G.2 Piezoelectric tensor

The third order piezoelectric tensor @ emanates from the second directional deriva-
tive of the internal energy e with respect to changes in geometry and electric dis-
placement field as

%

2 : = Q7). T O A
D% [6u; ADo| = (Vodu : Q) - ADo = @ = 5555

(G.4)

Alternatively, the piezoelectric tensor @7 can be re-expresses in terms of the
elements of the set V as

QT:WFDO+FXWHDO+H®WJDO+Q{

G.5
QT4 QT+ QT QT+ QT+ QT 4y, (G-5)

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

(Q1T),-U = (Waby),; Dor; (G.6a)
( 2T)UJ = (Wrair;) Fir; (G.6Db)
(Q5) 1, =(F X Wra)ir; F.r: (G.6c)
(Q1),;, =(H & Wia)ir; Fyr: (G.6d)
(Q5T)UJ = (Waa),; FjsDor; (G.6e)
(Qb:’r)iu =Wep,) ;5 Bor; (G.6f)
(Q$>ilj = bd)@'j F;;Bor. (G.6g)

G.3 Piezomagnetic tensor

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

d%e

2 . —_ . . =
D¢ [0u; ABo] = (Vodu: T') -ABy =T 59298,

(G.7)

The piezomagnetic tensor 7' can be re-expressed in terms of the elements of
the set V as

T'=Wpp, + FXWgp, + HO W, + T,

+ T+ T +Ti+T5 + T +T7 + 501 (G8)
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with
(TIT)UJ = (Wan,);; Bor; (G.9a)
(ﬂ)iIJ = (Wrvir;) Fys; (G.9b)
(Ts) 31y =(F X W )ir; Fi; (G.9¢)
(TZ)UJ =(H @ Wip)ir; Fjs; (G.9d)
(7-/?)@'[] = (Whb),; FisBor-; (G.9e)
(Tg>i1J =(Wag,);; Dor; (G.9f)
(T7)1s = (Wap); Fj1 Do (G.9g)

G.4 Dielectric tensor

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

0%e
0DyOD,

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, + WpoaF + F"Wyp,) + FTWyyF. (G.11)

G.5 Permeability tensor

The second order permeability tensor 9 emanates from the second directional deriva-
tive of the internal energy e with respect to changes in the magnetic induction field
as

0e
830630 '
Alternatively, the inverse of the permeability tensor 9 can be re-expressed in

terms of the elements of the set V as

¥ = Wa,B, + WawF + F'Wyg,) + FT Wy F. (G.13)

G.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%e

D*c[6Dy:ABy| = 6D, - R-AB R= ———.
e [0.Dy; 0] 0 0= 9D.0B,

(G.14)
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Alternatively, the magnetoelectric tensor R can be re-expressed in terms of the
elements of the set V as

R=Wp,, + WpoF + F"Wyp, + F"TW4F. (G.15)



Appendix H

Algebraic manipulations for the
explicit representation 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 (7.96) which would allow to obtain a simple explicit represen-
tation for the speed of propagation of acoustic waves for the polyconvex constitutive
model in equation (7.19), particularised to the case of electro-mechanics. This tensor
involves computing the inverse of the constitutive tensor € (5.20), which is defined

o 1. 1
0=—1+—C, (H.1)
€1 €2
where C = FTF is the right Cauchy-Green deformation tensor. The inverse of
every symemtric positive definite second order tensor (still a symmetric positive
definite second order tensor), and in particular @' admits the following additive
decomposition

9_1 = OélI + OéQC + OégG, (HZ)

where G is the co-factor of C. Noting that 80~' = I and CG = J? and considering
equations (H.1) and (H.2) gives

1 1
0071 = (_I + _C> (OélI + OCQC + OégG)
€1 9
a agJ? a e} o) Q (H.3)
= (—1+ > >I+ (—2+—1)C+—202+—3G.
€1 €9 €1 E9 €2 €1

As shown in [32], the co-factor of a symmetric positive definite tensor, and in
particular G, can be alternatively expressed as

G = C? — [,cC + Ircl. (H.4)
Introduction of the expression for G in (H.4) into equation (H.3) yields,

2 1. I
00~ — (ﬂ_i_ong +043 2C)I+(%+ﬂ_a3 10)04_(%_’_%)02:[.
&1 9 &1 &1 €9 €1 9 &1
(H.5)
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Identification of the coefficients {ay, ag, az} in above equation (H.5) can be ob-
tained by solving the following system of linear equations

J? 1
ai 4 asg + as3lfoc _ 1:
€1 €9 €1
« « azl
@ o ashe (H.6)
&1 €9 €1
« «
=2 + = 0.
€9 €1

Solution of the above system of equations results in

07 + 01051 6,0 02
q = At0he o Nl B (H.7)
9 g g
where §; = £, i = {1,2} and with
g = 0? + ‘9%02]10 + 910%]20 + 8§J2 (Hg)

With the help of the result in equations (H.1) and (H.7), it is now possible to
evaluate the second order Cp in equation (7.96) and re-express it in a more conve-
nient manner which would enable to obtain an explicit representation of the speed
of propagation of acoustic waves for the polyconvex constitutive model considered,
and defined in equation (7.19). This tensor can be additively decomposed into two
tensor Cpy and Cps as Cp = Cpy1 — Cpa, defined as

Con=F(I-N®N)§'F’;
0'N=0 N _; (H.9)
N-6'N '

Cp2=F(I-N®N)

Proper re-arrangement of the expressions for Cp; and Cps in above equation
(H.9) yields

2
Cp1 = <Z Aato ® Ta) 0 'FT; (H.10a)

a=1
2 -1 -1
0 'N20 'N
Cpa = (} Aata ®Ta> — FT. (H.10b)
g N-6'N

Analytical derivations of the wave speeds requires pre- and post-multiplication
of the above second order tensor Cp; and Cps by the eigenmodes p,, yielding

2
pa ’ chI_?a = (Z )\ata : I_)a) (FT_a : oilTa) )
a=1

(St (T 0N (0N - F'p)
P, Cp2p, = N 0N :
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which enables p,, - Cpp,, to be finally obtained as

2 —1 -1 T —
L o T g1 _(Ta-e N)(6'N-F'p,)
P, - CpP, = (; Aoto pa> <(F 0 07'T,) N 0N

(H.11)
where 7T, and ' N in above equation (H.11) can be written by making use of
the identities in equation (4.68) and of equation (H.2) for the inverse of the second
order tensor @ defined in equation (H.1) as

2
0T, = <a1 + OéQAi + a3 ()\i) > T,

(H.12)
J\2
0_1N: (Oél —|—042A§—|—043 ()\_3) ) N
From equation (H.12), it is easy to notice that
T, -6'N=0. (H.13)
Therefore, equation (H.11) can be further simplified as
2
P, - Cpb, = (Z Aata -pa> (F'p, - 07'T.,) (H.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 {¢1,%2} two orthonormal vectors to n), the
expression for p, - Cpp, in (H.14) becomes

to Cplo =X (F't,-67'T,). (H.15)

Finally, use of equations (4.68), and (H.12), enables t, - Cpt, to be written as

2
t, - CDta = A\ (FTta . 0*1Ta) = A\ (Oél + Oéz)\% + Qa3 ()\i) ) . <H16)
3
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