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Abstract

A family of numerical models for the phenomenological linear flexoelectric theory for continua
and their particularisation to the case of three-dimensional beams based on a skew-symmetric
couple stress theory is presented. In contrast to the standard strain gradient flexoelectric models
which assume coupling between electric polarisation and strain gradients, we postulate an electric
enthalpy in terms of linear invariants of curvature and electricHfield; This is achieved by intro-
ducing the axial (mean) curvature vector as a strain gradient meastre. The physical implication
of this assumption is many-fold. Firstly, analogous to the'standard strain gradient models, for
isotropic (non-piezoelectric) materials it allows constructing flexoelectric energies without break-
ing material’s centrosymmetry. Secondly, unlike the standard strain gradient models, nonuniform
distribution of volumetric part of strains (volumetriesstrain gradients) do not generate electric po-
larisation, as also confirmed by experimental egidence to be the case for some important classes of
flexoelectric materials. Thirdly, a state of plane strain generates out of plane deformation through
strain gradient effects. Finally, under this theory, extension and shear coupling modes cannot be
characterised individually as they contribute to'the generation of electric polarisation as a whole.
As a first step, a detailed comparison of the developed couple stress based flexoelectric model with
the standard strain gradient flexoelectri¢’ models is performed for the case of Barium Titanate
where a myriad of simple analytical solutions are assumed in order to quantitatively describe the
similarities and dissimilarities in effective electromechanical coupling under these two theories.
From a physical point of-wiew, the most notable insight gained is that, if the same experimental
flexoelectric constants ‘are fitted in to both theories, the presented theory in general, reports up
to 200% stronger elécttomeehanical conversion efficiency. From the formulation point of a view,
the presented flexoelectric model is also competitively simpler as it eliminates the need for high
order strain gradient and coupling tensors and can be characterised by a single flexoelectric coef-
ficient. In addition,three distinct mixed flexoelectric variational principles are presented for both
continuum'and beéam models that facilitate incorporation of strain gradient measures in to a stan-
dard finite elémeént scheme while maintaining the C° continuity. Consequently, a series of low and
high order mixed finite element schemes for couple stress based flexoelectricity are presented and
thoroughly benchmarked against available closed form solutions in regards to electromechanical
coupling efficiency. Finally, nanocompression of a complex flexoelectric conical pyramid for which
analytical solution cannot be established is numerically studied where curvature induced necking
of the specimen and vorticity around the frustum generate moderate electric polarisation.

Keywords: Flexoelectricity, size-dependent piezoelectricity, couple stress theory,
curvature-induced polarisation, mixed high order finite elements
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1. Introduction

Modelling linear piezoelectricity for actuation and energy harvesting purposes using the classical
continuum mechanics theory is now well established in the literature, Erturk and Inman [2011];
duToit et al. [2005]; Trindade et al. [2001a,b]; Schroder and Gross [2004]; Poya et al. [2015]. It is
well known, that for a material to exhibit electric polarisation in the presence of mechanical strain
(direct piezoelectric effect), it needs to have a noncentrosymmetric crystal structure, Wooster
[1973]. Recently, there has been a considerable research on producing piezoelectric effects from
centrosymmetric (non-piezoelectric) materials, for instance, from perovskite ferroelectrics Zubko
et al. [2007, 2013] and even graphene nano-shells and biological membranes, Dumitri¢a et al. [2002];
Petrov [2006]; Maranganti et al. [2006]; Kalinin and Meunier [2008]; Maranganti and:Sharma [2009];
Zelisko et al. [2014]; Deng et al. [2014]. To generate polarisation in centrosymmetric materials, the
inversion symmetry of the material needs to be broken and this becomes achievable through the
application of non-uniform strains (strain gradients). Theoretical and expérimental evidence of this
size-dependent phenomenon which is also termed “flexoelectricity” hasibeen reported in Tagantsev
[1986]; Ma and Cross [2001, 2002]; Catalan et al. [2005]; Ma and Créss [2006]; Zubko et al. [2007];
Sharma et al. [2007, 2010]; Gharbi et al. [2011]; Krichen and Sharma [2016] for other classes of
centrosymmetric cubic and isotropic materials; see Tagantsev,[1986];}Yudin and Tagantsev [2013]
for a historical review. As discussed in Yudin and Tagantsev, [2013] a crystalline material of
any symmetry can be capable of producing electric polarisatien under a nonuniform strain field or
simply in the presence of strain gradient. The effective flexoelectric coefficients are certainly orders
of magnitude smaller (in the range of yC/m, Ma and Cross [2001]) compared to their piezoelectric
counterparts, however for nano-electromechanical Systems where the device and material length
scales are comparable, gradient of strain can have @appreciable effects, Deng et al. [2014]; Jianga
et al. [2013].

From a generalised continuum mechanies point of view (c.f. Eringen and Maugin [1990] for
related terminologies), flexoelectricity.is,considered as a higher order gradient theory where size
effects are accounted for in a phenomenological sense. The study of higher order gradient theories
and generalised continua dates back to the seminal work of Cosserat and Cosserat [1909] which was
later revisited by Mindlin and Tiexsten)[1962]; Mindlin [1964, 1965, 1968]; Mindlin and Eshel [1968],
Toupin [1962, 1964]; Eringen {1966, ¥972a,b, 1983, 1999]; Eringen and Maugin [1990]; Ericksen and
Truesdell [1958] among others. In-general, the fundamental kinematic assumption of these theories
is in considering every material particle in the continuum to be equipped with a substructure
(micro-continuum),/Different models of strain gradient theory assume different kinematics, Eringen
[1966]; Toupin [1962,1964]; Lam et al. [2003]; Hadjesfandiari and Dargush [2011]. The micropolar
continuum is one particular member of this class in which every micro-continuum is treated as a
rigid body equipped-with a rotational field emanating from the microstructure and termed as micro-
rotation “triédre mobile”, Cosserat and Cosserat [1909]. Since micro-rotations of discrete particles
can not,be considered continuous inside the matter, a different model of gradient theories called
the couple stress theory considers macro-rotation “triédre caché” as a true continuum kinematical
measure in order to study size effects, Mindlin and Tiersten [1962]; Toupin [1962]; Koiter [1964];
Yang et al. [2002]; Park and Gao [2008]. The couple stress model can be considered as a constrained
theory of the micropolar continuum, Toupin [1964]; Neff [2006]; Neff and Jeong [2009].

Generalisation of standard continuum in the case of couple stress theory is based on the follow-
ing concepts: i) the deformation of substructure is measured based on a field of proper orthogonal
rotations in the configurational space of the continuum and, ii) an additional kinematic measure
related to the gradient of this rotation (curvature) is included to the set of thermodynamic state
variables, Simo et al. [1992]; Steinmann [1994]; Steinmann and Stein [1997]; Neff [2006]; Bauer
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et al. [2012]. Consequently, the work-conjugate to the curvature tensor, called the couple-stress
enters the boundary value problem and in general the balance of angular momentum does not
vanish.

State of the art flexoelectric models are however based on classical strain gradient theories
of Mindlin [1965]; Mindlin and Eshel [1968]; Eringen [1972a,b]; Toupin [1964] where gradients of
strain and electric field explicitly appear in the electric enthalpy of the system. As a result, a
third order stress tensor (hyper stress) and a second order electric displacement tensor enter the
boundary value problem, see Maranganti et al. [2006]; Maranganti and Sharma [2009]; Abdollahi
et al. [2014, 2015]; Deng et al. [2018]. In order to close this system, the Gauss’s faw needs to
be modified to facilitate balance equation for the newly arisen high order tenserial, quantities.
For instance, the models used in Maranganti et al. [2006]; Majdoub et al. [2008,,2009}; Sharma
et al. [2007]; Gharbi et al. [2011]; Abdollahi et al. [2014]; Maranganti and Sharmaq{2009]; Mao and
Purohit [2014] are all based on this approach. Certainly, this is a deviation from the true solution
of the Maxwell equations. Whether, micropolar, couple stress or in genetal, formulations based on
curvature energy have an advantage over classical strain gradient theories, is.yet to be established
Chen [2012]; Hadjesfandiari [2013].

Historically, flexoelectricity has been mainly studied in the context of beams. In fact, this is also
reflected in the experimental set-ups for determining effective.transverse flexoelectric coefficients
(the bending piezoelectricity test), for example, in the weorks of, Takayoshi [1974]; Fukada et al.
[1987]; Ma and Cross [2001, 2002, 2005, 2006]. From“the perspective of structural mechanics,
amongst the many gradient theories, the couple stresstheoryhas evolved as a competitive technique
to model size effects in beams and plates Park and Gag. [2006, 2008]; Ma et al. [2008]; Reddy
[2011]; Reddy and El-Borgi [2014]; Srinivasa and Reddy2013]; Tsiatas [2009]. The most successful
implementation of couple stress theory for beams is -based on the modified couple stress theory
proposed by Yang et al. [2002]. The modified couple stress theory assumes that the moment of
couples vanishes and as a result the underlying curvature tensor is symmetric (and deviatoric)
and work conjugate to a deviatoric/Couple stress. For isotropic materials, this scenario yields
only one material length scale (sincesthe spherical part of the curvature energy vanishes) which
is a practically desirable feature in.the analysis of micro and nanobeams. In Jeong and Neff
[2010] sense, this model corresponds t0 the weakest curvature energy allowable in linear Cosserat
continuum.

Three competitive vatriants of' the couple stress model can be considered to study flexoelectricity.
The modified couple stressimodel of Yang et al. [2002], the skew-symmetric couple stress model of
Hadjesfandiari andDargugh [2011] and the conformally invariant model of Ghiba et al. [2017]. As
it will be shown/later, inthe model of Yang et al. [2002] the rotational kinematic measure namely,
the symmetric deviatoric curvature tensor still contains diagonal terms that contribute to uniform
contraction of the cross-section and torsional rigidity of the beam, although energetically (this
curvature tensor/is work-conjugate to the deviatoric couple stress) they are never activated. This
effect hassbeen mainly ignored in subsequent formulations of the modified couple stress theory for
beam médels, for instance in Park and Gao [2006, 2008]; Ma et al. [2008]; Reddy [2011]; Reddy
and El-Borgi [2014]. For classical beam models, it is certainly desirable to choose a kinematic
measure that excludes cross-sectional terms. The skew-symmetric Hadjesfandiari and Dargush
[2011] and the conformal Ghiba et al. [2017] couple stress models specifically preclude such terms
in the curvature tensor and are more suited for the particularisation of couple stress to the case
of beams. Among the two, the skew-symmetric couple stress model can be easily extended to
the case of isotropic flexoelectricity, as the skew-symmetric nature of the curvature tensor (i.e.
the mean/axial curvature vector) makes it an ideal candidate for constructing linear invariants in



conjunction with the electric field without breaking material’s centrosymmetry.

Following the authors’ recent development on the analysis of linear piezoelectric beams Poya
et al. [2015], in this manuscript, the theoretical formulation and the associated finite element im-
plementation of linear flexoelectricity in piezoelectric and non-piezoelectric materials based on a
skew-symmetric couple stress theory is presented in the context of continua and beams. For the
case of beams, no particular assumption is made on the direction of anisotropy or electric polar-
isation and a consistent second order interpolation of the electric field across the cross section is
utilised. Furthermore, as strain gradient theories in general lead to high continuity requirements
in the choice of functional spaces (for a material of grade N, CV continuity is required-see Toupin
[1962]]) for finite element discretisation, by relying on mixed variational formulatiens'this require-
ment is relaxed and standard C° continuous interpolation functions are utilised for finité element
discretisation, leading to an extremely efficient computational implementation. It should be men-
tioned that, while in Hadjesfandiari and Dargush [2011] it is claimed that the skew-symmetric
couple stress theory is a physically valid continuum theory of its own (where.every kinematic and
kinetic in the theory have a physical meaning), despite having followed the same theoretical de-
velopment, the present manuscript mathematically starts from a mieropolar theory point of view
and poses the variational principles of linear flexoelectricity as constrainéd minimisation problems
to facilitate standard finite element implementations. It should also be noted the theory of mi-
cropolar and couple stress flexoelectricity is not new and4ave already been presented in Romeo
[2015]; Chen [2012]; Hadjesfandiari and Dargush [2011];"Anqingt al. [2016]. The contribution of
this manuscript is in presenting a series of new varigtiemal*formulations for continua and beams
and their subsequent numerical (finite element) discretisations for flexoelectricity. In the context
of beams specifically, mixed finite element formulationsifor flexoelectricity are not explored. Fur-
thermore, the focus is on qualitative and quantitative comparison of strain gradient and couple
stress flexoelctric theories which as discussed, later’have substantial physical impact in analysing
flexoelectric structures, which to the best of the authors” knowledge have not been reported before.

The structure of the paper is as follows. In section 2, the balance equations of electromechanics
in a generalised micropolar continuwm is presented. In section 3, the skew-symmetric couple
stress model as a rotationally «Constrained case of the micropolar theory is discussed and the
corresponding variational formulations are presented in section 4. In section 5 the couple stress
problem is cast under the kinematics and electrostatics of three-dimensional flexoelectric beams
and the associated virtual work’and governing equations are derived. Finally, in section 6 a set
of analytical and numierical problems to study the electromechanical conversion efficiency of the
theory with respect to/other available work in the literature are reported.

2. Balance‘equations of electromechanics in micropolar continuum

Let < R? he a bounded contractible domain occupied by a micropolar continuum during the
time interyal [0, T] and I" be its boundary, equipped with a unit outward normal n, as shown in
Figure 1 In"this case, the static Faraday and Gauss laws can be summarised as follows

VxE=0 and divD—p°=0 inQ x [0,T], (1)

where V x denotes the curl operator, E is the electric field intensity vector, D is the electric dis-
placement vector and p° is the volume charge density. According to the Helmholtz decomposition
(also known as the fundamental theorem of vector calculus) and in the absence of magnetic fields,
the electric field vector E can be reformulated as E = —V1, where 1 is a scalar potential field.



Dirichlet and Neumann boundary conditions can then be introduced as
Y= /‘/_J on I'*x [O7T]7 (28’)
D-n=—q on T'Px[0,T] (2b)
where I' = TP UTY and I'” n T'¥Y = . In the context of small deformations, the motion of the
continuum can be defined by a displacement field u : Q x [0, T] — R3, such that (z,t) — wu(x, ),

where & € () represents a material point and ¢ € [0, T] the time. The conservation of linear
momentum equation is defined as

dive + pb = pu  in Q x [0, T], (3)

where p is the density of the continuum, & is the non-symmetric force stress tensor, b.is a body force
per unit of mass and a superimposed dot (double dot) indicates partial{(double) differentiation

with respect to time (e.g. ":= (;—?t and "= %) Dirichlet, Neumann and initial conditions can be
introduced as

u=u on I'x][0,T], (4a)

6-n=t on I7x][0,T], (4b)

u=uy in Qx0 (4c)

=1y in Qx0 (4d)

where I' = I U T and I n I = . The vector,t in (4b) represents the force-traction. In
the context of small rotations, the angular metion '¢f the continuum can be defined by a field of
proper orthogonal rotations w : 2 x [0, T] — SO(3), such that the mapping, (x,t) — w(x,t) is
an isometric linear transformation. The conservation of angular momentum is defined as

divig + &: 6" pl = pJ & in Q x [0,T], (5)

where 1 is the couple (hyperstréss)stress tensor, I is the body couple, J is the rotational or spin
inertia (determined by the shape and size of micro-continuum elements, de Borst and Sluys [1991])
and £ is the third order pérmutation tensor!. Dirichlet, Neumann and initial conditions can be
introduced as

w=w on I'Yx][0,T], (6a)
p-n=m on I'*x][0,T], (6b)
w=w; in Qx0, (6¢)
w=wy in Qx0, (6d)

!Throughout the paper, the symbol (-) is used to indicate the scalar product or contraction of a single index
a - b = a;b;; the symbol (:) is used to indicate double contraction of two indices A : B = A;;B;;; the symbol (x)
is used to indicate the cross product [a x b]; = &jra;b, via the permutation tensor &;;; and the symbol (®) is
used to indicate the outer or dyadic product [@ ® b];; = a;b;. Whenever indices are used, unless otherwise stated,
Einstein’s summation convention will be assumed.

It is important to note that all tensor fields (-) represent micropolar quantities, differentiating them with their
counterparts in couple stress theory. In general, when the grapheme (~) does not appear, such as on electric field
E, it implies that the definition of the field/quantity is the same in both theories.

Furthermore, unless specified otherwise, all tensor fields (A) represent, skew-symmetric tensors dual to their cor-
responding axial vector (-).



where I' =T* U I'¥ and T* " T = . The vector m in (6b) represents the moment-traction, see
Figure 1. For the full set of corrected boundary conditions in couple stress elasticity refer to Madeo
et al. [2016]; Ghiba et al. [2017]. The coupled electro-mechanical initial boundary value problem,
defined by equations (1) to (6), must be complemented with three closure equations related to the
electro-mechanical nature of the generalised continuum. For a conservative material, the closure
equations can be derived from the enthalpy density of the system W defined in terms of the small
strain tensor €, the curvature tensor x the electric field vector E as follows

5(E %, E): = w, (7)
plex.B): - HEXE) 0
bex B = TEXE) )

expressing the force stress tensor o, the couple stress tensor g1 and the electric displacement vector
D in terms of the small strain tensor &, the curvature tensor x and the-electric field E where the
compatibility equations (kinematic measures), are defined in-the classical Cosserat sense Nowacki
[1986]; Neff [2006]; Braun [2010]

~ -

€:=Vu—w, x =V, (10)
where the following relationships exist between the axialwector and its dual skew-symmetric tensor
w = wXI; w = axl(w)

where I is the identity tensor and the symbol'®which appears in (10) is the tensor cross product,
introduced for the first time by de Boer [1982] and recently brought in to the context of solid
mechanics with its associated algebra by Benet et al. [2015a,b,c| and further extensively used in the
context large deformation electromechanies by Gil and Ortigosa [2016]; Ortigosa and Gil [2016a,b].
A variety of electro-mechanical‘eenstitutive models are available in the literature defined in terms
of different enthalpy expressions, such as in Chen [2012]; Sharma et al. [2007]; Hadjesfandiari
[2013]; Schroder and Grossy[2004}; Gil and Ledger [2012]. In the case of linear flexoelectricity, &, ft
and D obtained this wiy render algebraic summations of mechanical (strain related) ()™, micro-
mechanical (curvature/strain gradient related) (-)? and electrical (-)¢ components. For instance,
the electric displasemént yvector D can be expanded as

D-=D"+D'+D° D":=¢6:6, D':=f:x, D°:=¢-E, (11)

where € is the symmetric second order dielectric permittivity tensor, € is the third order piezoelec-
tric tensorand f is the third order flexoelectric tensor. Note that due to the asymmetric nature of
strain and curvature tensors, there is no symmetry restriction on € and f, thus allowing for more
general electromechanical couplings, Chen [2012]. Analogously, the force stress tensor & can be
decomposed additively as

G=6"+67+6% 6™:=C:§ 69:=D:x, 6°:=-E-§, (12)

and the couple stress tensor x can be additively decomposed as

p=Am+ @t pri=e:D, @=B:x, i=-E f. (13)
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where C is the fourth order anisotropic elasticity tensor and B and D are fourth order tensors
characterising the behaviour of micro-continuum. Note that, for centrosymmetric materials, cou-
pling between the strain tensor € and the curvature tensor x is not possible as this breaks the
point symmetry (centrosymmetry), and invariance of the strain energy requires D = 0, Nowacki
[1986]; Lakes [1995]. Finally, the initial boundary value problem of the coupled system is defined
by equations (1)-(6), (11)-(13).

vV D p°

Figure 1: Schematic representation of the governing equations, of couple stress and the decomposition of the
boundary of a couple stress continua into a) displacementsvand tractions, I' = T U T and T " T* = ¢, b)
rotations and couples/moments I' = T* UT* and T* N¥ = @ and, c) surface charge and electric flux, I' = '’ uT¥
and T'P? A T¥ = (. Note that, while the boundary conditions associated with the electrostatics of the system are
independent, in couple stress theory wherein the rotations aré constrained and individual variations of the fields are
not allowed, it is only possible to apply two tangential components of moments on a traction boundary I'?, and/or
two tangential components of rotations on a displacement boundary I'* Mindlin and Tiersten [1962]; Koiter [1964];
Neff et al. [2016]. Note that o representsdthe non-symmetric stress tensor defined in section 3.)

3. The skew-symmetric/couple stress theory

The classical linear e¢ouple stress theory is formally a limit case of linear micropolar theory. The
fundamental assumption isito enforce the following constraint on the rotations of the substructure

w(x,t) = %V x u(x,t) in Qx][0,7T] (14)

Equation (14) is in fact the infinitesimal rotation (vorticity) vector of Cauchy elasticity. As dis-
cussed.in Appendix A, this limit model can be obtained from the linear isotropic Cosserat model.
However, the consequence of imposing this constraint in general implies the indeterminacy of the
couple stresses, as the spherical part of the curvature energy vanishes, see Appendix A. Further-
more, the strain tensor becomes symmetric, that is

€ =€, (15)
where € represent the symmetric small strain tensor work conjugate to the force stress tensor
of Cauchy elasticity o and the curvature tensor in (10) remains unchanged. Furthermore, the

grapheme (~) can be dropped from all quantities. The definition of the curvature tensor as the
skew-symmetric part of gradient of rotation has been extensively studied in Hadjesfandiari and
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Dargush [2011]; Hadjesfandiari [2013]; Darrall et al. [2014, 2015], giving rise to skew-symmetric
couple stress theories, where it is claimed a skew-symmetric couple stress theory is a self-contained
theory of its own and does not physically emanate as a limit case of the micropolar theory. The
theory however can still be mathematically posed as such. Following this philosophy, the couple
stress curvature x will have a dual representation

1
x = Vikewy — yskewygshewy, or X = ZV x V x u, (16)

where ) R
x = axl(x), X =xXI,

where V**¢* denotes the skew-symmetric part of the gradient and the curvatureaector is-also called
the mean curvature vector in skew-symmetric couple stress theory. This définitien of curvature
vector opens new opportunities for modelling flexoelectricity in centrosymmetrie materials, since
the electric enthalpy can be defined in terms of linear invariants of, the axial curvature vector
and electric field, without breaking the centrosymmetry of material. This also shows that the
isotropic modified couple stress models developed by Yang et al. {2002]; Park and Gao [2006]; Ma
et al. [2008] cannot be generalised for the flexoelectric case as ‘anyslinear invariant of symmetric
curvature tensor in the enthalpy breaks the centrosymmetry.

In light of (15) and in order to further simplify the process of material characterisation, the
most well established couple stress models assume an additive decomposition of the internal energy
of the system into a macromechanical energy expressediin terms of the invariants of classical strain
tensor, a micromechanical energy expressed in terms ofrthe invariants of the curvature vector
and a couple term imposing the couple stress ¢onstraint Yang et al. [2002]; Park and Gao [2006];
Ghiba et al. [2017]. Extending this to the case of flexoelectricity, the total internal energy of the
electromechanical system can be written &s

(V¥ , Ve, w, E(1)) = U(ef@RY x u,w, E(y))
= Wnaa(e(w), E(V)) + Vinie(X(w), B(¥)) + Veon(V x uw,w), (17)

where U, (V x u,w) typically takes the form shown in Appendix A if different variations of the
fields are considered and vanishes if the couple stress constraint is strongly enforced.

Remark: When coupled inyariants of strain and curvature are neglected the constitutive term D in
(13) vanishes and censideration of infinitesimal strain tensor € leads to a symmetric local (Cauchy)
stress and a symmetrie,constitutive tangent operator. However, a skew-symmetric non-local stress
tensor 69 (dual to vector a?) [see (12)] still emerges from the enforcement of the couple stress
constraint which is*hot work-conjugate to €. In other words, 9 can be treated as a geometric
term. This\renders a non-symmetric total force stress tensor o! that contains both constitutive
and geometric contributions. Certainly, this is also true for the classical indeterminate couple
stress theory of Mindlin and Tiersten [1962] (i.e. the presence of body couples in the total force
stress tensor); c.f. page 101 in Eringen [1967]. In essence, the equations of linear momentum and
angular momentum can be re-written as

dive® + pb = pt in Q x [0,T], (18)
diVﬂ+£:&9T+pl=deb in Q x [0, T]. (19)

We note that, in couple stress theories the effect of micro-inertia (angular velocities) can be ne-
glected due to their associated moment of inertia being quadratic in characteristic length scale,
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Georgiadis and Velgaki [2003]. In addition, since it is emphasised that the couple stress theory is a
continuum theory, the existence of micro-inertia cannot have a physical justification Hadjesfandiari
and Dargush [2011]. Furthermore, since the body couple term pl performs work against dw and
dw can be written in terms of du (where dw and du are possible boundary compatible variations
of w and w, respectively) the body couple can be transformed to a body force and a traction force
contribution Hadjesfandiari and Dargush [2011]. This leaves us with angular momentum equation
of the form

Vxp+€ior =€:(69 —Vp)=0 inQx[0,T], (20)
which implies
o9 =Vp inQx[0,T], (21)

signifying that in skew-symmetric couple stress theory, a7 is not an independént quantity and can
in fact be linked to the couple stress vector g which itself is a constitutive stress. As a consequence,
o9, and f1 contribute to the traction boundary condition. Subjected to,the.¢onsideration of suitable
boundary conditions, the skew-symmetric couple stress theory disetissed here can be regarded as
a restrictive case of the indeterminate couple stress theory of'\Mindlin and Tiersten, Neff et al.
[2016]. However, as shown later, all the difficulties in boundary conditions can be circumvented if
independent variations of the fields w and w are considered.,

4. Variational formulations in couple stress based electromechanics of continua

In this section, four different variational formulations for couple stress based electromechanics
are described in the continuum setting namely, a displacement potential formulation, a lagrange
multiplier formulation, an augmented Lagrangian formulation and a penalty formulation.

4.1. The displacement-potential varational formulation

A two-field variational fermulation can be established by strongly imposing the couple stress
constraint. Focusing on the electro-elastodynamics of the conservative flexoelectric system, the
internal and external fotces together with the motion between times 7y = 0 and 7', can be deter-
mined from a Hamilton’s principle, Deng and Dargush [2017]; Sudeep et al. [2005]. To this effect,
we introduce the Lagrangian £ as

E(“’? ’L.l/, Q/)) = K:(U‘) - Hint(ua Q/)) - Hext(“y w> (22)

where K is'the kinetic energy of the body expressed as a function of velocity w and II the total
potentialwenergy of the system, containing the work of internal and external electromechanical
forces such that

f pu-udV, (23a)
(e(u), w(w), ) dV = j Ve (1), B()) + Unielx(w), E()) AV, (23D)

U
Mot ) = [ (ol s tew@) - o) v+ [ (truemew) - aw)aa (239



Considering the action integral as the integral of the Lagrangian over the time interval ¢t = [0, 7],
the Hamilton’s principle states that the mapping satisfying the equations of motion and elec-
trostatics can be obtained by making the action integral stationary with respect to all possible
mappings which are compatible with the boundary conditions. In the present case this leads to
the following Euler-Lagrange equations

oL doL oL

du dton o 0 (24)

Denoting the virtual and incremental variations of displacements and electric potential as du, Au,
01 and A respectively leading to

1 1
ow = §V X du, Aw = §V x Au. (25)
The stationary condition of the kinetic energy then becomes
dofL doK
——— === = u - dudV. 26
dt ou  dt ou Lp“ v (26)

The stationary conditions of the internal energy can be found by, computing the directional deriva-
tive of the energy with respect to virtual variations of displacéments and electric potential as

DHint[(gu]ZJ (alp‘ée+((z—\pxI):5w+a—qj-6x) dV:f <a:65+&9:5d}+u-5x),
Q Q

Og Ow ox
(27a)
A
DT [6¢] = % SEAV = — J D ‘SEav, (27b)
Q Q

where de, dx and 0 E represent virtual variations of strain tensor, curvature vector and electric field
vector respectively. Moreover, withoutiloss of generality, & now represents the total constitutive
tensor which might or mightmotdnclude gradient effects depending on material symmetry; see
(12).2 Analogouly, consisteitilineariSation of the external work leads to

DlIleyfdul= J

p(b-6u+l~5w)dV+J<t'5u+m'5w>dA, (28a)
Q r

Dl [50] = — L potdV L dodA, (28h)

where dw i§ defined in (25). Tt is also necessary to compute the relevant tangent operators through
further consistent linearisation of (28) which can be written as (the symmetric terms are omitted)

0

DIl [du; Aul = J

Q

2 2
Ao Y e ax Y sy ) av
0 IxX0X

2Depending on the notation, the work-conjugacy between §x and g can also be written in terms of their dual

representation fiij 2 0% = Eijk€iuiindXi = 21uk0Xk,

which shows that the proper work-conjugate to dx is in fact 2p. For notational convenience, here it is assumed
that this factor is embedded in the definition of the axial couple stress vector .

10



+ L <As ox + Ax - (j;gls : 6e> dv
JQ Ae:C:0e+Ax-B- 5x> dVv
+ f <As D ox+Ax D" 55) av, (29a)
Q 0>

DIl [0u; AY] = JQ ( e+ AE - oxoE 5x> dv

——Jﬁ(AE-e:éa%—AE-fﬁx)dV, (29b)
DIL [0, AY] = f AE - 62—? OE dV = —J AE -e-EdY, (29¢)

Q OEOE Q

where Ae, Ax and AF represent incremental variations of strain ténsory curvature vector and
electric field vector respectively. Furthermore, the coupled terms in (29a) vanish for isotropic
materials. Note that upon performing further integration by part on=(27) new boundary terms
emerge that contribute to traction force and couple force Neff et al. [2016]. In general, the total
force stress can be written as

1
e 2(V x p) X I. (30)

o' =0 +57, where & 2(

The set of equations in (27), (28) and (29) facilitate straightforward finite element discretisation
in terms of displacements and electric potentialy This formulation however, dictates C! continuity
for displacements which inevitably requires. the use of non-standard function spaces and is not
pursued here.

4.2. The penalty formulation

A natural way to formulate theycouple stress flexoelectric problem is to treat the vorticity of
the substructure w as an independent field and impose the couple stress constraint weakly through
a penalty approximation. In this case the potential energy of the system is given by

ﬂint(u,w,z/}) — L lI,J(s(u), X (w), E(y))dV + L gH%V x u — wl|[>dV, (31)

where || - || is the Frobenius norm. As shown in Appendix A, the elegance of this formulation
comes from the fact that x can be treated as the Cosserat modulus and hence, the formulation
adheres to/a physically meaningful treatment of couple stress flexoelectricity.

Avoidingyredundant derivations of stationary conditions of kinetic and external energies and
focussing only on the internal energy, the first directional derivative of the (31) with respect to the
virtual varitions of displacements, vorticity and electric potential yields

, 1 1
DIy [0u] = J o :dedV + f m(iv X U — w) ~ <§V X (511,) dv, (32a)
Q Q
DIy [0w] = f p-ox dV — J n(év X U — w) dw dV (32b)
Q Q
[T [00)] = J D-SEdV, (32¢)

11



It is also necessary to compute the relevant tangent operators through further consistent lineari-
sation of (32)

DI [6u; Au) = L Ae:C:dedV + L n(%v x Au) - (%v x 5u) av, (33a)
DI [6u; Aw] = — L K Aw - (%v x 5u> dv + L Ax - D" : dedv, (33b)
DI [0u; Ap] = — L OF -e: de dV, (33¢)
DI [6w; Aw] = L Ax - B-ox dV + L kAw - dw dV, (33d)
DIy [0w: A = — L AE-f-6x dV, (33¢)
DIy [00), Ap] = — L AE -€-6E dV, (33f)

where the second integrand in (33b) vanishes for isotropic materials®Note that, with a slight abuse
of notation the kinematic variables and their work-conjugates have‘not been renamed, although
strictly speaking their description under displacement-patential and penalty formulations are not
the same. Analogous to displacement potential formulation, the total force stress tensor in the
penalty formulation can be written as

1
o' =0 +67, where of = H(§V xu—w)XI, (34)

which shows that the penalty parameter x is.indeed the Cosserat modulus and the constraint will
be imposed if kK — 0. In essence, thisyis an’approximate enforcement, however the advantage
of this formulation certainly, lies iy the fact that it does not introduce a new variable for the
enforcement of the constraint.

4.3. The Lagrange multipliersformulation

The couple stress conStraint jean also be imposed exactly albeit in a weak sense through the
so-called Lagrange multiplier approach. In this formulation, a new variable is introduced to impose
the constraint and the internal energy of the system is given by

it (u, w/s, ) = L \I’J(e(u), X(w), E(¢))dV + f

Q

1
S - <§V X u — w) dv, (35)

where s is the.vector of Lagrange multipliers enforcing the constraint. Focussing only on the
internal, energy, the first directional derivative of the (39) with respect to the virtual variations of
displacements, vorticity, Lagrange multiplier and electric potential yields

_ 1
DIl [ou] = J o:0edV + J s - (§V x ou) dV, (36a)
Q Q
DIl [dw] = J pox dV — J s 0w dV, (36b)
Q 0
DIl [0s] = J s - <%V X u— w> dv, (36¢)
Q

12



DI [0¢] = — L D -§E dV, (36d)

It is also necessary to compute the relevant tangent operators through further consistent lineari-
sation of (36)

Dl [5u: A — L Ae:C: e dV, (37a)
DIl [0u; Aw] = L Ax - D" : e dv, (37h)
DIl [6u; As] = JQ As - (%V x du) dV, (37¢)
DIl [du; Ay] = — L SE -e:dedV, (37d)
DIl [0w; Aw] = L Ax-B-ox dV + L Kk Aws ow dV (37e)
DIl [0w; As] = — L As - dw dV, (37f)
DI [0w: A] = — J AE- f-6x dV" (37¢)
DIl [6s; As] = 0, ' (37h)
DIl [00), AY] = — L AE - e 5BV, (37i)

where (37b) vanishes for isotropic materials. \Note that, with a slight abuse of notation, the
kinematic variables and their work-conjugateés have not been renamed, although strictly speaking
their description compared to the last"two variational formulations have changed. The total force
stress tensor can now be written as

1

o"=a +.07, where od = 58 x1I, (38)

which shows that the Lagrange multiplier s can be interpreted as the skew-symmetric part of total
force stress tensor emanating from microstructural contribution.

4.4. The augmented Lagrangian formulation

From a numerical implementation point of view, the Lagrange multiplier approach leads to the
popular saddle peint problem that typically occurs in constrained energy minimisation problems
such as incompressibility. Hence, it is at times advantageous to add a penalty type reqularisation
term tonthe internal energy of the system. This approach is termed as the augmented Lagrangian
formulation ‘and the internal energy of the system is given by

ﬁint(u’w7 s,1) = JQ \ff(s(u), x(w), E(¥))dV + j

s-(Equ—w)dV—l— i.s~.st. (39)
o0 \2 2

O <k
Consistent linearisation of this energy is similar to the Lagrange multiplier formulation and the
only two new terms arising are

DiTe[65] J

Q

63~<%quw>dV+Jls-5st, (40)
Q

K
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DIl [0s: As] = f = As-6sdV, (41)

ok

and the total force stress tensor remains unchanged.

5. Couple-stress flexoelectric theory for three-dimensional beams

Having established a curvature-induced flexoelectric theory through couple stress formulation
for the continua, in this section, we turn our attention to couple stress flexoelectricity in three-
dimensional beams. Extending the work of Poya et al. [2015] on piezoelectric beams§ to flexoelec-
tricity, we start with kinematics and electrostatics of a generic three-dimensional beam. Work-
conjugates and area resultants are then introduced to facilitate similar variational formulations for
beams. The Euler-Lagrange equations of three-dimensional beams are then‘derived in a compact
form to facilitate interested readers with their closed form solutions.

5.1. Kinematics of three-dimensional flexooelectric beams

Let us consider the motion of a beam Q = R? as shown in Figure.2./Thebeam in the undeformed
configuration has a straight axis of length [ and is completely, charaeterised with an orthonormal
reference triad {e;, es, e3}, where ey is parallel to the beam axissandA{e,}(a = 1,2) lie in the plane
which defines the cross sectional area A (with boundary,0A), of the beam Q = A x [?. Assuming
for simplicity that this reference frame (placed at [0, 0, z3|™) coincides with the global one (placed
at [0,0,0]7), as shown in Figure 2, the displacements of the beam considering small rotations can
be described as; see Poya et al. [2015]

(x,t) — u(x,t) = w(zzpt) +0(x3,t) x p(ay,x2), (42)

where p(z1, x2) := x,€, is the position vector of a material point within the cross section A with

T3
Figure 2:/Motion of Beam in R3. The initial orthonormal triad {e1, es, e3} transforms to the orthonormal triad
{Cla Co, 63}'

respect to the origin of the triad {e;, es, e3}. Vectors w = w;e; and 8 = 6;e; are collectively called
the generalised beam displacements. Expression (42) represents a time dependent affine mapping

3Throughout the remainder of the paper, any Greek indices will be assumed to vary in the integer interval [1,2]
and Latin indices to vary in the integer interval [1,2,3].
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for any material point contained within the cross sectional area A of the beam. Noticing that
Vu=2%ge; and & = €., the small strain tensor € can be rewritten as

ox; 0o
1
e=35 (em+&mxp)®eg+e3®(em+mmxp)], (43)
where 5 20
w
M= 0 M= 44
€ o7s +e3x 6, K F (44)

are called the strain measures of the linear beam model, which characterise translatienal deforma-
tion and rotational deformation, respectively. The explicit form of the strain tensor is

0 0 i _ g, — %

1 o) %
— Jwa 903
e=3 0 . +9091 + o | (45)
Jws 901 4. 002
sym o0x3 + 2 o0x3 T 0x3

As it is well known in classical beam theories and can also be.seen clearly from (45), there is
no deformation within the cross-section of the beam (e, - ez =.0) Following our argument in
subsection 4.1, and with finding the beam balance equations of flexoélectric beams in mind, from
the onset, we strongly impose the couple stress constraint(14), to obtain

(x,t) — w(x,t) = %V X ('w(xg,t) + O(x3,t) x p(q:l,xg)), (46)

where on the right hand side of (46) we have(substituted the continuum displacements in terms
of beam’s generalised displacements using.(42), Similar to the strain tensor, the symmetric and
skew-symmetric parts of gradient of w can be written in their matrix form as

_ 99

1 oz3 ge w1,3 i 1 0 0 w1,3
sym _ _o0: skew —
v w = Z %z w2’3 R v w = :1 O O w2,3 ) (47)
sym 9903 —wi3 —w23 0
Y oxs3 , s
where
(991 6211]2 6203 692 ﬁzwl 8203
Wi S5 o T 1o W23 = 3 S T e
oxs  0x3 0xs ors 073 0x3

From (47) we observe that the symmetric part vorticity gradient is deviatoric i.e. tr(V*¥™w) = 0.
However, the non=zero diagonal components of symmetric part of the gradient still contribute to

the uniform contraction of the cross section by an amount proportional to (—%) and increase the

torsional,rigidity of the beam by an amount proportional to (2%). From the point of view of
classical\beam theories, it is essential that the strain measures should not include cross-sectional
deformation. This further justifies the use of a skew-symmetric curvature tensor as a fundamental
kinematic measure however, it should be noted that, the conformal variant of the couple stress
theory recently reported by Ghiba et al. [2017] based on the kinematic measure VXe also excludes
these cross-sectional rotational modes. The axial curvature vector defined in (16) can now be
written in terms of the beam kinematics

1 1=
Xzzegx<eg><(eg+l<ag><p))=ZI(€g+ﬁgXP)a (48)
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where

Pw %0
egza—x%+/{ X es, f@gza—x%, (49)

are the strain gradient measures of the linear beam model, augmenting the classical strain measures
(44) and

I:€3®€3—I. (50)

The symmetric part of the gradient of rotation utilised in the purely mechanical planar beam
theories developed by Park and Gao [2006, 2008], Ma et al. [2008]; Reddy [2011]; Sismek and
Reddy [2012, 2013]; Li and Luo [2017] can also be represented in a compagt forin including the
torsional terms as

(V¥w)5 = axl(V*w) x e3 + 2K7'es, (51)
where the subscript 3 in (51) represents the longitudinal (e3) diréction.

5.2. Electrical Mapping

Following our recent development in Poya et al. [2005]ssimilar to the beam kinematics, we
approximate electric potential ¢ : Q x [0,T] — R acress.the cross section of the beam through a
Taylor series expansion, defined as

(x,t) = (. t) == d(x3,1) + p(1, )0 B(Z3, 1) + %p(%,l’z) ~y(x3,t) p(w1, 22), (52)

where 1) represents a parabolic expansion acress the cross sectional area A of the beam, completely
defined in terms of ¢ the electric potetitial at the reference triad origin [0, 0, z3]7, its gradient 3
and its Hessian «, namely scalar, ¥ector and symmetric second order tensor beam axis-varying
functions. It is important to rémark that the only approximation for the distribution of the
electric potential is established-actoss/the section of the beam (see Figure 3).

The electric field vector E can now be obtained by computing the gradient of the newly
introduced electric potential ) as’F := — V1 yielding (refer to equation (52)), after some algebraic
manipulation

E=—€¢—(e3®@p)k°—V:¢°—W:~, (53)
where o0 08 P
Y
e::_ 5::_ e::_ 4
€ =g er B, KO = o = (54)

with the third order tensors ¥V and W defined by

1 1
V:=63®§(p®p), W::ea®§(p®ea+ea®p>' (55)

Considering equation (53), it is interesting to notice the similarities with the definition of the
small strain tensor € (43). Notice how the first two terms on the right hand side of equation (53)

4Interestingly, a direct consequence of (50) for the case of skew-symmetric couple stress theory is that, the couple
stress resultants are first projected on to the axis of the beam prior to area integration. In classical beam theory,
this projection vanishes due to the symmetry of Cauchy stresses i.e. e; x (oe;) = 0; see Hjelmstad [2005].
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stem from the linear contribution in (52) (as in formula (43)) whereas the last two terms stem
from the quadratic contribution in (52).

1o OCNly
1 Ay 1 :
! N ‘ )
e o | N/ |
! Y r 1
‘\’ ‘,~' : R i
S, & 1 !
A ’ 1
e |
@ i -k
sty i Y !
. S ] ‘ \ :
~ [N ! g Y ]
. ~ : K v 1
© el |l o
L\ /occooco L.
Undeformed, P =0 Uniform strain, P =0 Non-uniform strain, P # 0

(a) (b) ()

Figure 3: A schematic representation of electric polarisation in a centrosymmetric lattice beam, (a) undeformed
state - no polarisation, (b) when uniformly strained, the atomic displacements of the”centrosymmetric lattice
will follow the elastic medium approximation resulting in no polarisation, (c) when strained non-uniformly, the
atomic displacements no longer follow the elastic medium approximation and the syminetry restriction (symmetrical
movement of ions) is broken resulting in electric polarisation opposite tohe direction of applied strain, Zubko et al.
[2013]; Deng et al. [2014].

The new initial boundary value problem, adapted=te=a.three-dimensional beam problem, is
then defined by equations (1,3,5) and (42,52), which c¢embine the governing equations of both
elastodynamics and electrostatics, initial and boundary*eenditions, the coupling electro-mechanical
equations for o, x and D, the beam kinemafties assumption u and the electric potential spatial
distribution 1.

5.3. Displacement-potential variationadsformulation for flexoelectric beams

In order to establish the variational formulation of the problem at a beam level, we consider vir-
tual variations of displacementsand.electric potential du and d1), satisfying appropriate boundary
conditions. Analogous to continuum formulation and following Poya et al. [2015], we can rewrite
the variational form (virtual werk) of the initial boundary value problem at beam level as

5W(’u,, Y;0u, 5¢) =0 Winer + Wi, + 5‘/‘/{3115 + Wi

— W™, — WY, — W

ext ext —

0,  (56)

where W represents the total work including strain-induced, curvature-induced and polarisation-
induced internal and their corresponding external work, such that

Winer 1= j o - du dS2, (57a)

Q
= j o : de dQ +j o7 dw dQ, (57b)

Q Q

Wi, = J - ox dQ, (57¢c)
Q

SWm = J pb - 6w dQ + f ¢ du dr, (57d)
(9] o

S %U pb- (V x o) dQ+ | m-(V x su) dF], (57¢)

0 I
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wnt

SWE, 1= —f D - §E dQ, (57f)
Q

Wei= | ptovde | aoudr, (57)

D

represent the different contributions (e.g. inertial, internal, external, mechanical, electrical) to the
total virtual work. Substituting the expressions for Ju (42) and 0v (52) into equation (43), (48)
and (53) results in

0 = %[((km + R x p)R®es+e3® (€™ + O™ x p)], (58a)
ox = if(éeg + 0Kk x p), (58b)
OE = —0€® — (e3®P)ok® —V : 6¢° — W : §v, (58¢)
where
odw 060
0e™ = 6_.7}3 + e3 X 50, OR™ = 6__7}3’ (59&)
%ow . %0
ded = o2 + 0k™ X e3, OKI = T (59b)
see = 2. 158, sre 2208 see = 000 (59¢)
0xs 6x3 (9]]3

represent the virtual mechanical and electrical heamy strains. Substituting the expressions for w
and du (42) into (57a) yields (after integration over the cross sectional area A) the inertial virtual
work

SWiner = ﬁ [5w - (ADw + sDé) 150 (sgw + IDé)] das, (60)

where

Api= | MLALN Spi= [ ppar. Io= | ppp" (61)
A A A

represent the mass Ap4.first area moment Sp and second area moment Ip tensors of the cross
sectional area A. Netice that p represents the skew symmetric tensor associated with the axial
vector p. When considering a reference frame whose origin coincides with the centre of mass of
the cross sectional area”A, then Sp = 0. Moreover, if the reference frame is aligned along the
so-called prineipal directions, the second area moment tensor I'p becomes diagonal.

Analogously, substituting the expression for de (58a) into (57b) yields (after integration over
the cross seetional area A) the internal mechanical virtual work

swm f (6™ - Q™ + 6K™ - M™] das, (62)

int —
l

with
Q" = J oe3dA, M™ = J p x (oe3)dA. (63)
A A

In the above equation (62), Q™ represents the internal shear /axial force whereas M™ represents
the internal bending/torsion moment.

18



Substituting the expression for du (42) into (57d) yields (after integration over the cross sec-
tional area A) the standard mechanical external virtual work

SWm = [5w-Qm+50-Mm]g+f[5w-qm+50-mm] dws, (64)

ext —
l

where
q" :=J pb dA—I—J tdr, m™ :=J (p x pb) dA+J (pxt) drl. (65)
A oA A oA

In above equations (64) and (65), g™ and m™ represent a possible external distributed force
and moment, respectively, acting along the beam axis. The first term in squared brackets on the
right hand side of equation (64) represents mechanical actions (force and moment) applied at both
ends of the beam, namely x3 = 0 and z3 = [.

For the strain gradient (curvature) quantities, substituting the expressionwfor dx (58b) into
(57c) yields the micro-mechanical internal virtual work

nt

SWE, = f [5e7 - QY + 6K9 - MI] duzs, (66)
l

with . .
QI = f —ITpdA, MY = J p x (—I_/,l,) dA. (67)
A 2 A 2

where Q9 and MY can be interpreted as size-dependént'shear force and bending/torsion moment
emanating from the micro-structure. Comparing (63)%and (67), it is evident that unlike the
standard force stress resultants (based on oes), \couple-stress resultants are integrated in the
plane (e3 ® es — I = I) which is the direct comsequence of couple stress constraint 2w = V x u
and the axial curvature vector (48).

Substituting the expression for du (42) into (57e) yields (after integration over the cross sec-
tional area A) the micro-mechanical external virtual work

W, = [dw’ Q%+ 00 - M), + f [bw - 7 + 60 - m?] das, (68)
l

where

1
qg:=J£VxldA+J -V xmdrl,
w2 oA 2

MmN~ L (p x (gv x l)) dA + LA%<p % (V x m)) dr. (69)

In the above equations (68) and (69), g and m? can be interpreted as the micro-mechanical
external distributed force and moment, respectively, acting along the beam axis. We can merge
the contribution of external forces of SW7, (68) with 0W?, (64), as these are prescribed quantities

carrying the same units, whose effects cannot be distinguished individually. Hence, in what follows,
with slight abuse of notation, we assume

m

q" =q" +¢°, m™ =m™ 4+ m?.

From the electrical point of view, substituting the expression for E (58¢c) into (57f) yields
(after integration over the cross sectional area A) the internal electrical virtual work

OWiy = J[(See "Q° + K" M +56° 1 O° + b : P?|das, (70)
I
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where
Q° = J D dA, M¢ = J (D -e3)pdA, (71a)
A A
= f D - WdA, O° = f D - VdA. (71b)
A A

In the above equations (70) and (71a), it is interesting to observe the similarities between Q¢ and
M¢ and their mechanical counterparts (63), namely Q™ and M™, respectively. In addition, due
to the quadratic nature of the electric potential distribution, two extra second order‘tensors arise,
that is P¢ and O° expressed in terms of the third order tensors W and V already.defined in (55).

Finally, substituting the expression for ¢ (52) into (57g) yields (after integration over the
cross sectional area A) the electrical external virtual work as

W, =100 (Q°-e3)+ B3 - M+ vy : Oe]f) + fl [0¢ ¢° + 0B M §v : 0°] duxs, (72)

where
:f p dA+ﬁ go T, (73a)
_ f oopdA + f e (73b)
f ” (p@p) dA+J D (pop) dr. (73¢)
2 on 2

Again, it is interesting to note the similarities between the above expressions ¢¢, m¢ (73) and
those of @™, m™ (65). In equation (72), ¢°, m® and o° represent possible distributed electrical
effects per unit of length. Moreovers (Q° “e3), M and O° represent electrical actions applied at
both ends of the beam, namely x5 = Ovand z3 = L.

For completeness, the final virtual)work expression characterising the behaviour of the piezo-
electric beam can be written as

oW = 5VViner + 5Vth - 5VVealct = 07 (74)
SWiner = f [5w : (AD'&; + SDé> 146 (s}gw + IDé)] das, (75a)
I
Wipe = J[éem QM+ K™ - M™] + [0€7 - Q7 + dKY - M]dxs
I
+J[568-Q6+5HG~M6+5CG : P° + 6y : O°] dus, (75b)
I

(5Wemt=[(5w'Qm—1—50-Mm]é+f[5w~qm+59'mm]dx3
I
0QY M9 g g
+[5w-0Q +50-0M} +”5 gime am]dxg
!

(?.’I)g 2 ) T3 01’3

+ [06(Q° - e3) + 08 - M + o : Oe]f) - Jl [0 ¢° + 08 - m® + dv : 0°] dus. (75¢)
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5.4. Internal area resultants for displacement-potential formulation

From the mechanical standpoint, having introduced the additive decomposition of the total
Cauchy stress tensor o in equation (12), we now proceed to find the traction vector acting in a
cross sectional area A of the beam defined by the outward unit normal ez, namely oez. For the
mechanical contribution o™, referring to Appendix B, (43) yields

oles = E(Em + ﬁTﬁm), [E]U = [c]ikjl [eg]k[ey,]l. (76)
For the nonlocal contribution of the force stress tensor a9, (48) yields

1 ~
&963 = Tl(ﬁm +]§TK,m), Tl = 5 AgI, (77)

where I is the skew-symmetric tensor dual to es given by

o -1 0
I=[1 0 o0
0 0 0

For anisotropic materials the nonlocal contribution of the ferce stress tensor 9 also includes
constitutive terms

N . 1 —
ole3 = Yy(e? + p' KY), [Yolir= Z[D]ikl [es]k[ 1] (78)
Analogously, for the electrical contribution ¢, (53) yields
oe3 =0 (6°+ (e3@P)K +V : ¢+ W :v), [O]:; = [e]jix]es]r- (79)

The first internal area resultant @™, also known as the axial/shear force, can now be computed
from equations (63), (76-79) as

Q" =A"e" + S"K" HA™E + SR + Afe® + STR + S5y + I 1 ¢, (80)
where

A™ :_J = dA+J x( dA, S™ ;_J EﬁTdAJrJ Y,p7 dA, Amg;_f T, dA,
A A A A A

S :J Yoptd A, AS :=f O dA, Sy :=f O(e; @ p) dA,
A A A
I = J OV aA, S5 = f OWdA,
A A

The firststwo terms on the right hand side of (80) stem from strain contributions, the third and
fourth terms stem from curvature contribution and the remainder stem from electrical contribution.
The second internal area resultant M™, also known as bending/torsion moment, can also be
computed from equations (63), (76) and (79) as

M™ = (Sm)T €'+ I"R™ + 879€? + IR + S5e® + I3k + IS : v + G : 6°, (82)
where

Im ::f ﬁEﬁTdA+j pY.p dA, 89 ::j pY,dA, Im ::J pYopl dA,
A A A A
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S¢ ::f PO dA, I ;:f pO(e;@p)dA, G ::j POV dA,
A A A

I ::f POW dA.
A

As mentioned before, couple-stress resultants are integrated in the cross-sectional plane I. For
mechanical contribution p™ referring to Appendix B, (43) yields

1-
iIum =YT (e +p"K™), (84)

For micro-mechanical contributions p?, (48) yields

%fug =o(e +p'r?), ol = i[f]ik[B]kl[f],j. (85)

Analogously, for electrical contributions p¢, (53) yields

1= 1-
§Iu5=N(ee+(eg®p)ne+V:<e+W:'y), NZZIfT. (86)
The couple stress area resultants Q9 and MY, can now be computed from equations (67), (84-79)

as

Q7 = (A™)Te™ + (S7)TK™ + A% + SIKIHAYE + Sk + S : v + I : °, (87)
where
A = J o dA, ST= f op’ dA, Af° = J NdA,
A A A
S7¢ = J R(es ®@p)dA, Ij° .= f RV dA, Sy = f RWdA,
A A A

and analogously for MY
M9 = (87T €™ AL K™ + (89) 7€ + T™ K + 89 + Ik + I8 : v + G : 6%, (89)
where
I~ L pop’ dA, Sy .= L PN dA, I .= L pR(es @ p)dA,

G = f PRV dA, I = f PRW dA.
A A

From the electrical standpoint, having introduced the additive decomposition of the electric
displacement D in equation (11) and Appendix B, we can obtain after combining equations (11),
(43), (48) and (53)

D" = O"(e" + p'k™), (91)
D? = X7 (e’ + p'KkY), (92)
D = —€(e°+ (e3@p)r°+V :¢°+ W : 7). (93)
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The third internal area resultant Q¢ can now be computed from equations (71a), (91) and (93) as
Q° = (A5)" €™+ (55)" k™ + (A%)" € + (S5)" &7 — Aje” — Sir" — S5y — I :6% (94)
where

AS :=J edA, S5 :=J e(es®p)dA,
A A

I; = J eV dA, St = f eWdA.
A A

Analogously, the fourth M€, fifth P¢ and sixth O° internal area resultants can be cgmputed from
equations (71a-71b), (91) and (93) as

Me = (8)" e+ (I)" 5" + (87" € + (1) w?
—(S) e~ LR — Iy - G5 : 6,
Pe = (85)" €™+ (I5)" K" + (S5)" € + ()N mt
—(85)" € — (I K~ It 1y — G+ 6",
O° = (IN)" €" + (G)" & + (IT)" € 4GF)" K

where
I = f (p®es)e(e; x p)dA, JC = J V*Tey dA, IS = J (p®e3)eWdA,
A A A
GS = f (p®es)eVdA, GS = J WTevdA, — I¢:= f W*Tew dA.
A A A

Finally, we can summarise all of the above“relationships between internal area resultants and
mechanical /electrical strains in the following table matrix format®

(Q™ ) [ A™ SmhAMY STY A S¢Sy I | (em)
M™ sy I ss  Is IS GY K™
Q¢ A9 S§9 A S SY° Iy g9
MY s ¢ ¢ GYr KY
3 Q- > _As —S: —S¢ It 1 e ( (97)
M« I —-If —Gj K°
P< I -G Dy
| O° | sym =J° | [:¢%)

This resulting Hessian operator is symmetric indefinite since it emanates from the enthalpy density
of the system..dn case of dealing with a homogeneous material across the section of the beam,
namely'\constant mechanical and electrical properties within the area section A, if the origin of
the reference triad {ej, es, e3} is chosen as the centre of mass of the section, then the tensors S™,
S¢ (k=1...5) and G¢ (k = 1...3) vanish (e.g. their integrand is of odd order in the position
vector p). Finally, the initial boundary value problem representing the behaviour of a flexoelectric
three-dimensional beam is defined by equations (110), (111), (112) and (97).

®Notice that the entries in columns one to four correspond to second order tensors whereas the entries in columns
five and six correspond to third order tensors. Also note that for a third order tensor [A];jx, we have defined a

T
transpose operator A* = [A]y;;
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5.5. The penalty formulation for flexoelectric beams

So far in the development of flexoelectric beam theory, we have assumed a strong enforcement
of the couple stress constraint in order to be able to find the area resultants and balance equations
governing the physics of flexoelectric beams. However, similar to the continuum formulation, the
couple stress constraint can be imposed weakly through a penalty formulation. This essentially
implies that the vorticity vector must be treated as an independent field and must have a description
compatible with the rest of beam kinematic and electrostatic measures. In essence, w can be
described through the mapping

(1) —» w(x,t) = we(xs, t) + wy(s, 1) x p(x1,22), (98)

where w, and w), characterise the vorticity of the beam along the axis and across the cross section
of the beam, respectively. The curvature vector can now be written as

1 1.
X:§€3X(Gg‘f‘h‘/gXp):éI(Eg‘l‘K/gXp), (99)
where
0w, 0
€l = qw , K9 = ﬁwp X P, (100)
0x3 oxs

If we assume a slight abuse of notation in order not. to rename the variables, interestingly, the
variational formulation for the penalty approach in the beam setting remains the same as the
displacement-potential formulation presented in (75)sThe changes that will have to be reflected
are minor and in the area resultants emanatingfrom\(32) taking into account the total stress tensor
(34). In principle, this also means substituting, the new value of x which entails exchanging the
term }lf with %f . Furthermore, the contribution of geometric stiffness in A™ and S™ in (80) and
in I" in (82) disappear, as these contributionnow explicitly perform work against dw,. and dw,,
respectively (the third term in squake brackets in (102b)). Under this settings we can write the
variational form as

SW S 5Winer + 0Wins — Wiy = 0, (101)
SWiner = fl [5w . (ADw + sDé) 1450 - (s}gzb + IDé)] das, (102a)

Wips = j[éem QU+ K™ M™] + [0€? - Q + dKY - MY + [dw. - Q™ + dw, - M ]|dx3
l

4 J [0e“"Q° + 0Kk® - M + 06° : P° + 6 : O°] dus, (102Db)
!

5Wext = [(5’(1) Qm +50Mm]f) —i—f[é'w qm +50mm] dl’g

l

+ [dw. - Q7 + dw, - Mg]é + f [bw, - @7 + dw, - mY] dxs
I

+ [00(Q° - e3) + 08 - M + 6~ : Oe]é + Jz [0¢ ¢° + 08 - m® + o7 : 0°] dus. (102c)

where

Q" = f oezdA, M™ .= J Db X (&963) dA. (103)
A A

24



5.6. The Lagrange multiplier and augmented Lagrangian formulations for flexoelectric beams

In case of beams, the variational form of the Lagrange multiplier and augmented Lagrangian
formulations remain sufficiently similar to that of a penalty formulation. However, the Lagrange
multiplier itself is treated as an independent quantity and should be described to have a description
compatible to the vorticity vector. This implies that the Lagrange multiplier must the vorticity
along the axis as well as across the cross-section of the beam. In other words the Lagrange
multiplier s can be prescribed through the following mapping

(z,t) — s(x,t) = sc(xs,t) + sp(23, 1) x p(ay, 22), (104)

where s. and s, characterise the variation of Lagrange multiplier along the axis'and,across the
cross section of the beam, respectively. The variational form of the problem new takes the form

oW = 5VViner + 5‘/‘/Znt - 5Wezt = 0) (105)

6W@mrz‘£L&u-(ADﬂf+SDé)—%59~<S£u}+IDé>]dx& (106a)

5W%,—fwaﬂQm+&w%qu+wé-Q9+&&qu
l

+ [6w, - QY + dw, - M| + [0s. - Q° + &5, - M¥]dxs
+ J [0€°- Q° + 0Kk® - M + 06° : P° + dywO|des, (106b)
!

5”@m——Wu%(y”+50‘A4m%—FJ[&U'4"+59~nfﬂdm3

l

+ [dw. - Q7 + dw,, - Mg]é + f [bwe g7+ dw, - m?]| du;
I

+ [ds.- Q% + ds,, - Ms]f) T J [0s.-q° + 0s, - m°|dx;
!

+ [00(Q° - e3) + dB IV + 0 - OE]ﬁJ + jz [0 ¢° + 08 -m° + v :0°]dxs.  (106¢)

where
Q" = —J oe3dA, M™ .= —J p x (67%e3)dA, (107)
A A
and for Lagrangé multiplier approach we have
QSF:J(V“m%h—QﬁQdA, M= | px (VFu — @)es) dA, (108a)
A A
q = f (VoFevy — @)n dA, m’ = f p x ((VF*y — &)n) dA. (108b)
A A

whereas for augmented Lagrangian we obtain

Q= | (V¥ u=i)+ toxTlesdd, M= | px((T4"u—6) + ~sxTles)dA
(109a)

q° = L[(Vskewu @)+ %s x In dA, m’ = JAP x ([(V*u — @) + %s x I|n)dA.
(109b)
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5.7. Governing equations of three-dimensional flexoelectric beams

As it is well known in standard beam theory, further manipulation of the displacement-potential
variational form (74)-(75) can lead to the so-called beam balance equations Hjelmstad [2005], which
are written as

QY Q™ . s
( 6:?3 ) + 833 +q" =Apw +SpB, in [x][0,T], (110a)
Mo QY L oM
(7.%% s 8x3 @.%‘3
—Q" xes+m™ =STw+1p0, in 1x][0,7], (110Db)
AQ-es) o0, i 1x[0,TY (110¢)
61’3
Ué\j +1IQ°+m° =0, in [ x0,7] (110d)
3

0" peyor— 0, in™ %0/, (110e)

8:103

The above set of equations represent a set of balance equations in'terms of internal area resultants
QI M9, Q™, M™, Q°, M, P°¢ and O°. If we drop the\terms in the bracket, the piezoelectric
beam model of Poya et al. [2015] is recovered. Initial‘conditions in (4), boundary conditions (2-
4-6), strains measures (43-44), strain gradient measures(48-49) and the electrical counterparts
(53-54) complement the above system of partial differential equations (110) to form the initial
boundary value problem of the three-dimensional flex6electric beam. Specifically, compatible initial
conditions can be defined in terms of axis varying functions wy, wy, Oy, Oy : [0,1] — R3 as

w(y, g, x3,t) =wo(Bz) + Op(x3) x p(x1,22) In Qx0, (111a)
w(xy, Ta, 3, k) = Wwe(Ls3) + ég(xg) x p(xy,z2) in Qx0, (111Db)

Dirichlet (and corresponding . Neumann) boundary conditions can be defined at either end of the
beam z3 = 0 or 3 = [ by

w:'lD, 0295 ¢:$7 ﬁ:/év ’7:’7’ (112&)
QU =@ NMP N, Qe =G, M=MT, 0°=0f,  (112b)
Q! = Q, M9 = M°. (112¢)

If we consider a purely mechanical couple stress beam model, equations (110) and (112) can be
reduced, to these of Ma et al. [2008](Egs. 21-22) and Park and Gao [2006](Eqs. 22-23) for planar
beams, by dropping the torsional term 52;2/219 from (110b). Thus, the present beam model (110) is a
fourth order differential equation in both 'iv and @ - e3. It should be emphasised however, that the
kinematics and constitutive relations of the present beam model are different. Due to the effect
of couple stress quantities, namely moment-tractions and body couples having been merged with
force-tractions and body forces, complicated boundary conditions (especially the body couple) of

Ma et al. [2008]; Reddy [2011]; Sismek and Reddy [2012] do not appear in our formulation.
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6. Numerical experiments

6.1. A detailed comparison of couple stress based and strain gradient based flexoelectric models:
vanishing volumetric strain gradients, the presence of reverse coupling modes and material
characterisation for BaTios

The objective of this first study is to qualitatively and quantitatively compare the present
couple stress based flexoelectric model with the standard strain gradient based flexoelectric mod-
els in terms of their effectiveness in predicting size-dependent electric polarisation produced from
non-uniform strain distribution. The point of departure is to study the fundamental theoretical dif-
ferences in kinematics and governing equations of these two theories and their subséquent physical
impact, as a similar study is not reported elsewhere in the literature. The study primarily focusses
on BaTios whose piezoelectric and flexoelectric material properties are knownfrom Berlincourt
and Jaffe [1958] and Maranganti and Sharma [2009], respectively as

Elastic constants | Dielectric constants | Piezoelectric constants/|Fléxoelectric constants
C1; = 275 GPa €11 = 12.5 nC/Vm ez = -2.7 C/m? fi1 = 0.15 nC/m
Cl2 = 179 GPa €33 = 14.4 nC/Vm €33 = 3.65 C/m? fi2 = 100 nC/m
Ci3 = 152 GPa e15 = 21.3 C/m? fia =-1.9nC/m
033 = 165 GPa
044 = 54 GPa

Table 1: Material constants for BaTios

where these constitutive tensors can be spherically parametrised to form the so-called indicatory
surfaces of BaTios, as shown in Figure 4. Indicatery surface is a convenient way to visualise
the major axes of material symmetry as cangbe cléarly seen in the case of piezoelectric tensor
in Figure 4c. As an essential part of the comparison, this parametrisation is also used later to
compare the flexoelectric tensors of couple stréss based and standard strain gradient based models.

For the purpose of clarity, let us gonsider only the flexoelectric coupling mechanisms under both
(couple stress and standard strain gradient) theories, in a two dimensional setting. The point of
departure, is the flexoelectric enthalpy)of the system which under standard strain gradient theories
is given in terms of the gradient of strains xy = V*¥"V*™y and the electric field E as

U(E, x)=—E- fix=—EifijuXm, (113)

where f is the fourthiérder flexoelectric tensor with one symmetry i.e. fiju = fir;i and in the gen-
eral three-dimensional case can be characterised with 54 material constants, as shown in Figure 5a
(for the case-6f BaTios). Under a two-dimensional setting, only 12 material constants are required
to fully characterise the flexoelectric tensor. The strain gradient tensor x and the flexoelectric
tensor undersVoigt notations can be written as Abdollahi et al. [2015]; Nanthakumar et al. [2017]

2 2 2 2 2 2 q2 2
‘uy, 0wy, 0%y, 0%uy  O0%uy 0wy 0%uy,  O0%uy

Ol \TSYMYTSYM,, 114

X= VIV [6x2’ oyox’ Oyox * ox?’ dxdy’ oy Oy? * (?x&y] ’ (114)
: [fu fiz 0 0 0 f44]

_ h h - 115

! [ 0 0 fau fiz fu 0] (115)

where (114) is the so-called mean or engineering strain gradients, wherein the multiplication factor
(i) is omitted for simplicity. This in general implies that the produced electric displacement must
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Figure 4: Indicatory surfaces of BaTios constitutivetensors namely, a) the elasticity tensor C, b) the dielectric
tensor € and, ¢) the piezoelectric tensor e

take the form

(116)

Pux |, 7 0%u 7 o(%uy | OPu
Dy = - on N+ Fafs + Tl )
o I .
g+ fege + fulge + 5
On the other hand, in t couple stress based flexoelectric model, as presented earlier the
flexoelectric enthalpy camybe written as

Ves(E,x) = —E - f-x=—Eifijx), (117)
where f is order flexoelectric tensor with no general symmetries. It is characterised by
9 constants in the three-dimensional case and 4 constants in the two-dimensional case. Comparing
(113) and ( eir number of material constants and indicatory surfaces in Figure 5 it is evident
that, ¢ modes of deformations are inevitably combined in the couple stress flexoelectric
theory. The explicit forms of x and f are given as

Puy,  Puy Py 82uy]T

X:vxvxuz[ayﬁx_ oy’ oxdy  0x?' (118)
=l n) 20
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where x is the mean or engineering curvature vector presented earlier, wherein the multiplication
factor ( 4) is omitted for simplicity. Note that no correspondence is established between the tensors
f and f yet. This in general implies that the produced electric displacement must take the form

Pu (72uz Puy *u
Ve | Ju(Gat— 5 )+f12(m—%72y)
- 0%u a - 0%ugy o%u
OE f21(6y6; ; ) + f22<61‘1§y o (9x2y)
Comparing Dy, in (116) and D, in (120), one can observe that, in the case of couple stress
flexoelectric theory, the variation of volumetric strains (volumetric strain gradients namely the

6;“; and (;y“”
existent. This is true for all variants of couple stress theories (i.e. classical, moedified \¢onformal
and skew-symmetric couple stress theories) as the spherical part of strain alwayswanishes. In other
words, the fi; coupling mode cannot be characterised under this theory. In‘the @ase of BaTios,
we observe that fi; parameter corresponds to the weakest coupling mode which can be up to
three orders of magnitude smaller than the flexural mode and can he*neglected even in the case
of standard strain gradient flexoelectricity. Moreover, it can be naticed that, if present, the fio
and f9; give rise to a completely reversed coupling mode in comparisen.to strain gradient theory.
Further comparison of (116) and (120) for BaTios constants(shéwn jin Table 1, reveals that the
flexoelectric coupling modes is in fact dominant in f;5 and<one can*consequently write

r 0%uy
D, ~ [f”@g‘?m] (121)

f12 dxoy

D, = — (120)

components ) do not generate electric polarisation, as they are fundamentally non-

If we were to establish a correspondence between f/and f, then the most plausible relationship
would be to assume fi; = fao = fio and fio = fsp. =0 in which case we can write

r r % _ Puy
f ~ leI _ |:f12 9 :| ’ Dcs ~ [{12(632/61 a%%y)] . (122>

0 f12 le(S;é; T 02 )

Equation (122) establishes the closestpossible algebraic relationships between flexoelectric con-
stants of couple stress based andistrain ‘gradient based flexoelectric theories, without the need for
a nonlinear optimisation proeess torcharacterise the constants of one theory with respect to the
other. The need for this.eptimisation can also be negated by noting the significant discrepancies
present between atomistie simulations and experimental observations in determining flexoelectric
constants Ma and Crosgs [2006]; Maranganti and Sharma [2009]; Zubko et al. [2013], as result of
which most authots assume the flexural constant f, in the wide range of 1nC/m-100C/m. Under
this setting, thé indicatory surfaces of flexoelectric tensors f and f can be represented as shown
in Figure H"where.the axes of symmetry for both tensors can be clearly seen. Figure 5, once
again confitms that characterising the flexoelectric constants of f with respect to f is in general
impractical owing to the fact that the tensors belong to two different vector spaces.

In what follows, we consider simplified cases of flexoelectric coupling of nano-specimen under
different goupling modes with various boundary conditions and present simple analytical solutions
in order to quantify the electromechanical coupling efficiency of couple stress based and standard
strain gradient based flexoelectric theories. The analytical solutions are not derived but rather
designed (in terms of beam displacements and hence strains and strain gradients) such that the
specimen will experience a non-uniform strain distribution, assumed to be enough to break the
inversion symmetry of BaTios to produce electric polarisation. While inspired by simple analytical
solutions of beams these studies are performed at a continuum level. The studies here are in line
with and complement the ones reported in Abdollahi et al. [2014, 2015].
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Figure 5: Indicatory surface of BaTioz flexoelectric constitutive tensor under, a) stan strain gradient based
flexoelectric theory (i.e. f), b) couple stress based flexoelectric theory (i.e. f)

6.1.1. Case 1. Simply supported nanobeam under uniformly distm’bged 107

As a first case, let us consider a nanobeam shown in Figure 6. the action of uniformly
distributed load the beam undergoes bending and as a result, -uniform distribution of strains
across the cross section of the beam is observed. A simpll@t al solution for the bending of

(b)

riginal and deformed shape of nanobeam

(a) &
Figure 6:

the nanobeam shown ’%re 6b can be simply computed using the beam kinematics presented

in (44), as

‘ ) u, = —a(l® — 6lz® + 42%)y, (123a)
u, = B(PPr — 22 + 1) + ya(l — 2), (123b)
where p eters o = 1.25 x 10%°, 8 = 1.25 x 10*° and ~ = 1330 are chosen for convenience.
This in orresponds to a load of 100uN/m. [ denotes the length of the beam which is chosen
to be 10 and the thickness of the beam is retained as ¢ = Inm. The material constants of
BaTioz shown in Table 1 are chosen for the study. The electric displacement vectors Dy, and D,

can now be computed using equations (116) and (120), respectively.
Figure 7 compares the generated electric displacement of the couple stress model computed
using (122) with that of the standard strain gradient model computed using (116) (i.e. the fully
coupled electric displacement vector), along the length of the beam (i.e. for all x such that y

coincides with the neutral axis). The figures also compares the electric displacements generated
with the standard strain gradient model ignoring the f;; parameter which is not present in the
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couple stress model. Notice that when f;; parameter is discarded both couple stress and strain
gradient models generate the same (zero) electric displacement component D,, in this case. The
electric displacement D, is zero in the latter two cases, due to the fact the corresponding second
derivatives vanish. This generated electric displacement is extremely small owing the fact that fi;
is significantly weaker in BaTios. On the other hand, extremely high electric displacement D, is
generated. Under this coupling mode, it can be observed that the couple stress model generates
approximately twice (200%) more the amount of electric displacement as compared to the strain
gradient model and the contribution of fi; and fu4 parameters while present are small enough,
that they can be neglected. Given the discrepancies in theoretical and experimental* findings in
flexoelectric theory, we can say that this result provides yet another significantly positive physical

insight in to this field. However, the profile of generated electric displacementalong the beam is
in general similar for both models.
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Figure 7z, Comparison of couple stress based and strain gradient based flexoelectric models for the case of (123),
when material constants are fitted according to (122)

6.1.2. Cantilever nanobeam undergoing bending and complex cross sectional thinning

Let us next consider a nanobeam undergoing complex cross sectional thinning and bending, as
shown in Figure 8. The analytical formula describing this morphology is given by

u, = —a(3lz — 3l2® + %)y, (124a)
u, = B(31%x* — 4lz® + ) + yx (2l — 2), (124b)
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where the parameter o = 5.21 x 10'® is now chosen. Under this setting, the beam experiences
nonuniform distribution of strains across the cross section and along the length and as a result the
flexoelectric coupling mechanism is more complex now. Note that the form of loading ¢ must be
coordinate dependent and not generally uniform, in order to produce the aforementioned analytical
formula.

WA

(a)

Figure 8: Original and deformed shape of nano eam

Figure 9 compares the generated electric displacement of e couple stress model with that of
the standard strain gradient model with and without consi of the fi; coupling modes. A
similar conclusion can be drawn in this case in that, wh ameter is discarded both couple
stress and strain gradient models generate the same lectrlc displacement component D,
which is negligible regardless. However an extremely high electric displacement D, is generated
with the couple stress model, which in this case o two orders higher than that of strain
gradient model. This is due to the strong pre second derivatives (curvature effect) in the
couple stress model, which gives rise to hlgh bending coupling mode. However, the
profile of generated electric displacement is eral similar for both models.

6.1.3. Cantilever nanobeam under
The third and final case consi

stension and thinning

' en more complex deformation scenario under extension
to ensure that there are no v omponent in the strain gradient tensor/curvature vector.
This study also considers extension coupling mechanism in flexoelectricity. To this effect a
nanobeam undergoing ¢ lex eross sectional thinning and extension is considered, as shown in
Figure 10. The analy 'Qr{mula describing this morphology is given by

Uy = ax’(y — ;—0)2 (125a)

u, = BV + 2(y — 2—0)3, (125b)

experiences nonuniform distribution of strains across the cross section and along the length giving
rise to electric polarisation.

where Wameters a=5x10%" and 8 = 1.5 x 10! are chosen. Under this setting, the beam

Figure 10: Original and deformed shape of nanobeam
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Figure 9: Comparison of couple stress based and strain‘gradient based flexoelectric models for the case of (124),
when material constants are fitted according.te,(122)

Figure 11 compares the genetated electric displacement of the couple stress model with that of
the standard strain gradient miodel'with and without consideration of the fi; constant. As expected
in this case the electric displacement component D, is more pronounced compared to D,, unlike
the previous cases. Thedcouple stress model generates up to an order of magnitude higher electric
polarisation under this coupling mode and the profile of electric displacement is also very different
from that of strain‘gradient model. The polarisation in the vertical y direction remains weak and
fi1 parameter is‘discarded both couple stress and strain gradient models generate the same electric
displacementacomponent D,,. In general, although non-intuitive, it can be observed that in the
case of exténsion the parameter fi; plays no significant role.

From the analysis of three flexoelectric coupling cases in this section it can be concluded that,
for both™eeuple stress and strain gradient theories the bending/shear coupling mode is typically
activated by the action of transverse electric field and the extension coupling mode is activated by
the action of electric field aligned in parallel to the axis of extension. Under both these coupling
modes the driving parameter is the flexoelectric constant fi,. This is in contrast to piezoelectricity
where different modes of coupling are typically driven by different material constants. If the same
flexoelectric constant is chosen to simulate strain gradient and couple stress theory, the couple
stress model will in general produce a higher electric polarisation that in some cases could be up to
two orders of magnitude higher. It must be believed that for most problems of practical relevance
analysed under such settings the couple stress flexoelectric model in general will produce a higher
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electric polarisation. It is also worth noting that, simplified analytical solutions of strain gradient
flexoelectricity overestimate the flexoelectric response in comparison to fully three-dimensional
computational simulation as noted by Abdollahi et al. [2014, 2015]. In the later sections we will
see if this is the case for couple stress based flexoelectric models.
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Figure 11: Comparison of couplestress based and strain gradient based flexoelectric models for the case of (125),
when material constants are fitted according to (122)

6.2. Nanocompression,of a flexoelectric conical pyramid

In this section, the'manocompression of a complex flexoelectric conical pyramid is chosen for
numerical studys The/objective is to examine the capability of the developed finite element frame-
work in prédicting the flexoelectric response when the geometrical representation of the problem
is complex“and Avhen an analytical solution cannot be obtained. The numerical framework is
thoroughlysbenchmarked against simple analytical solutions in Appendix C.1. The analysis of
flexoelectric’ pyramidal structures have been carried by many other authors in the past as the
differential thickness along the height of the pyramid produces a significant flexoelectric response
Abdollahi et al. [2014, 2015]; Ghasemi et al. [2017]; Deng et al. [2018]. Furthermore, flexoelectric
material constants are also typically experimentally characterised through either nanoindentation
or bending experiments, using similar geometries. Abdollahi et al. [2014] has analysed the problem
of nanocompression of the flexoelectric pyramid in depth showing that simplified solutions can in
general overestimate the flexoelectric response and relying on computational methodologies can
help provide better physical insight in to the design of such flexoelectric transducers.
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To this end, a rather more complex flexoelectric conical pyramid is chosen for our study.
The additional complexity of the problem emanates from the fact that the edges and facets of
the pyramid are not straight sided but are rather described through NURBS functions. The
geometry and the three-dimensional curved p = 4 tetrahedral mesh of the flexoelectric structure
is shown in Figure 12. To represent the geometry of the problem accurately, we employ the high
order curvilinear finite elements recently developed by Poya et al. [2018] which uses a posteriori
mesh morphing technique presented in Poya et al. [2016] to represent the CAD boundaries of
the flexoelectric structure accurately (notice the curved elements representing the circle in the top
conical frustum) without requiring a change in the mixed finite element functional spaces presented
in Appendix C.

()
Figure 12: Geometry and quartic (p = 4) order curved mesh of the flexoelectric conical pyramid. The conical
pyramid is being held by a plate-like support of size 100 x 100um? and the total height of the pyramid is 130um.
The thickness of pyramid is 150nm throughout the structure. The circle in top conical frustum represents the region
where the compressive load is applied
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Once again, we choose the Barium Titanate as the flexoelectric material of choice by neglecting
the piezoelectric effect and only considering fi, flexoelectric constant. A compressive load of 3mPa
is applied as pressure on the circle in top conical frustum and the base of the plate-like support is
mechanically fixed. The system has an open circuit configuration in that, only zero electric poten-
tial is applied at the base of the plate-like support. The problem consists of approximately 3.4M
degrees of freedom excluding the condensed variables and approximately another 2.8M degrees of
freedom are condensed out during each run of the analysis. The Lagrange multiplier formulation
is used for this analysis and the simulation is performed dynamically using the Newmark’s beta
method with the density of the Barium Titanate given as p = 6.02 g/cm®. The total load is applied
over a period of 30 seconds at a rate of 0.1lmPa/sec.

Figure 14 summarises various representative results of the analysis. First, a mesh refinement
study has been performed to ensure that the results of the analysis are accurate. As can be
observed the electromechanical coupling efficiency asymptotically approaches towards a reference
solution with mesh refinement, confirming the stable approximation property ‘of the developed
finite element scheme. All the analyses are performed using the second finest mesh corresponding
to Figure 14a, where the number of elements in the computational .mesh'is kept fixed at 63794.
Keeping the mesh size fixed a p refinement is then carried out from p =2 to p = 5 respectively as
shown in Figure 14b. It can be observed that under p-refinement the convergence is much quicker
and at p = 3 the reference solution is already obtained. As mentioned before, further analysis of
the flexoelectric pyramid are however performed with keepingsthie polynomial refinement fixed at
p = 4. Figure 14c shows the satisfaction of the couple stress constraint throughout the dynamic
simulation time. As can be observed the constraint is numerically satisfied for the whole duration
of the simulation. Finally, Figure 14d shows the‘effeétive electromechanical coupling efficiency
(ECF) throughout the simulation time. Due tg the linear nature of the problem, a constant ECF
is obtained for the whole duration of simulation.

A common way to characterise size-dependent effect in flexoelectric theory is to measure the
normalised effective piezoelectric comStant. For complex problems such as the current one the
approximate analytical solution for this constant reported in Majdoub et al. [2008] cannot be used
and the more generic formula givenrbelow should be used

o Ec - €E,

© T |, E. €E,

(126)
where E. representstheelectric field when both piezoelectricity and flexoelectricity are present and
E, represents the electric’field when flexoelectricity is ignored. It is also established phenomenon
that flexoelectricity modifies the inherent mechanical properties specially the bending modulus of
the material Sharma’et al. [2007]; Krichen and Sharma [2016]. The normalised effective stiffness
of the system can be computed similarly as

foec:C:e.

v _ Jofei &
Sgem:(c:em’

(127)
where €. represents the small strain tensor when flexoelectricity is present and €,, represents the
small strain tensor when flexoelectricity is ignored. Figure 14e shows the evolution of strain energy
of the system with and without consideration of flexoelectricity characterising normalised effective
stiffness of the system. We notice a rather constant normalised effective stiffness in the range of
2.240.2 for the conical pyramid throughout the dynamic simulation due to the linear nature of
the problem. Interestingly, the standard strain gradient models also produce a similar normalised
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effective ;iffness Abdollahi et al. [2014]. Similarly, Figure 14f shows the evolution of electrical
energy with and without consideration of flexoelectricity characterising the normalised effective
piezoelectric constant of the system. Note that all the piezoelectric material constants shown in
Table 1 are now activated and deformation of the system is much more complex now as all coupling
modes are active. A modest 4-6% increase in electrical energy is observed when flexoelectricity is
activated. This is in contrast with respect to the results presented in Abdollahi et al. [2014, 2015];
Nanthakumar et al. [2017]; Ghasemi et al. [2017] wherein the flexoelectric constant is assumed to
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be more than an order of magnitude higher than its actual value used here.

Figure 14 shows the final deformed configuration‘of the eonical pyramid for p = 4 tetrahedral
elements with an extremely detailed resolution whereinsthe results are extrapolated over 355M
cells using high order finite element interpolation functions. It can be observed that both electric
potential (primary variable) and strain components,(derived variables) are well resolved at this
level of detail. The deformation initially §tarts at the circular region in the top frustum of the
pyramid. As the compressive pressure is increased the frustum is pushed inwards and the pyramid
experiences necking right around theArustum. ‘With further compression, a completely dipped and
grooved region starts to form aroundithe frustum while the region immediately around the circle
where the load is applied starts4o bulge outwards. As shown in Figure 15 the base of the pyramid
is severely pushed towards thie plate support. Figure 15 further shows strain gradient measures,
namely the vorticity vector'and, the curvature vector component. Interestingly, it can be observed
in Figure 15¢ that the cirvature evolves as a spin around the generated sink and starts to disperse
near the grooved region. This is because the certain of the sink (y-axis) corresponds to the axis of
rotation.

From the analyses petformed in this section it can be concluded that, advanced computational
tools help resolve the problem of flexoelectricity to an unprecedented detail beyond the realm of
approximate closed form solutions. Certainly, the inclusion of anisotropy, necking and vortex for-
mation is tee _complex to be handled otherwise. The use of high performance tensor contraction
frameworkafor coupled electromechanical problems developed by the authors Poya et al. [2017],
make thé developed finite element technique a viable candidate for solving extremely large scale
problems on complicated geometries. Given that the normalised effective piezoelectric constant
shows only a 4-6% increase due to flexoelectricity for this problem, we can assume that the compu-
tational model given its accuracy has modest estimations in comparison to analytical solutions (if
available), an issue also present in standard strain gradient models Abdollahi et al. [2014]. How-
ever, as mentioned before, the major discrepancy in results of normalised effective piezoelectric
constants between the current study and those of Abdollahi et al. [2014, 2015] is due to an order
of magnitude higher flexoelectric constant chosen by the latter authors.
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7. Conclusion

In this manuscript,/a family of numerical models for the phenomenological linear flexoelectric
theory for continua andytheir particularisation to the case of three-dimensional Timoshenko beams
based on a skew-symmetric couple stress theory is presented. In contrast to the traditional flexo-
electric models based on standard strain gradient wherein coupling between electric polarisation
and strain ‘gradiénts is assumed, we postulate an electric enthalpy in terms of linear invariants
of curvature and electric field. This is achieved by introducing the axial or what is also called
the mean curvature vector as a strain gradient measure. We have shown that this assumption has
many important physical implications. Firstly, similar to the standard strain gradient models,
for isotropic (non-piezoelectric) materials this approach allows constructing flexoelectric energies
without breaking material’s centrosymmetry. Secondly, unlike the standard strain gradient models,
nonuniform distribution of volumetric part of strains (volumetric strain gradients) do not generate
electric polarisation. We have shown that volumetric strain gradients have negligible contribution
in generating electric polarisation. Thirdly, a state of plane strain generates out of plane deforma-
tion through strain gradient effects. Finally, under this theory, extension and shear coupling modes
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cannot be characterised individually as they contribute to the generation of electric polarisation
as a whole.

For the case of three-dimensional beams, we have shown that the skew-symmetric couple stress
model in general, generate stresses spanned over the cross section rather than aligned with the
longitudinal axis of the beam and as a result special care must be taken to integrate them over
the cross section.

Four distinct variational principles are presented for both continuum and three-dimensional
beam models namely, a displacement-potential formulation, a penalty formulation, a Lagrange-
multiplier formulation and an augmented Lagrangian formulation. The three laterformulations
facilitate incorporation of strain gradient measures in to a standard finite element seheme while
maintaining the C° continuity. To this end, the efficacy of high order finite eléments along with
the computational efficiency of mixed finite elements have been utilised to dévelop a series of low
and high order mixed finite element schemes for couple stress based flexoelectricity and their corre-
sponding results are benchmarked against available closed form solutions where 'good agreements
have been found with the reference results. Furthermore, a detailed/Compazison of the developed
couple stress based flexoelectric model with the standard strain gradient flexoelectric models has
been performed for the case of Barium Titanate where a myriad ©of simplé analytical solutions have
been proposed in order to quantitatively describe the similarities and dissimilarities in effective
electromechanical coupling under these two theories. As a,physically insightful observation, it is
observed that, if the same experimental flexoelectric constants.are fitted in to both theories, the
current couple stress theory in general, reports a much stronger electromechanical conversion effi-
ciency of up to 200% under bending and up to two.orders‘of magnitude under axial tension. This is
mainly due to the fact that, most flexoelectric problemsrinvolve bending and flexural deformation
and since in the present couple stress model multiple modes of deformations are combined, as
a result, the axial curvature vector respomsible\for generating electric polarisation is much more
pronounced for most of these cases. Finally;nanocompression of a complex flexoelectric conical
pyramid for which analytical solution” cannot ‘be established has been numerically studied at an
unprecedented level of detail to pinpoint the robustness and computational scalability of the frame-
work. Under this experiment, the structtire experiences necking and the curvature effect forms a
vortex around the generated sink in the frustum. The geometry and the nature of the deformation
certainly implies that studyingiflexoelectricity in these structures is not feasible without resorting
to computational tools./We observe a modest normalised effective piezoelectric coefficient for this
study while the normalised, effective stiffness of the system reported by the couple stress model is
similar to the ones'reported by standard strain gradient models.

Appendix “A. The indeterminate couple stress theory and its relation to the classical
Cosserat theory

Thetheory in this section is a reiteration of the classical couple stress model briefly discussed
here for the ‘convenience of the reader. In classical linear elasticity due to symmetry of strains (g)
an isotropic material is fully described with only two strain invariants. However, when the strain
tensor is non-symmetric (€), at least three invariants are needed to describe an isotropic solid,
Hence, the free energy takes the form, Neff and Jeong [2009]; Jeong and Neff [2010]

Wiso(g’ )2) _ Wéso(é) + W?—SO X)
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where 1 and A\ are Lamé constants and pu.,(,n and a are four additional material parameters
known as Cosserat constants. The constant p,. is called the Cosserat’s coupled modulus. If we
additively decompose Vu and Vw into their symmetric and skew-symmetric parts

Vu = V¥ + V¥ Vw = VV"w + V5, (A.2)

and substitute in (A.1), we obtain

1S0 (= sym A skew )\ ?
Wi (&%) = ulIV™al + |6 — Vw4 IV

sym Skew a
+(IVwlf 4 [ V| 4 SV - wl (A.3)

At the limit when the Cosserat couple modulus p. — o0, the effect of microstructure would be too
rigid to be incorporated in the strain energy W:°(€) and one camconstrain the rotations as

1
O-VHFUy =0 = w= EV X, U (A.4)

which renders
1
V~w=§V-(qu)=0, (A.5)

leaving the parameter o indeterminate. Also called the Cosserat theory of constrained rotations,
this model was first introduced by Mindlin“and"Tiersten [1962], discussed in Toupin [1962], and
elaborated lucidly by Koiter [1964]; henee,it is also referred to as the Mindlin-Toupin-Koiter theory.
The strain and curvature tensors néw. become

6£ Vu — Vo*y = V¥y = ¢, (A.6)
1
X = Vw = §V(V X u) (A.7)

Hence, in couple stress theory, the strain tensor is symmetric and the curvature tensor as seen
in (A.5) is solenoidal{ Also note that in the modified couple stress theory Yang et al. [2002],
the curvature ténsor is §ymmetric, meaning that the parameter 7 in (A.1) also vanishes and the
curvature enérgy, considered is then the weakest possible in Neff and Jeong [2009]; Jeong et al.
[2009] sense.

Appendix 'B. Constitutive equations for isotropic and anisotropic couple stress flex-
oelectric materials

In this section, the constitutive equations for isotropic and anisotropic couple stress based linear
flexoelectric material models are presented, based on Hadjesfandiari [2013]. For the anisotropic case
the constitutive equations are given both in terms of the curvature vector and its dual, Table B.2.
Note that the following relationships exist between material tensors and their duals

~ 1 ~
Biju = Z&jmfunlgmm B = &ijmErinBijii,
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Description ‘ ‘ Isotropic ‘ Anisotropic
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Force stress Oij = 21”51']' + Aakkéij O35 = Cijklf‘:kl i Dijkl}%kl = e;”-jEk
or

0ij = Cijri€ri + Dijr Xk — €kij Bk

Couple stress i = 8nxi — 2fE; | fuij = BijraXm + Drijert — frij Ex
or

_ pi = 5 (Bijx; + Diwicj = fiiEy)

Electric Displacement D;, =€E; +4fx; D; = €;E; + eijr€jr + fijkXjk, OF

D; = €i;E; + eijkejn + fijXx;

Table B.2: Constitutive equations for isotropic and anisotropic couple stress based linear flexoelectric materials

“ 1 o
Dijn = §§mlkDijm Dijm = SkmDiji
1

fijk = ifilékjla Jit = fijr€jts
with the following restrictions on material tensors

Cijit = Criij = Cjirts  Bijur = By =7 Bjikts  Dijti = Djirt = —Dijig,

€ijk = €ikjs  figk = —finj, €5 = €5y
or equivalently in their vector form
Bi;j = Bji,
Djji. = Djig-

Note that in general .there is no restriction on flexoelectric tensor f and for the most general
case, there are 78 distinct material parameters. For isotropic materials, the number of distinct
component reduees to4d material constants and one characteristic length scale. These are the two
Lamé constants (), ), one permittivity coefficient (¢), one flexoelectric coefficient (f) and the
curvature coefficient is related to p through the characteristic length scale 5, such that

B;; = 161y, n = plZ, fii = [, €ij = €0ij.

Appendix C. Finite element discretisation of the variational forms

In this section we present a family of mixed finite element discretisation schemes for the couple
stress flexoelectric theory of continua and beams. The point of departure is the respective varia-
tional formulations presented in the previous two sections in particular, the penalty formulation
for continuum (32), the penalty formulation for beams (102), the Lagrange multiplier for contin-
uum (36), the Lagrange multiplier for beams (106), the augmented Lagrangian formulation for
continuum (40) and the augmented Lagrangian formulation for beams (106). The finite element
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discretisation follows naturally by introducing a non-overlapping partition of the domain €2 into a
series of one-dimensional (for beams) or two and/or three-dimensional (for continuum) elements,
as shown in Figure C.17 and Figure C.16, respectively. Owing to the nature of the aforementioned
variational formulations, C° continuity can be retained for all variables by choosing the standard
p-version of the finite element method Suri [1996]; Chilton and Suri [1997] for discretisation. For
the penalty formulation this entails employing piece-wise continuous P,, interpolation functions
for displacements w while piece-wise discontinuous P2 | interpolation functions for rotations w
(where n > 2 € N represents any arbitrary polynomial degree and D represents the discontinuous
nature of the interpolation functions), subjected to the satisfaction of the inf-sup condition Brezzi
[1974]; Chapelle and Bathe [1993]. Similarly, for Lagrange multiplier and augmented,Lagrangian
formulations piece-wise continuous P,, interpolation functions for displacements/u and electric po-
tential 1) and piece-wise discontinuous PP, interpolation functions for thedrotations w and the
Lagrange multiplier s can be employed. These arrangements are shown in. Figure C.16 for trian-
gles, quadrilaterals, tetrahedra and hexahedra, where the standard termineology in finite element
is used (i.e. P representing the polynomial degree of interpolation bases foritriangles and tetrahe-
dral elements and ) denoting the polynomial degree of interpolation bases for quadrilateral and
hexahedral elements). Similar discretisation methodology can be folloWed in the case of beams.
While {w, 8,1, 3,~} can be discretised using piece-wise continuous P,, interpolation functions,
{we, wp, 8¢, 8, } can be discretised using piece-wise discontinious B interpolation functions, sub-
jected to the satisfaction of the inf-sup condition. Thesé arrangements are shown in Figure C.17.

To keep the presentation succinct, the details of“finiterelement implementations are not dis-
cussed here. Finite element implementations of couple stress models for purely mechanical con-
tinuum elements are discussed in Chakravarty et\al.5[2017]; Garg and Han [2015] for penalty
formulation and in Deng et al. [2018]; Kwon and Lee [2017] for Lagrange multiplier formulation
(see also Hajesfandiari et al. [2016, 2017] for, boundary element treatment of the problem). The
previous work of the authors also describe computational implementation of a series of mixed and
high order finite element disretisations based on an enhanced set of variables in electromechanics
for continuum and beam elements Oxtigosa and Gil [2016a]; Poya et al. [2018]; Ortigosa et al.
[2016]; Poya et al. [2015]. It is worth noting that, due to the discontinuous nature of couple stress
related variables, their corresponding contributions can be locally condensed out using static con-
densation leading to an extremely ‘efficient implementation of couple stress flexoelectricity that
can be easily incorporatéd in to an existing piezoelectric finite element software Poya et al. [2017].
Furthermore, since at™least a quadratic interpolation is used for displacements, the geometry of
flexoelectric structares’can ‘be represented accurately using the recently developed isoparametric
curvilinear finite element’technology presented in Poya et al. [2016, 2018].

Appendixz C.1. Oonvergence study and further quantification of curvature-induced electromechan-
ical coupling efficiency

In thispsection, the electromechanical coupling efficiency of the couple stress flexoelectric for-
mulation is investigated using all the developed finite element techniques. The study albeit simple
in nature, tests both the convergence properties of the finite element schemes and the quantifica-
tion of flexoelectric based electric polarisation using the skew-symmetric couple stress theory. The
problem involves mechanically loading a cantilever beam and monitoring the generated electric
polarisation using the electromechanical coupling efficiency as a measure, as shown in Figure C.18.
This problem is analysed under strain gradient elasticity by Nanthakumar et al. [2017] and an
analytical solution for the Electromechanical Coupling Efficiency (ECF) is given in Majdoub et al.
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[2008] as

kelfd = Hﬂw\/% <e2 + 12(%)2) (C.1)

where w is the electrical susceptibility of the material (where @ = 1408 for the case of BaTios),
E the Young’s modulus and €, e and f the dielectric, piezoelectric and flexoelectric coupling
coefficients of the material, respectively. L and h represent the length and the height of the
beam, respectively; see also Figure C.18. In the context of finite elements, the electtomechanical
conversion efficiency can be computed as the norm of the ratio of electrical energy toymechanical
energy i.e.

1 o Wmech
szf? a Welect

/ Electrode

h Flexoelectric Layer
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Figure C.18: Cantilever beam chosen for convergence, study of the developed finite element discretisation tech-
niques

However, given that the analyticalisolution for this problem was derived from the strain gradient
model, for convergence studiesy we.choose to work with a reference solution obtained from an
extremely fine discretisation. For the purpose of convergence studies, once again BaTios is chosen
with material properties shown, in Table 1 by neglecting the piezoelectric effects i.e. setting e3; =
ess = e15 = e = 0. Only fi, effect is considered i.e. f = fio. The length of the beam is kept at
0.8m and the aspectratiolof the beam is varied from 10 to 50, while a constant load of F' = 100uN
is applied on the frée end of the beam.

Figure C.19: Triangular and quadrilateral meshes (only aspect ratio 10 shown here) chosen for convergence study
of the developedsfinite element discretisation techniques. Both meshes possess the same number of nodes

First aseries of convergence studies are performed by using the quadratic mixed finite elements
i.e. P2-P2-P1P-P1P /P2-P2-P1” and Q2-Q2-Q17-Q17/Q2-Q2-Q1” elements in a two-dimensional
setting by successively refining the meshes, i.e. by performing the so-called h-refinement. To
this end, two set of meshes are chosen namely a triangular mesh and a quadrilateral mesh, as
shown in Figure C.19 and the ECF is computed using the mixed finite elements and compared
to the reference solution. The convergence properties of the mixed finite elements for the three
variational formulations namely the penalty formulation, the Lagrange multiplier formulation and
the augmented Lagrangian formulation is subsequently studied, by choosing the penalty parameter
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to coincide with the Cosserat modulus x = pul? = 5 x 107"GPa, where [, = 1nm is the length scale
parameter. The chosen value of [, is well within the range of the thickness chosen for epitaxial
ferroelectric thin films.

Figure C.20 shows the h-convergence results of the different finite element discretisation tech-
niques for penalty, Lagrange multiplier and augmented Lagrangian formulations for triangular and
quadrilateral meshes, when the quadratic interpolation is used for displacements i.e. P2-P2-P17-
P1P/P2-P2-P1P and Q2-Q2-Q1P-Q17/Q2-Q2-Q1P discretisations. It can be observed that the
expected rate of convergence for electromechanical energy is achieved for all formulations with
both triangular and quadrilateral elements Szab6 and Babuska [1991]. Expectedly, the Lagrange
multiplier approach performs the best, while the error incurred using the penalty@pproach is the
highest. The augmented Lagrangian approach converges at the same rate, but/the error incurred
lies in between the penalty and the Lagrange multiplier approach. As the aspéct ratio of the beam
increases the incurred error typically increases. The performance of triangularand quadrilateral
elements in general similar due the fact that both meshes have the same/number of nodes and
the triangular mesh is generated by a symmetric tessellation of the quadrilateral mesh. It should
be noted that, since the couple stress theory imposes a constraint, on the rotation part of the
displacement gradients, bending locking becomes an apparent issue.. The use of high order mixed
finite elements in general resolves such bending problems Poya. et al. [2018].
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FigureC.20: Congfer)gence of error in Electromechanical<C2)upling Efficiency (ECF) for differen<t )ﬁnite element
discretisation $echniques on triangular elements, a) aspect ratio 10, b) aspect ratio 25, c) aspect ratio 50, and
quadrilateral elements, d) aspect ratio 10, e) aspect ratio 25, f) aspect ratio 50

Having confirmed the convergence of the quadratic mixed finite element for the two-dimensional
case for triangular and quadrilateral meshes, the same problem is then analysed by fixing the
refinement level (h) and successively increasing the order of finite element interpolation functions
i.e. by performing the so-called p-refinement. In this context, we refer to p or ¢ as the highest
polynomial degree used for any variable (i.e. displacements and electric potential). This allows us
to study the performance of higher order mixed finite elements shown in Figure C.16. To this end,
two three-dimensional meshes are considered namely a tetrahedral mesh and hexahedral mesh, as
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shown in Figure C.21.

Figure C.21: Tetrahedral and hexahedral meshes (only aspect ratio 10 shown here) chosen for«onvergence study
of the developed finite element discretisation techniques. Both meshes possess the same number of nodes

Figure C.22 shows the p-convergence results of the different finite element discretisation tech-
niques for penalty, Lagrange multiplier and augmented Lagrangian fermulations for triangular
and quadrilateral meshes for aspect ratio 10. Once again, the expected rate of convergence for
electromechanical energy is achieved for all formulations with both tetrahedral and hexahedral ele-
ments Szabdé and Babuska [1991]. The Lagrange multiplier approach perferms the best, followed by
the augmented Lagrangian approach and the penalty, respectiviely. The performance of tetrahedral
and hexahedral elements in general similar due the fact that both meshes have the same number
of nodes and the tetrahedral mesh is generated by further tessellation of the hexahedral mesh.
Note that this study confirms the rate of convergencefordifferent choices of polynomial functional
spaces for mixed finite elements up to p = ¢ = 6, _confirming their suitability for discretising the
three aforementioned couple stress variational formulation.
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