N

N

Gamma-convergence results for nematic elastomer
bilayers: relaxation and actuation
Pierluigi Cesana, Andrés Leon Baldelli

» To cite this version:

Pierluigi Cesana, Andrés Leon Baldelli. Gamma-convergence results for nematic elastomer bilayers:
relaxation and actuation. 2021. hal-03102589

HAL Id: hal-03102589
https://cnrs.hal.science/hal-03102589

Preprint submitted on 7 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cnrs.hal.science/hal-03102589
https://hal.archives-ouvertes.fr

Gamma-convergence results for nematic elastomer bilayers:
relaxation and actuation

Pierluigi Cesana, Andrés A. Leon Baldelli
December 29, 2020

Abstract

We compute effective energies of thin bilayer structures composed by soft nematic elastic-liquid
crystals in various geometrical regimes and functional configurations. Our focus is on order-strain
interaction in elastic foundations composed of an isotropic layer attached to a nematic substrate.
We compute Gamma-limits as the layers thickness vanishes in two main scaling regimes exhibiting
spontaneous stress relaxation and shape-morphing, allowing in both cases out-of-plane displace-
ments. This extends the plane strain modelling of , showing the asymptotic emergence of
fully coupled macroscopic active-nematic foundations. Subsequently, we focus on actuation and
compute asymptotic configurations of an active plate on nematic foundation interacting with an
applied electric field. From the analytical standpoint, the presence of an electric field and its asso-
ciated electrostatic work turns the total energy into a non-convex and non-coercive functional. We
show that equilibrium solutions are min-max points of the system, that min-maximising sequences
pass to the limit and, that the limit system can exert mechanical work under applied electric fields.
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1 Introduction

Nematic Liquid Crystal Elastomers (NLCESs) are classes of soft shape-memory alloys where order states
and optical instabilities can be triggered, tuned, or suppressed by means of mechanical deformations
and electrostatic fields. NLCEs, typically synthesised as thin strips, appear in the form of gels or
rubbery solids. Structurally, they are constituted by polymeric chains which act as the structural
backbone of the material, to which attach molecules of a nematic liquid crystal, the optically active
units. Liquid crystal molecules have a two-fold response to stimuli. Indeed, they re-orient as a
consequence of elastic deformations and stretches dictated by internal energy minimisation and they
rotate collectively parallel to electric or magnetic forces, activated by external fields.

From the structural perspective, NLCE membranes enjoy mechanical instabilities which are typical
of thin structures and interact with the rich multi-physical phenomenology of the material.

In the present contribution we test and analyse the interaction between elastic, optic, and electro-
static forces (characterising the material behaviour) versus geometric constraints (which cause struc-
tural instabilities) in two distinct physical regimes, and configurations relevant for technological appli-
cations.

We consider continuum models in the framework of linearised elasticity. Despite intrinsic limitations
of an approach with infinitesimal displacements, a linearised model is particularly suitable for treating
the coupling of multiphysyical phenomena, by superposition. In our setting, these are represented by
the interplay between nematic ordering and elasticity, pertaining to the coupling of polymeric chains
with optical states of the liquid crystal, and the opto-electric interaction, associated to the connection
between the liquid crystal and the dielectric vector field. We consider an energy model introduced in
[9] for the description of equilibrium states of NLCEs under an electric field. In the present work, we
are interested in the asymptotic behaviour of sequences of functionals for bi-layer structures where a
NLCE membrane sustains a stiff and thin isotropic film.

In this setting, two non-dimensional parameters (length scales) collapse several material and geo-
metric parameters, allowing us to separately analyse two opposite phenomenological regimes, namely,
that of thin films of large planar extent (the “large body” regime) and that of thin films of small area
(referred to as “thin particles”). The main contribution in this paper is the derivation, the analysis,
and the computation of effective two-dimensional plate models for multilayer structures comprising
active soft nematic plates, in the regimes of spontaneous relaxation and shape-morphing actuation.
In both limits the underlying elastic behaviour is represented by an effective linear plate energy of
Kirchhoff-Love type, enriched by an additional nonlinear active foundation term which we explicitly
characterise.

The first regime (that of large bodies) entails the relaxation of elastic stresses by formation of opti-
mal optic microstructure, with full or partial coupling between in-plane and out-of-plane deformations
depending on the thickness scaling. This process ultimately characterises the mechanical behaviour
of large thin elastic sheets. This setting is explored in the first part of this paper, inspired by ob-
servations of pattern formation and opto-elastic relaxation in bilayer systems of nematic elastomers,
see [18]. There, a complex material-structure interaction is observed in thin membranes of NLCE
in contact with an overlying isotropic film, resulting in formation of micro-wrinkles competing with



visible shear-band microstructures of the optical axis. The former manifestation is a typical struc-
tural instability, also observed in thin stretchable membranes |24} |5] whereas the latter is a material
instability observed in various classes of media, encompassing, e.g. solid elastic crystals [4] besides
liquid crystal elastomers. This paper complements and completes the analysis developed in [10] on
planar-constrained nematic bilayers by exploring the full three-dimensional elastic model allowing for
out-of plane elastic deformations.

The second regime (small particles), corresponds to the physical setting of small multilayer domains
which can be actuated into nontrivial out-of-plane deformation modes by uniform fields, as we show
in the second part of the paper. Elaborating on the relaxation result, we describe this asymptotic
behaviour, where the optic director is free to rotate and re-align under the influence of applied external
fields, albeit homogeneously. These small domains may be regarded as elementary “building blocks”
for more complex morphing shapes that can be assembled via actuation of the frozen director, in
presence of suitable boundary conditions. In the second part of this article we turn our attention
on actuation, i.e. the capability of controlling the shape of a membrane thanks to the activation
of liquid crystal molecules by external fields. Our investigation is inspired by a number of recent
experimental realisations. In [23], |22] design of complex shapes is performed via thermal actuation
of heterogeneously patterned nematic elastomer films, in [1], [19] opto-elasticity in nematic elastomers
is investigated to show that “soft” NLCE robots can execute work cycles thanks to the cooperative
interaction between light absorption and mechanical deformations. We refer to [25] for a review
focussed on liquid crystalline materials from the view point of thermal-photo-elastic coupling.

From the mathematical perspective, we perform the exact computation of the I'-limit of a family
of energy functionals parametrised by the two scale parameters. For the actuation problem, because of
the presence of an energetic contribution due to external fields possibly unbounded below, we face the
issue of non-convexity and non-coercivity of the total energy functional which lacks sequential lower
semicontinuity. The asymptotic analysis is nonetheless successful in showing that limit regime enjoys
a saddle structure and, by computing the exact expression of asymptotic Lagrangians, we demon-
strate that the limit system can indeed transform and convert work produced by electrostatic forces
into shape deformation, which is, to date, a challenge in soft robotics. To illustrate our purpose,
we numerically solve a simple actuation problem for membrane bending and show, as a mathemat-
ically relevant example, the equilibrium configuration of a nematic bilayer activated by an applied
electrostatic potential.

The outline of the paper is as follows. After we formally present the functional setting in the
Introduction, discussing the kinematics and the mechanics of the problem (Sec. 2) Section 3 is devoted
to the analysis of relaxation results for thin and large NLCE bilayers. This part of the paper builds
upon material produced in [10] which we systematically refer to. Finally, in Section 4 we analyse limit
functionals for thin and small NLCE bi-layers. We characterise the asymptotic behaviour of the saddle
points of the energy functionals and, as an example of our analytical work, we describe numerical
calculations showing shape-actuation.

1.1 Notation

Throughout the paper, Greek indices run from 1 to 2 whereas Latin indices run from 1 to 3. The
summation convention on repeated indices is assumed, unless explicitly stated. To highlight the de-
pendency with respect to in-plane vs. out-of-plane coordinates, a prime sign indicates planar compo-
nents of a vector, of second order tensor, and of differential operators, e.g. v/ = voeq, B’ = bageaes,
and V'() = 04(+)eq, where e, indicate the unit vectors in the x; — x5 plane. In order to distinguish
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Figure 1: Physical three-dimensional domain of a thin bilayer system consisting in one nematic elas-
tomer layer supporting a stiff thin film. The system undergoes in-plane (membrane) and out-of-plane
(bending) displacements, subject to mechanical volume and surface loads as well as electrical work
inducing nematic reorientation. We distinguish two physically relevant regimes, depending on the
scaling laws of physical parameters: the relaxation regime (with formation of microstructure) and the
actuation regime (with frozen optic tensor).

homologue quantities defined in the two layers, we superpose a hat to those which refer to the nematic
layer, as in k, k to indicate limit rescaled strains in the film and nematic layer, respectively. The inner
product is denoted by a dot. In general (but with some exceptions, like v), material parameters or
effective coefficients are indicated by sans serif letters, cf. Table [I| for a collection of relevant param-
eters and physical constants. With u ®, v we signify the symmetrised outer product % (u;v; + u;jv;)
between vectors u,v and by I the identity matrix in R™*™. Throughout the paper, C stands for a
generic constant which may change from line to line. Thickness averages are indicated by an overbar,
as in v(2’) := 1/H [v(2',23)dxs where H denotes the size of the (transverse) integration domain.
We adopt standard notation for functional spaces, such as L?(2,R™), L?(Q,R"*"), and H'(Q2,R"),
HY(Q,R™"*"), for the Lebesgue spaces of square integrable maps from © onto R™ and R™*", and the
Sobolev space of square integrable maps with square integrable weak derivatives on 2. Concisely, we
write L?(Q) and H'(Q)) whenever n = 1.

All e-dependent quantities refer to the physical three-dimensional system, a thin bilayer structure
whose thickness depends on €. After introducing appropriate scalings for all material quantities and
rescaling the physical domain we drop the e-dependence.

2 Setting of the problem

Domain. Let Q° be a sufficiently smooth three-dimensional domain, constituted by the union of
two thin layers: a linearly elastic film occupying Q% = w X (0,eL) and a soft nematic elastomer
occupying ) = w X (—eP*1L,0]. The two layers are attached to a rigid substrate which imposes a
hard condition of place, see Figure [l The basis of the cylindrical three-dimensional domain is w C R?
with characteristic size L. We focus on thin limit systems as ¢ — 0, by requiring that p +1 > 0.

The elastic film can deform both in-plane through membrane deformations and out-of-plane, by
bending. The nematic elastomer is subject to a hard boundary condition at the interface with the
underlying (rigid) substrate.



Order tensors. We define the set of biaxial (De Gennes) tensors [14] as

05 = {Q R0 =0,0=Q": 1 < An(Q) <A@ <3 ). 1)

where Apin (@) and Apax(Q) denote the smallest and largest eigenvalue of the matrix . We remind
that Qp is convex, closed and bounded.

We introduce Qp, that is, the subset of Qp populated by all uniaxial tensors [16]. These are
matrices that can be written in the form

Q:s(n@n—%f} (2)

< s < 1. Without loss of generality, the set of uniaxial

for some n € R?® with |n| = 1 and some —3

tensors is defined as follows
Qu = {Q € Qp: |QI° = 54(det Q). (3)

Indeed, the two algebraic characterizations in and can be proven to be equivalent. We remark
is non-convex, pointwise closed and therefore closed in all the strong topologies. Also, we introduce
the set of (uniaxial) Frank tensors |17] which uses only the eigenframe of @ as the nematic state
variable, constrained to have eigenvalues 2/3, —1/3, —1/3. Uniaxial tensors range in the set

2 1
QFT = {Q S QU : )\max(Q) = ga )\min(Q) = 7§} (4)
Observe that any tensor in [4] can be represented in the following manner:
1
Q=n®n— gI (5)
for some |n| = 1 (which is equivalent to requiring s = 1 in (2)). This clarifies an order tensor

taken in the illustrative example of Fig. [2| is indeed a Frank tensor (see Caption of Fig. ) It is
important to remark that, whenever a liquid crystal system is described by a tensor in the form ,
then n (which is called the director) represents the common direction of the perfectly aligned nematic
molecules. Instead, Qp and Qp describe, additionally, order states, that is, configurations where the
liquid crystal fails to be perfectly ordered and aligned to a director. Instead, the description of such
systems should be performed in probabilistic terms, and Qp and Qg model probabilistic information
derived from the theories of Ericksen and de Gennes, respectively. Notice that, since tr @ = 0, this
suffices to describe the spectrum of @. It follows by the definition that Qp, is a closed and non-convex
set and the inclusion Qp, C Quy C Qp holds. Importantly, Qg coincides with the convex envelope of
Qr, and of Q.

Mechanical model. The total energy of the system is modelled on the classical theory of linearised
elasticity. Thus, we may assume physical forces are additive and their effects are algebraically super-
posed. The total energy combines a film contribution (measured on ch) to the contribution of the
nematic bonding layer (defined on Qf). The latter, in turn, is the sum of three terms: a bulk energy
density which measures the strain-order interaction of nematic elastomers according to the well-known
model defined in [9] and analysed in |7, |6, |8]; a curvature term (or Frank energy) proportional to
the square of the gradient of the @-tensor which induces molecules to be parallel to each other; and
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finally, a loading term representing the external work, the only possibly non-positive contribution to
the energy.
Considering here only electrostatic work and summing all contributions, the total energy reads

Q=g [ 1oy (I + = e dy

c1+4+v
]

1 Ee , 1,
+2/Q§1+V(|e(v)—Q —|—1_2ytr e(v))dy

1 1 LTE -
4y [ ERIV.QPay - [ VETB@Teds (©
9 Q5

where admissible spaces for displacements v, the optic tensor @), and the electrostatic potential ¢ read

veV, = {HY (R, v(z, —ePT) =0 ae. 2’ cw}, Qe HYQ,Qr), ¢ HY(L).

Material regime (assumptions on the scaling of material parameters) We explicitly, for
definiteness, the assumptions on material parameters by fixing a parametric scaling law defining the
relative stiffness and the relative curvature energy. Considering that the nematic bonding layer is much
softer than the overlying film, while being elastically compressible, we assume the following

(E,v), x in Qy o =

,  with ¢ >0, K5, = 52. 7
(e?E,v), xin W F 14v ¢ (7)

(B5v9)(z) = {

Here, E is the Young modulus of the elastic film and —1 < v < 1/2 its Poisson ratio. From now on, to
simplify the notation without any loss of generality we assume E = 1, leaving explicit reference to the
only meaningful elastic nondimensional parameter, the Poisson ratio v. Note that this is always licit
and amounts to a rescaling of displacements. In the expression above, be represents the characteristic
length scale which emerges from the competition of the shear modulus of nematic rubber vs. the Frank
constant of the liquid crystal. For the purpose of our analysis, 6. identifies a critical material parameter
which, as € goes to zero, may vanish or blow up, leading to the two separate regimes of relaxation
or of director actuation, respectively. In order to bootstrap the asymptotic procedure and focus on
the interplay between membrane and bending modes, we further scale dependent and independent
variables as follows.
, L(suq(La', Lexs), us(La', Lexs)) in Qf
o(y',y3) = I St . A . (8)
(euq(La', LePT x3), e ug(La', LeP™ x3))  in Qp,
where r is the magnitude of vertical displacements, a parameter that ultimately depends on the loads.
The scaling above has a twofold goal, that of mapping the physical, e-dependent domain onto a fixed,
unit, domain, and that of exposing the interplay between in-plane vs. out-of-plane displacements
which, in turn, depends on the type and intensity of the loads.
Similarly, we introduce the nondimensional (rescaled) electrostatic potential ¢

oy ys) = php(La’, LeP T z3)  in Oy, (9)

where ¢f is the electrostatic scale gauge. Note that, because the electric field is solved independently
of the opto-elastic problem, its scale is imparted by its boundary conditions which, in turn, can be
freely chosen in such a way that the electric energy is of the same order of magnitude as the elastic
terms, which ultimately depend upon €.
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Figure 2: Illustrative numerical calculation of a thin nematic bilayer plate in the actuation regime,
cf. Section [ Theorems The effective model given by the asymptotic theory is a fully coupled
macroscopic opto-elastic plate. By exploiting strain-order coupling, spontaneous deformations of a
multilayer composite achieve out-of-plane bending deformations under external electric stimulation.
Here, an initially flat and thin active bilayer, clamped at the boundaries, is actuated by a uniform
optic tensor Q = ng @ ng — %I described by the homogeneous director ng = (e; + e3)/v/2 (cf. image
left). Colour coding in figure refers to the euclidean norm of in-plane deformations |(’|, the legend for
(s is displayed to indicate the relative scaling of transverse displacements.

Film energy. Writing the energy @ in terms of the scaled quantities identified in , the film
contribution reads

SLTj0) = 85 [ ((Jeap @) + (e + 2 easw)]) da

+63L3%/Q T —121/ ((eaa(u)) +€72633(U))2d1‘ (10)

Nematic energy. On the other hand, using , the nematic contribution to the total energy @

reads
2
> dx

1 1 e 2
131t / wee(w) + —— dz, (11
+ Lot o, T—20 geqa(u) + o esz(u) | dz, (11)

L3P 5 (u, Q) :=

1 € 2
L3§6q€p“/ <|€€aﬂ(U) ~ Qapl® + (Ep+1633(u) - Q33> + 2‘
Qp

g

T
(8 Oyusz + ol

33Ua) — Qas

N |

while the curvature energy writes

oL [ K, (W’QP |
Q

ep+1

2 2 Q €p+1

2 52
) Pl gy — EL/ oz (52p+2|V/Q\2 4 |5'3Q|2) dx.



Symbol

Quantity

K%, Kpr Frank constant

D(Q),D(Q),D(Q) dimensional matrix of dielectric coefficients, nondimensional, averaged
B(Q) relaxed matrix of dielectric coefficients

di; (Q) Coefficients of D(Q)

€o Dielectric constant (in vacuum)

€1,€| Relative perpendicular and parallel, dielectric constant
0%, Qf Film layer

QF, Qp Bonding layer

Q5. Q Bilayer (union of film and bonding layer)

w Membrane planar section

L Diameter

v, (A, ) Elastic constants: Poisson ratio, Lamé coefficients

Jy Rescaled energy, nematic layer

J?, jz?, Energy functional, mechanical model

JO J~ Relaxation limit energies

1., I Electrostatic work, limit

K(¢', ¢3) Effective stiffness of nematic foundation

Table 1: Material and geometric parameters.

We choose to keep an explicit dependence upon p because, depending on its value (the relative thickness
of the film layers), we identify phenomenologically different limit regimes.

Electrostatic work. The electrostatic work density is the (scalar) product of the electrostatic vector
e by the dielectric displacement vector d. Based on the linear model of nematic liquid crystals, the
relation between d and e is obtained introducing the tensor of dielectric coefficients D(Q) so that
d = D(Q)e, see [14], [21].

Upon introduction of the electrostatic potential, related to the electric field by e = —V @, the
electrostatic work density is given by d - e = eTD(Q)e where D(Q) = ¢D(Q). The tensor of dielectric
coefficients depends linearly on the order tensor ). In turn, the electric field is obtained by optimisation
and depends, in an intricate way, upon (). We shall elaborate on their connection in the Actuation,

Section [d] The scaled electrostatic work density reads

~ 1
c1e(Q,0) = 3 VZeD(Q)V.pd.

Qp

- 1
VETBQVEdy = £ (5% 2ol (12)

aF
where we have concisely denoted by V. the scaled gradient of a scalar function, namely V.¢ :=
(V’np, #8390). Note that the work integral above, for a fixed @ € Qx (X being a place-holder for
Fr,U or B) and for a fixed ¢ > 0, is a standard elliptic functional modelled upon the symmetric
positive definite matrix of nondimensional dielectric coefficients D(Q).

Additional mechanical loads. Finally, we consider applied body and surface loads by prescribing
two force densities, f¢ in the interior and g on the upper face of the film domain. Without loss
of generality, we scale imposed loads in such a way that the corresponding work is of the order of



magnitude of the elastic film energy. Accordingly, we set f% := &2f,¢° := e3¢ with f : L? (Q;, R3),g:
L? (Qjﬁ', R3) so that the scaled linear form corresponding to mechanical loads reads

L) =e3Lv) =303 | fody + €3L2/ gudy’, (13)

Qp wt

where wt = w x {1}, see [12]. Our assumption on the scaling of loads is not restrictive owing to the
fact that the mechanical work is a continuous perturbation to the total energy.

2.1 Scaling regimes

We specialise the scaling laws introduced in @, in order to focus on the material regime in which
there is possible coupling between membrane and bending deformation modes, as well as with the
optoelastic behaviour of the nematic layer. Heuristically, the bending energy of the film scales like &3,
thus we fix the scaling parameters of the system in such a way that both i) the energy of the nematic
bonding layer is of the same order of magnitude of the bending energy of the film, ii) we focus on
vertical displacements which are of the same order of the thickness of the overlying film, and iii) the
electrostatic work is of the same order of magnitude of the membrane energy of the film. Respectively,
we set

)g+p—2=0, di)r=p+1, i) ¢f=e 7P 212 (14)
Under these assumptions, the total energy, i.e., the sum of film and nematic layer energies minus the

external work, as defined in , and , reads

J2(0,Q,¢) == J5(v) + Jy (v, Q) = I (Q, ©)

- ;/Qf (leap@)? + (=~ 2e5(0))? + 20 Lens(0)2) do + —

1—2v

((eaa(’l})) + 8_2633(’0))2 dx

+ % /Qb (|5€aﬁ(v) — Qapl? + (es3(v) — Q33)2> dx

dx + o (e€an(V) + €33 (v))2 dx

+ 1-—2v

1
/ 2 ‘ (ePT10qv3 + e PD5v0) — Qas
Qb

N |

1 02 2 2p421r )2 2 11 / 1 T / 1
t5 | g (D2 AVQE 10,0 a5 [ (Ve s ) DQ) (Ve e ) e
(15)

In the expression above, the quantity

> 02

P [

Og = [2c2p+2° (16)
identifies a material length scale stemming from the ratio between Frank’s curvature constant and the
bonding layer’s stiffness, relatively to the size of the domain L and the thickness of the nematic layer.
Notice that this quantity is scaled with respect to the thickness, hence, depending on the material
regime and geometric dimensions may either vanish or blow up, as € — 0. These two scenarios indeed
correspond to the distinct material regimes of actuation (with fixed orientation of the director) and
that of spontaneous relaxation (with emergence micro-textured patterns).



More precisely, the relaxation scenario is dominated by the rescaled length scale ., in the regime
6. — 0. In this setting, é. is the smallest scale of the system well below the layers’ thickness and
allows for vanishing transition layers with negligible energetic cost. Contrarily, the actuation regime is
characterised by the macroscopic length scale 55, in the limit 4. — oco. In this context the optic tensor
is much more rigid, its homogeneity is forced under the influence of applied external fields.

Because an electric field generated by an external device acts on the nematic elastomer by orienting
the LC molecules and thus performing work, the sign of the functional is undefined. A careful analysis is
required to study critical points of the total energy which are of saddle-type. We devote Section[d]to the
analysis of the nematic elastic foundations and electric fields, whereas we focus our attention in the next
section to the analysis of the regime of nematic relaxation where optoelastic patterns spontaneously
emerge, without external stimuli, in such a way to relax mechanical stresses. Accordingly, we set ¢ =0
in and compute the asymptotics as ¢ — 0 of the energy jf(v, Q,0).

3 Relaxation

The relaxation regime for nematic multilayers is characterised by the spontaneous emergence of tex-
tured microstructures and a strong two-way coupling between optic axis and elastic displacements.
This scenario, in turn, occurs as Frank’s curvature energy is small and transitions between differently
oriented microscale domains can be accommodated with little energetic cost. Indeed, in this case,
Frank’s stiffness provides the smallest length scale of the system. Therefore, the relaxation regime is
characterised by a vanishing . which corresponds to the regime of a large plates with low bending
constant. Thus, we assume 6. — 0 as € — 0, the precise rate of decay will be specified in the following.

The program is to explicitly compute the effective stress relaxation induced by a local accommo-
dation of the optical texture under mechanical deformation, a mechanism which is responsible of the
emergence of fine scale, possibly periodic, optical patterns. In energetic terms, this amounts to first
computing locally-optimal nematic textures at microscale and then performing the dimension reduc-
tion to derive a macroscopic two-dimensional model, as described by the following one-variable model
(10} [11 [7] [15]

inf  JP(u,Q,0) ifueV
Jg(u) = QEH(2,Qx) (17)
+00 if ue L2(Q,R3)\V,
where
V= {H"(Q,R?),u(z’, ~1) = 0} (18)

is the set of kinematically admissible three-dimensional displacements and X stands for either Fr,U
or B, according to the available order tensor models. We will show that, remarkably, the I'-limit of
is common to all available models.

Remark 1. By introducing scaled strain tensors in the film k. and in the nematic layer k., reading
respectively

L 1 (opt1 -
e () = eap(u) 52 (631;3 + O3uq) and  #o(u) = ceap(u) o= (P 0aus + e PO5uq) . (19)
sym € %esz3(u) sym ess(u)

10



we may rewrite (L7)) in compact notation, namely for u € V

1 1
T2 ) = 5/9 ('KEP e KE) o
f

1 : R 1 1
t3 QeHll(rslsz Qx)/g (/{E - QP+ =% tr? i + 5(5? (EP+Q|V'Q|2 + |63Q|2)> dz. (20)
’ b

The convergence properties of minimising sequences of displacements associated to the functional
above characterise the limit space of displacements, which is independent of the thickness ratio p.
However, it is the rate of convergence of minimising sequences (depending on values of p) which iden-
tifies the contributions entering into the limit asymptotic models. For this reason, we choose to carry
explicit dependence on p in the total energy functional. Also note that, because it is the bounded-
ness of scaled terms that implies the sharp convergence properties of displacements, the formulation
via rescaled strains proves to be effective in clarifying and rendering explicit the compactness of
minimising sequences in .

3.1 Estimates and compactness

We start with two preliminary results frequently invoked in the reminder of the article.

Lemma 1. Let u € L?(2,R?), with Q = wx (=1,1) and u € H'(—1,1) with u(z’,—1) = 0 a.e. 2’ € w.
Then there ezists a constant C > 0 depending only on w, such that

lull22 (o) < ClIOsullzz(q)

The next result, proved in |10, Section 4.1], allows to characterise the weak limit of the (suitably
rescaled) gradient of a bounded displacement field within the nematic layer.

Lemma 2 (Convergence of gradients). Let f. € H(Q%,R3) for every e. Let K > 0. Suppose
fe € L?(Q,R?) uniformly bounded in ¢ and EK”aafE”L?(Qb,]RS) < C, with C independent of €. Then
K0, f. — 0 weakly in L*(Qy,R3), fori=1,2,3.

Proof. See Paragraph Compactness of Section 4.1 in [10]. O

Remark, importantly, that considering admissible minimising sequences (u®) C L?(Q, R3) that leave
the energy uniformly finite alongside Lemma [If implies the uniform boundedness of three-dimensional
displacements in L2(2,R3), hence there exists a compact set of L?(€2,R3) such that minimising se-
quences are compact therein.

The two lemmas above allow to establish the following characterisation of limit strains. In what
follows, we denote thickness averages by an overline (cf. notation in Section. Also, observe thanks
to Jensen inequality we have, for f € L*(Qy), that || f[|z2(q,) > 171l 22 (w)-

Proposition 1 (Characterisation of limit strains). Consider a sequence u® C L?(Q,R3) for every e

such that u®(-,—1) = 0 and u® — u strongly in L*(Q¢,R?) as € — 0 and plug u® into JP(u®). Uniform
boundedness JP(u®) < C implies that

a) there exists a limit k € L2(Qy, R¥*3) such that ke — k in L2(Qy, R3*3).

11



b) there exists k € L?(Qy,R3*3) such that k., — k in L?(2y, R3*3), and

1

k33 = 7m6aa(u)7 koz,B = eaﬂ(u)

¢) ei3(uf) — 0 strongly in L?(2p, R3%3),

d) there exists e € L*(Qp, R3*3) such that eqap(u®) — eqnp weakly in L?(Qy, R3*3),
e) |less(u®)||L2(a, roxs) < C,

f) geap(u®) — 0 weakly in L? (2, R?*?),

g) ePTLoug — 0, weakly in L*(w).

Proof. To carry the proof of the items above we systematically use Jensen’s inequality to obtain lower
bounds upon integration of a convex function along the thickness, as in || f||r2(w) < [|f]|z2(0,), Vf €
L?(Q), where the overbar stands for the thickness average. Item a) simply follows from the uniform
boundedness of ||&#%||z2(q, rsx3), and the boundedness of Q. Furthermore, b) derives from the uniform
boundedness ||£°| 120 ;R3x3) by optimising with respect to the k33 component and noticing that the
convergence of minimising sequences u° in Qy is actually weak H'(Qy, R?), hence limit rescaled strains
can be identified with scaled components of the strain in the limit. To prove ¢) observe that b) implies
the existence of constants C, C’

||€7lea3||L2(Qf7]R3X3) < C, and H€72633||L2(Q‘f7R3X3) <.

To prove d) observe that a) implies |leas(u®)|z2(q, r3x3) < C. Then, e) is implied by b). To prove f)
we need to use ||geqs(u®)| 12(q, r3x3) < C, uniformly in € (implied by a)), and then invoke Lemma
To prove g) we first claim the following: there exist constants C, C’ such that

€p+1||aaﬂ§”L2(Qb) < C and EipHagﬂZHLz(Qb) < c’. (21)

These terms vanish in the limit energy owing to the boundedness of the gradient terms and the fact
that they are multiplied by a vanishing sequence. To establish the estimate it suffices to integrate
the energy estimate for the shear term exploiting convexity and use a). Indeed,

|71 0atis + e P315 || L2 () < [P D0t + e 7PO3uG || L2(0y) < O (22)

then use triangle inequality. By explicit integration we obtain a boundary norm whose boundedness in
H'(Q(w)) is ensured by the compactness of trace operator, the continuity of displacements, and their
weak convergence, through the use of the trace theorem [12, Theorem 6.1-7]. We can thus write

P00 5] 12(w) < I[P 005 + P O5UG || L2 (0 + |le7Pug, (2, 0)]|L2(w) < C, (23)

hence 0,5 goes to zero weakly in L?(w) thanks to Lemma
In (23), notice that uf,(2/,0) — uq(2’,0) strongly in L?(w) by the trace theorem and therefore
||ug,(2',0)]|L2(w) is uniformly bounded in e. O
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3.1.1 Kirchhoff-Love sets of displacements KL and K L*

The structure of limit displacements is determined upon integration with respect to z3 of the film
relations (see ¢) in Prop. (1)

8u;5 8ua
=0 = = 3=0= — = ——. 24
€33 0 83U3 O, €n3 0 axa 81‘3 ( )

The first implies that uz is a function of 2’ only, that is uz(z) = (3(z’). For such functions, the latter
relations yield, upon integration in xs,

(u'(2', 23),us(2")) = (¢'(2") — 23V G3(2"), G3()). (25)
These relations identify the limit space as the set of (Kirchhoff-Love) displacements
KL:={ve  H (Q,R? v = —23V'(3,03 = (3,
with </ € Hl(w7R2)a C3 € Hz(w)ax?) € (07 1)} (26)

which is equivalent (cf. [12]) to set of functions u € V for which holds. Observe then that items c),
d) of Proposition , and Korn’s inequality [12, Theorem 6.3-3] imply the weak convergence of u. to
u € KL. In the definition above, ¢’ coincides with the trace of the three-dimensional displacement u at
interface between the two layers wx {0}. By analogy, we introduce the set of shifted limit displacements

1
KL} :={ve HY(Q;,R?) : v/ = G — (3 — §)V’C3,v3 = (3,
with Cé € Hl(waR2)7<3 € HQ(W),$3 € (Oa 1)}a (27)

where the functions (g represent the trace of the three-dimensional displacement u in correspondence
to the mid-section of the film w x {1/2}. Note that, from the topological and functional standpoint
KL coincides with K Lf and the functions representing in-plane displacements are related by

¢'(a") = ¢(2") + %V'Cg(x'), ae. o €w (28)

3.2 Gamma-limits of nematic plate foundations

We now turn to the mathematical analysis and mechanical discussion of the two physically relevant
material regimes, as a function of the aspect ratio represented by p, referred to as the ‘thin nematic’,
for p = 0, and the ‘thick nematic’ case, for —1 < p < 0. This first setting leads to a full opto-elastic
coupling between the nematic layer and the overlying elastic plate, whilst the second scenario involves
only a partial (transverse) opto-elastic coupling. The following is the main result of this section.

Theorem 1 (Fully coupled, thin nematic). Let JO(u) be the energy defined in , with p = 0. Then,

J(u) = T-lim J2(u)

e—0
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in the strong L2(Qf7 R3)-topology, where u € KL,
/ (le’(c’ COV'V'G+ 5 |v VG |2>

% /w — (tr(g' +tr(§’)A’<3+ (A43)>
+;L< S2(K(C'. o), Q) + 2>dx’ i (¢ Gs) € HY (w0, R?) x H2(w)

otherwise in € L?*(w,R3),

N | =

(29)
(¢',¢3) are the in-plane and transverse displacements at the interface w x {0} defined in (27),
0 0 %gl
K(Clv C3) = 0 0 §C2 ; (30)
3¢ 36 G
and B
diStz(K(C/7C3)7QB) :71nf ‘Q_ K<</7C3)|2' (31)
QelB

Proof. This is based on computing and matching a structural lower bound (the I'-liminf inequality)
with a suitably constructed upper bound which shows the existence of an optimal recovery sequence
(T-limsup inequality) to I'-lim._,q JO(u).

Imposing p = 0 in Proposition [2| we have the I'-liminf inequality. Then, from Proposition |3 fixing
p = 0, we obtain the I'-limsup inequality and the result follows. O

Theorem 2 (Weakly coupled, thick nematic). Let —1 < p < 0 and JP(u) as in and
respectively. Then,
J7(u) =T-lim JP(u)

e—0

in the strong L*(Qy, R®)-topology, where u € KL* and

5 [ (K@r+ gvvar s 25 (we@+ jaar) ) w
J7(u) = %/ (distQ(K(O,C:;L Qp) + 1 _12V€§> de'if (¢, Cs), € H (w,R?) x H?(w)

+o0, otherwise in L*(w,R3)

(32)
where K is defined in and (Cé, (3) are the in-plane and transverse displacements at the mid-section
of the film w x {1/2} defined in (27).

Theorem [2|is a consequence of Proposition [2| (I-liminf inequality) and of Proposition [3| (I'-limsup
inequality) for a functional defined on displacements at the mid-section of the film. The proof of

Theorem [2] is postponed to Section

3.3 Proof of Gamma-convergence theorems for —1 <p <0

We analyse thin and thick models of nematic foundations condensing two relaxation results. Propo-
sitions [2] (lower bound) and [3| (upper bound) suffice to characterize I'-limits for nematic foundations

14


pierluigi cesana


for —1 < p < 0 comprehensively, by characterizing the asymptotic plate regime in terms of K L-
displacements measured at the interface between nematic and film layer. While this is precisely the
requested result for coupled nematic foundations (p = 0), we are left with performing a final shift
mapping from KL to KL to represent the I'-limit in terms of the film mid-section for plates without
shear coupling (—1 < p < 0). This is done in Section m

Proposition 2 (Lower bound inequality). Consider JP as in , for =1 < p < 0. Then for sequences
(uf) C L*(Q,R3) converging to u strongly in L?(2y,R?) we have

P-lim inf J?(u) > 7). 53)
where
1 1
5/ <6/(</)|2 _ el(C/)V,V/CB + 3|V/V/<3|2> da’
1 2 2 14t N 1, ., .9 ,
JP(u) = +§/w3,2y trG(C)—tre(C)A§3+3(AC3))dx
+%/ <dlSt2(K((<[p])/a <3)7 QB) + 1—12V<32) dl‘/, Zf (</7 CS) S Hl(UJ’]RQ) X HQ(w)
~+00, otherwise in € L?(w,R3)

(34)
where we write (CP1) = ¢ if p=0 and (CP) =0 if p € (—1,0).

Proof. We consider a general sequence (u®) C L*(Q,R®) converging to u in L*(Qf,R?) and such that
JO(uf) is uniformly bounded in e. Thanks to Proposition [1} it necessarily follows v — u € KL
strongly in L?(Qf,R?) and we have

(Can(ue))?| dox +

1
Cinf TP (0 > Tim 1 2
llgélf JP(u®) > llIEIE(I)If{2 /Qf {|ea5(ug)| +

inf —
3 — v QEH (,Qr.) 2 Jo,

2|3 (e7P0sus, + P 0qus) — Qasl® +

g (S (0) + exa(u) + fenau) — Qua)?Jds | (39

The inequality in is obtained by neglecting shear terms in film, and optimising with respect to
transverse component £33 of the strain gradient in the film layer, which implies

1 2

8—2633(116) = *3_72”61104(“5) (36)

Integrating with respect to xs applying Jensen’s inequality, we expose all averaged quantities (in-
dicated by an overhead bar). Observe that eP*1V'u§ — 0 weakly in L?(w), as proved in Proposition
g) and 7P ffl O3us,drz — 0 weakly in L?(w) for —1 < p < 0, and 7?7 fEl Osus drs — (o (2') weakly
in L?(w) for p = 0. We obtain a further lower bound by extending the optical minimisation from
HY(Qy, QF,) to the larger L?(, Qp). This leads to

1 2 1
. D) > lim i + — \(2 — \\2 . = |: 2
lim inf J2 (u) hgggf{Q/w [eaﬁ(us)l + 35, (Caa(@)) dm+@eml(?£,g,3)2/w |Qasl™+

213¢P — Qus® +

g 0T + (exa@) — Qe (31

15

5 | [lantu) - Qual+



where we use the short-hand notation (¢[P!) = ¢’ if p = 0 and (¢[P))’ = 0 if =1 < p < 0. Using the
characterization of the set of limit displacements introduced in Paragraph we read the energy in
terms of the traces of displacements ({’,{3) at the interface w x 0.

By taking the infimum over all sequences in , owing to the lower semicontinuity of all convex
terms we have

1
_limi P(uf) > =
r llIEnlélfJE(u)_2/

w

(KPR -7+ 5IVV G )

+ %/w 3 f?l/ (tr2 e'(¢") —tre(¢)A'¢G + ;(A/Q)Q) da’

. 1 — 2 1 -2

vt o L@ i) - Qal + 2@ - )4 39)
Q6L2(W7QB) w 1 — 21/

where we remind Q[xp} =(,ifp=0and Cc[yp] =0if p € (—1,0). Notice that in we pass to infimum

over L?(w, Qp) because the integrand is independent of 3. Finally the claim follows because

. 1 [ [ -
it @2 fide) - 0a
Q€eL?(w,QE) w

’ + (¢s Q?,g)2:| dz' = %/wdist2 (K ((([Pl)"@) , QB) dx’

(39)
which holds by virtue of the convexity of the set Op. O

Remark 2. Observe that the energy is written in terms of the trace of displacements at the
common interface w x {0}, which is necessarily well defined by the limits from above (in the film) and
below (in the nematic), owing to the compactness of displacements. In-plane and out-of-plane terms
are coupled through cross products between the first in-plane derivatives of in-plane displacements and
the second in-planes derivatives of the transverse component.

Proposition 3. [Upper bound inequality, —1 < p < 0] Let JP as in . For every w € KL, there
ezists a sequence (v¥) C L*(Q,R3) such that v — u = (' — x3V'(3,(3) strongly in L*(Q,R3) such
that

1 1
lim sup J?(v°) < §/w (|e’((’)2 — (V'Y + 3|V’V’C3|2)

e—0

1 2 1t L A 1 ., /
+§‘/‘“3_2V (tr2e(<)_tre(C)AC3+3(AC3)2)dac+
1

. 1 — — _
_if o / <|Q'I2+2§CL”]Qa32+(CsQ33)2+2_2 <§> da’  (40)
Q€EL?*(w,9QB) w v

where we write (P = ¢ ifp=0 and PP =0 ifp e (—1,0).

Before showing the proof of Proposition |3] we need to introduce a collection of auxiliary results.

We decompose €, into a finite partition of (columnar) grains so that € = U;n Aj up to a set of
measure zero, and construct the recovery sequence for displacements and tensors on each individual
grain. Then, glueing individual grains will be performed after showing that boundary layer error terms
can be made as small as desired.
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Lemma 3. Let {A;}72, be a finite collection of domains of the form w; x (—1,0), where w; C w are
open and bounded sets. For any Q € L*(A;, Qp) there exists

1. a sequence (Q") C L%(A;, QF,) of piecewise constant tensors parameterised by n > 0 such that
Q"(x) = Q weakly as n — 0 with Q"(x) € Qp, for everyn for a.e. x € A;;

2. a sequence (QM?) C C*°(A;,Qp,) such that Q"°(z) — Q weakly in L?(, R3*3) as 0,5 — 0
with % — 0 with Q""s(x) € Qpy for everyn,d >0V € Aj;

3. a compact set B; well contained in A; such that Q" and Q%" are constant over Bj and meas(A;\
Bj) < 4/n, provided that n > 6 > (),'E|

4. a constant C' > 0 such that, for every (fixed) a >0

1 axy/ N6 2 7,6 2 577’ —2.
3, [T e < ¢ (a1)

5. a piecewise-affine vector map f(z) : R3 — R® such that Q*(z) = W%VTJC(JJ) where Q' P| is the
periodic extension to R? of the tensor Q" computed for n = 1.

Proof. These are explicit constructions. See Appendix to [10]. O

Remark 3. Lemma[3 revolves around a two-fold limiting process parameterized by &,m. The first limit
(in n — 0) identifies piece-wise constant maps approrimating biazial optic states which are constant
with respect to the thickness by exhibiting fine scale optic textures (item 1 and 5). The second limit
(in § — 0) allows to smoothly interpolate such oscillating optic states by smooth transition occurring
across small boundary layers whose thickness is related to the smallest material length scale of the
system (item 2 and 3), namely the one associated to Frank’s curvature energy, with explicit control on
the total energy (item 4).

Proof of Proposition[3. We introduce the recovery sequence
5 (x in Q
v (z) = z( ) ] ! , (42)
v (x)  in
where

€ i <a<x1> - 8O¢C (.T/)
,Uf(m) T {Cs(x/) + 523]15(3?3) ’

v (x) == v (z) + I(z)wS" (z), (2',23) € wx (—1,0) (43)

(x',23) €w x (0,1), and

where v* := (;(2')(z3+1) is the affine extension (along x3) of the film displacement and (3 € H?(w),(’ €
HY(w,R?) and he, ¥, f&" w*" are defined in the following sections. The recovery sequence is three
dimensional and accounts for mechanical reduction and the emergence of optic textures at two different
length scales 7, ¢ in €. Displacements are continuous across the interface so that v* € H*(Q, R?) for
every €. In the film, the displacement profile entails a vanishing shear, whilst the converging term h®

Thow do i link this to 9?7
2this Q instead ?
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is introduced to satisfy optimality between the in-plane and the out-of-plane deformations. Within
the nematic bonding layer, in order to recover boundary conditions and interface continuity, a tailored
microstructure is necessary to relax the optic tensor by formation of (weakly converging) sequences of
micro-scale three-dimensional deformation patterns at length scale n. Finally, tight transition layers
allow to smoothly accommodate these rapidly varying optic domains. For the reader’s convenience we
split the discussion, treating film layer and bonding layer separately.

I-limsup film. We start with the rescaled energy, defining the recovery sequence in the film
€ o Ca (ml) - .7,‘38&(3(.’17/)
Uf(z) = {C?»(x/) + thE(x) ,

Here, we choose h® € C°(Qy) such that d3h.(x) = 7757 €aa(tt) = 775 (0ala — Oaalsws) strongly in
L?(Q) as € — 0 in order to satisfy optimality of transverse strains. The associated strain components
are

CS € H2(W)a Ca € Hl(w)' (44)

eap(V?) = eap(C') — ©300pC3, € 2e33(v°) = Oshe, € leaz(v®) = dnhe, (45)

note the cancellation in the shear term which allows to approximate vanishing shear deformations, for
e — 0. Plugging into J?, passing to the limit using the characterization of h., and computing the
exact integral along the vertical coordinate, leads to

1
lim —
e—=0 2

1 2
[ ] (1€ = 200609V 4 F0T G + (@0 + 5 IT0eP ) d
w JO

1 1 o .
+§/wA 1—2u(tre(<)_$3A<3+a3ha) dx

— %/w (|6/(C/)|2 —6/(C/)V/VIC3+ ;V’V’@,F) dl'/

1 2 1
+ i/w Y <t1"2 e(¢') —tre'(¢)AG + S(AC3)2> dx’.  (46)
This gives us the asymptotic film energy, a common contribution to both the thick-nematic and thin-
nematic regimes. Here the unknown is the displacement at the interface w x {0}.

I'-limsup nematic layer. In the active layer, the strategy consists in finding an upper bound to the
two-variable energy jg (which is turn an upper bound to JP). We evaluate along a recovery sequence
that combines mechanical displacement oscillations with an ad-hoc optic texture of (smooth) nematic
tensors, both introduced in the sequel.

We target a piecewise constant Q € (w, Qp) by constructing a recovery sequence tailored to account
for the dimension reduction in the elastic regime as well as for the optical relaxation thorough a
martensite-like microstructure on a collection of grains. There, we approximate our relaxed target
biaxial optic tensor by a weakly converging oscillating sequence. The key elements for the construction
of the optic sequence draw heavily from [10] and are recalled in Lemma |3| The careful estimates of
error terms and boundary layers require lengthy calculations which we omit, referring the interested
reader to [10] for explicit details. We treat the regime p € (—1,0) as a particular characterised by the
decoupling of membrane deformations from bending modes.
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The recovery sequence for displacements in the nematic layer can be written (cf. ) as follows
vy () = 0" (2) + I(@)w""(x) (47)

where v*(x) is a target affine limit displacement and ¥(x) € C*(4,) : A; — [0,1] is a smooth three-
dimensional cutoff function which, in each grain, is used to recover homogeneous displacements at
the grain boundary. We choose ¥ = 1 on a compact set well contained in A; at distance p from its
boundary and can always assume |V9| < p~1.

The oscillating sequence w®'" reads

e [ nfula J(en), 23/ (7))
;o= {nspf3<x'/<n5,x3/<nep>> (48)

where f is the vector field defined in Lemma [3] properly rescaled to account for the thin film scaling.
Notice the difference in frequency of oscillations between in-plane and the out-of-plane displacements.
We thus define

W = 51— Q (2! fe, w3 /eP) " (49)
Observe that, by construction, |w®”| < n uniformly in  and e. Furthermore, v*" matches the
displacement of the film at the interface w x {0} ensuring the necessary continuity. Recalling the

definition of scaled strains introduced in , we can compute R¢(v®") term by term. Scaled strains
of the target displacement v* read

) = () HE G G)) (50)

5
sym (3

As expected, depending on the value of p, either both in-plane and transverse components of
displacements, or only transverse displacements contribute in the limit.
Similarly, scaled strains associated to the optic contribution read

eV @, w3 (ePTIVYws + e POzdw’)
sym O3%ws

i (Dwe) = ( ) + ORE (w) (51)

where the last summand is equal to 9(Q"° — Q) by construction.

We now show that the recovery sequence just built is optimal on a generic grain A; by splitting
the energy integral in a bulk and a boundary layer contribution. Indeed, considering a compact set
B = B; N {z : dist(z,0A;) > p} well contained in A; where B; is the set introduced in Lemma 3,
constructed in such a way that the gap between A; and B; is of order p + d/n.

In this fashion, Bf is the smallest compact set where simultaneously 9 and Q™° are constant. The
gap between A; and B} is made up of 1/ n? tubular domains (whose area is dn)) plus a region of width
p along the boundary of A; The gap between B; and A; is of the order 7/J.

Considering the optic layer energy , we can now compute the grain energy contribution (that
is, the localised energy on A;) along the recovery sequence (v=", Q") by isolating the bulk term and
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estimating the residual energy of boundary layers. We write

tr® k(v=")d
Vrn(v )dx

1 1
B? -

2 Jp 2
J
(A)
1 . o o (VO @, (W) LePTIGus T 4 e POg (w)! sl
: /A e [ 9t )+( - 5 — Q" da
(B)
1 1 1
_~_7/ tI‘Q(K(’U*) + eV’ s (ws,n)/ + 331911);’”63 ® 63)d$+ 7(53/ ’Ep+1V/Qn,5|2 + ’83@7]76‘2(137-
2 Japme 1—2v 2" Japms
(9] (D)

Using some algebra, we obtain

(B)+(C) < M(/ |fi(v*)\2 + tr?(k(v*))de +/ !ﬁn(we’") - Q”’éf dw)

A\B? A\B?
(E1) (E2)
/ e,m\/ 1 _p+1vy/ g,m -p g,m\/ 2
+M VY Q?S (wo) gtV +§n D59 (w™) + (tr*(eV'Y @, (w™")') + (930w5™)?) | da
Aj\B? sym O3Yws
(E3)

where M > 0 is a constant which may differ from line to line. First, because the integrands are
bounded and the measure of domain of integration has been estimated above, we have the bound

B)
(BE1) 4+ (E2) < C (p + n) . (52)

Indeed, the transition region where 0 < 9 < 1 is of size p while the total measure of the region
where the optical tensor Q" differs from the strain tensor x(w®") is §/n. For the cross term, using
Schwartz’ inequality and the fact that |w®"| <7, we have

2
(E3) < C / V9P w2 < oL (53)
A;\B? P

Finally, in light of Lemma [3}item 3, we have

62
on’
Using the grain estimates 7 7 and , we sum over the entire partition {A4;} to reconstruct

(D)< C (54)
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the three-dimensional limiting energy of the active layer along the recovery sequence, namely

limsup J; (07, Q73 ) = Y~ limsup J. (v°7, Q"%; A))

e—0

2 2
:limsup%/Bp (}FLE('L}*) 7@|2 + 1 _121/ tr2(n (v ))> +Ch 577 + Cy ( f]) +Cg%

e—0
1 — 1
<3 [ (P +2el - Qui + (@ - Qw4 2@ ) + Cap. (65)

where B? = U; Bf and the Cjs are positive constants for ¢ = 1,...,4. In the last line we have computed

the limit as ¢ — 0 choosing a diagonal sequence n = n(¢) and § = §(g) such that @ — 0 and
6(8) — 0 as € — 0 for fixed p > 0 and extended the integration domain from B” to 2, owing to the
non negativity of the local (additive) energy. We finally pass to the limit two-dimensional domain w
using the columnar structure of the integration domains along the recovery sequence. Here, we use
C[p] as a short-hand notation for C([xm =(, if p=0 and Cc[yp] =0if p € (—1,0). Because p is fixed and
arbitrary the last contribution may be made arbitrarily small. Finally, we are able to integrate over
x3 and read the results separately

s 567, 0) < 5 [ (112 + 20Qual + (Ga - Quo? +

e—0

1
2—2VC§> d(El, lfpe (_170)
(56)

2) dr’, ifp=0
- (57)
Now, replacing a general Q) with the argmin Q € L?(w, Qp) (which is unique, owing to the convexity

and compactness of QB) of the right-hand-side of (56| . or ., respectlvely7 using the characterisation
()
f (\Q |2 + 2|C a3\2 + (¢ — Q33) ) da’ = fw dlst (( ) (3), Qp)dx’ and summing up film

and nematic layer contributions, we obtain

and

1
limsup J§ (v°7, Q"% Q) < =
e—0 2

/ <Q_/2 + Q%Ca — Qusl* + (G — Q33)* +

e—0 e—0 QEL?(w,98)

< limsup (Jj (0" QMO ) + JE (v, ;)
e—0

I-limsup J?(u) < limsup ( inf  JE(v"",Q; ) + JE (057 Qf)>
Q

<3 [ [l@r - v vas vyl Lo (o) - cnd©ac + jaa?) | a

+i /w [distz (K ((c[”1>’,¢3),@3)+1_2y<§] de'. (58)

O

3.3.1 Decoupled representation for shear-free plates (—1 < p < 0)

In order to read the result in the thick plate regime (—1 < p < 0) we perform a change of variable to de-
couple membrane from flexural deformations. Indeed, the peculiar structure of limit KL-displacements
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(cf. ) can be further exploited in the case at hand, where the nematic foundation is active only
against transverse displacements, to represent the effective energy as a function on the traces of dis-
placements at the mid-section of the film.

Proof of Theorem[Z Proposition 2| (I-liminf inequality) and Proposition [3] (I'-limsup inequality) show
that, for u € KL, we have

7= [ 5 (1R @9+ IV VGR) @

v /w 2 <tr2 ¢(C) —tre!(C')AGs + ;(A’(3)2> a4 /w dist? (K (0, Ga) , Qp) da’. (59)
To write the I'-limit result in K Lf we replace
¢’y = ¢i(a’) + %V/Cg(m’), ae. o €w, (60)
so that, after straightforward algebraic manipulations, yields

=3 [ (€GP + vvar)w

1 2 1 )
+ §/w 3_ 9y (tr2 e/(Cﬁ) + 12(A/Ca)2> da’ + 3 /w dist? (K (0,¢3),Qp) do’, (61)

for u € KL* and therefore Theorem [2|is proven. O

4 Actuation

In this section we analyse the asymptotic models of nematic elastomer bilayers in the thin and thick
plate regimes, where the LC order tensor is assumed to be constant. Since the LC orientation (as well
as order states) are frozen but can be controlled by means of external forces and boundary conditions.
We refer to such a class of boundary value problems as Actuation because tuning of the order tensor
@ leads to spontaneous shape morphing. From the mathematical standpoint, we deal with the limit as
e — 0 and & — oo, corresponding to the processes of structural relaxation for constant @ with no optic
relaxation. Additionally, we require 62cP*2 — oo. This corresponds to the limit regime of thin elastic
foundations of small size. This way, we describe the modeling of small NLCE units which are building
blocks of structures with heterogeneously patterned LC orientations, a proxy to non-isometric origami
or optically active membranes 23], [22]. As a paradigm for externally-controlled shape morphing, we
perform the analysis of NLCE bilayers under an external electric field.
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In presence of an electric field, the complete form of energy as introduced in is

T2(0,Q,9) = J5(0) + J; (v,Q) = J5c(Q, ) =
1

= / (leag()* + (e %es53(v))? + 2|e eas(v)?) dz +

2 ((Ga(x (’U)) + 672633 (’U))2 dx
Qf

1—2v

+ % /Qb (|E€aﬁ(v> — Qapl* + (ess(v) - Q33)2) da

1
/ 2 ‘2 (Eerlaoﬂ)g + 8717831)0‘) — Qag
Qp

2

+ dz + (e€aa(v) + es3(v))” d

1
2 1-2v

1 2 21w/ |2 2 1 e, \T €
5/ (VR + 0l de — | (70 D@vdr, (62

2 Q

where we have used the concise notation V() := (V’(-), 74183(-)) to indicate the scaled gradient of
a scalar function.

Dielectric tensor. To characterise the dielectric tensor explicitly, we write

aD(@ =, (25 U1 4 (g - 1)) (63

Constants appearing in (including €y > 0) are defined in Table and represent dielectric param-
eters of the nematic liquid crystal. The main point here is that, for every Q € Qx, with X = Fr,U
or B, D(Q) is a symmetric positive definite matrix. Consequently, there exists a constant C' > 0 such
that

ZIP <ETD@QE < CleP, vee R (64)

As a direct consequence of (64), ¢ — —J5.(-,Q) is a concave (and non-positive) functional and
therefore the total energy is not bounded below. Before proceeding with the analysis of (62]), we
elucidate on the admissible space of electrostatic potentials we envision in our experiments.

Remark 4. We assign boundary conditions for the electrostatic potential in the following manner.
We define a function oo € H* () such that d3pg = 0 a.e. in w x (—1,0). Then, define a subset
Opw C Ow with H(Opw) > 0 and define OpQ == Opw x [—1,0]. We take ¢ € H*(Q) equal to ¢o on
OpQ (in the sense of traces) and we say p — po € Hi () where

HLH(%) :={f € H' (%), f =0 on dpQ}. (65)

For fixed € and §. > 0 analysis of critical points of is pursued in [9]. We summarise here the
result.

Proposition 4. Fiz Q € L%(, Qx) where X stands for either Fr, U or B. Let ¢ > 0 and fized. Let
D(Q) as defined in Let ¢, as in Remark . First, there exists a unique solution to

min (Vep)" D(Q)VE pda. (66)
PEHL () +vo JQ,

Equivalently, the minimiser of is the (unique) solution to (full, 3D) Gauss Law
~div. (D(Q)Vop) =0 in H™\ (), (67)
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: __(_0 1%} 1 9
whET‘e leg = (Tzl + Tm + WTIS).

Second. Label g the solution to for the given Q € L*(, Qx). Take a sequence {Qy} C
L2(Qy, Qx) such that Qr — Q strongly in L*(%, Qx). Then,

Q. — ¢q strongly in H (), (68)
where pq, is the solution to when Q is replaced by Q. Third,

1 1
Tl Quva) = 5 [ (Va0 D@IVeeauds = 5 [ (V40)" DIQV pads = J5.(Qu0)
b b
(69)

as k — oo.

Remark 5. Precisely, pq is defined as an operator mapping L*(Qp, Qx) — HY(Q). In this sense
is a statement regarding the continuity of such operator with respect to the strong L%(§, R3%3)
topology of order tensors. With some abuse of notation, we adopt the same symbol to indicate both the
abstract operator pq : L?(%, Qx) — H' () as well as the function obtained when mapping a fized
Q with the mapping ¢ .

Proof of Proposition[f It is enough to see that, for fixed @ € L?(%, Ox), ¢ — J5.(Q, ) is coercive
thanks to and Poincaré inequality. Thanks to , © — J5.(Q, ) is strictly-convex and hence
weakly lower semicontinuous. Therefore by applying the direct method of the calculus of variations we
have is indeed attained as a minimum with a unique minimiser. Characterization of the unique
minimiser of as the unique solution to is a classical result for elliptic integrals. Then,

and are also standard. A proof is contained in 9], Proposition 2.2. O

Proposition 5 (Theorem 2.1, [9]). Let JP(v,Q, ) as in and @q as in Remark where g, > 0
are fized. Then, (u*,Q*,¢*) is a min-mazx point of JP (v, Q, ) that is

JP(u*,Q%, %) = min max JP(u, Q, ¢), 70
Q%7 weV,QEH (,Qx) pe HL () +po F(u.Q.p) (70)

if and only if (u*,Q*,¢*) is a solution to

min{Jé’(u,Q,g@Q): uweV, Qe H (W, QX)}, (71)
where g € Hh (%) + o solves
—div. (D(Q)VEp) =0 in H*(Qy). (72)

Proof. Consider first, Proposition [ shows that the maximum problem in has a unique
solution, for given Q € L?(£2, Qx), denoted by ¢g. Thanks to ellipticity , one has

C
—J5.(Q,0) = ————IVoll? 2.1 73
weHﬁg}:)Jr% EZE(Q v) = 52P+2” ® ||L2(Q”) ( )

Thanks to continuity of @ — J%,.(Q, ¢g) in the strong L2 (£, R3*3) topology and the boundedness
from below it follows that

JP(u, Q, = max JP(u, Q, v), 74
2(u, Q. 0Q) oS oo (URONT) (74)
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which is now a functional in the two variables (u, @), is coercive and lower semicontinuous in the weak-
HY(Q,R3) topology for u and weak-H!(Q, R3*3) topology for Q. Therefore the claim follows with
¢* = pg~. To show coincides with , observe the unique solution MAX e 7L (9) 40 JP(u, Q, )

is characterised by as shown in Proposition 4] see Eqs. and .
O

Our strategy is as follows. First, we compute the I'-limits of the electrostatic work functional for
general materials and conclude using a general stability property of I'-convergence to the situation at
hand. In computing our I'-convergence Theorem we identify a class of dielectric materials which we call
“regular” (that is, non-singular). This is the only class of materials for which we are able to compute
the limiting functional. However, the regular character of the dielectric matrix is a consequence of
the strong convergence of optic tensors and the continuity of the dielectric matrix, thus the regularity
requirement is not restrictive in our context. We start with a lemma.

Lemma 4. Let {Dy} C L*(Q, R3*3) with Dy symmetric, uniformly bounded and positive definite
(that is, Dy, = D and é\§|2 < ETDre < CI€)? for every € € R3, for some C > 0) and Dy, — D strongly
in L2(Qp, R3*3). Let {fx} C L*(Q) with fr. — f weakly in L*(Q,R?). Then

fIDfdx <liminf [ fIDyfrda. (75)
Qb k—o0 Q

Proof. Observe,
1
[ o= 57O = Do = Gl = Tl 20 VEER. (76)
b
Then, notice that, for each ¥ € L?(€),, R3),

lim 9TDy, frdr = / ITDfdzx. (77)
k—o0 Qb Qp
To prove observe [9TDg| < M|9| for some M > 0 and 97Dy, — 97D pointwise almost everywhere

in , (up to a subsequence here not relabelled) and therefore 97 D), — 97D strongly in L?(Q, R?) for
the Lebesgue Dominated Convergence Theorem. Hence follows. Expanding we have

lim inf / LDy frdz > lim 2 / fIDy frdz — lim fIDy fdzx. (78)
k—o0 Q k— o0 Q k—o0 Q
Thanks to [77| (replacing ¢ with f) we have the claim. O

In Section[3]we deal with dimension reduction problems for materials with uniform elastic constants,
that is, E and v do not depend on x. A similar assumption for dielectric coefficients is restrictive in
that the dielectric tensor depends linearly on the variable @Q which is, in general, x-dependent. To this
end, we introduce a class of nearly homogeneous material, that is, materials whose dielectric tensor
-although not constant over §2,- lies in a neighbourhood of its average controlled by the layer thickness.

Definition 1 (Nearly transversely homogeneous dielectric tensor). Let D. C L™ (£, R3*3) for every
€ and symmetric and positive definite uniformly in €, that is there exists a universal constant C' > 0
such that

é|€|2 < T'D.(z)€ < C|¢)?, Ve € R3; for a.e. x € Qy; Ve > 0. (79)
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We define a nearly transversely homogeneous dielectric tensor a matrixz such that

De (w1, 22, 23) = D(z1,72) + 2.D™ (21, 22, 73) (80)

J— 0 ~ ey ~
where D(z1, z2) : f_l De (21, x2, w3)dxs, 2.D™ (21, 22, 23) = Dc(w1, w2, 23) =D (21, 22), [|D™| Lo (0, m3x3) <
M where M does not depend on € and z. — 0 when € — 0.

Intuitively, nearly homogeneous materials defined above generalise materials with homogeneous
properties in the following sense. Over a thin layer of thickness e (that is, the geometrical dimension
which is asymptotically small) we admit oscillations x5 — D(a’,-) e-close to a constant matrix. Such
an assumption is designed to rule out the presence of additional length scales smaller than e, in
which case, on top of the dimension-reduction relaxation, further homogenisation of dielectric material
constants in direction x3 might occur. We will show that the behaviour of the dielectric tensor for
our dimension reduction problem responds precisely to our assumption . Therefore, focussing on
the class of nearly homogeneous materials is not a restriction. Indeed, for nematic elastomers in the
actuation configuration, hypothesis is shown to be a consequence of the topology for the admissible
minimising sequences of order tensors and not a true material restriction.

From the functional point of view, observe that near-homogeneity is an assumption on the strong
convergence of dielectric tensors in the sense that, for matrices specified in we have

D.(x1,x2,x3) — D(x1,22) strongly in L*(£) as € — 0. (81)
(and vice-versa). Importantly, the same does not hold for the weak convergence of matrices. Indeed,
D. (21, %2, 23) — D(x1,22) weakly in L?(Q) as ¢ — 0 (82)

does not imply .

4.1 Convergence of the electrostatic work for nearly transversely homoge-
neous dielectric tensors

Lemma 5. Let pg as in Remark and D(z) and D as in Definition ().

. / (Vo) D.(@)Vipde  if o € Hb() + 9o
Qp

L(p) =3 (53)
+ o0 otherwise in L*()
Then, the Gamma-limit of I. in the strong L*(%) topology as € — 0 is
1/ T B(../ I— / s — 1
5| (V@) B(a)V'@Ba' if g€ Hp(w) + o
In(®@) =< 2Ja, (84)
+ oo otherwise in L*(w)
where L o
= dis = dizdos
- dig — T dig — T o -
B(z') = _Us3 933 (') =D/ (2') + Bgn(z'), (85)
= digdas dos
di2 — —= dog — ==
dss dss

and d;; = d;j(z') are components of D(2), D'(x') is the top-left 2 x 2 submatriz of D(z') and By, =
i

—=—da3dgss.
dss
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Proof. We prove the statement in three steps, first, we show compactness of minimising sequences,
second, we show the lower bound inequality, third we prove the upper bound inequality.

Compactness. Take an admissible minimising sequence (¢.) C L?(Q) for which uniform bounded-
ness of the energy I.(p:) < C implies

2
1 2
<C; T [(D30e) 720, < c, (86)

1
H (VISOsa Ep+133805>

which yields, thanks to Poincaré’s inequality, that

L2(Q)

. . 1 .
@. — P weakly in H'(); 93¢0 — 0 strongly in L?(Q); gpﬁagcps — ¢ weakly in L(Q). (87)
This identifies the limit space
Hh(w):={p € H' (w),? =0 on dpw}. (88)

Gamma-liminf inequality. It is enough to consider sequences making the functional finite and
uniformly bounded in €. We write

e—0

1
C > liminf I.(p.) = liminf 7/ (VE@)T D.(2)V©edz
e—0 2 Q

/ (V7,07 (') (V'7,2) dr, (9)

N | =

> 1/ (V'z,c)" D) (V'B,c)dx >
where D(2') is the average of D(z) over the height; % and ¢ are the weak limits introduced above. We
remark that the inequality above holds due to lower semicontinuity thanks to Lemma because D,
converges strongly to D in L?(€2;) according to Definition . The last inequality above follows from
Jensen’s inequality, where the only function which possibly depends on x3 is ¢. Here € is the average
of ¢ over x3. Then,

/ (Ve o) D) (V5.0) d > / (Vg2 D) (V,) d = / (Vo) B() (V'p)dr  (90)
where
. _al3al¢+82352¢

¢ = peE (2) (91)

has been obtained by pointwise minimisation of the transverse term in the integrand of . A
substitution in the expression of the energy returns the final statement in (90]).

Gamma-limsup. Consider a general ¢ € H}(w) + ¢o, Take @, ,, = @ + ePT1e* (x5 + 1) * p, where
¢* is defined in . Here p,, is the standard mollifier in C¢®(w). Notice that with this choice
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ePTIE* (x5 + 1) % p,, € C°(w) NC>(€Y,) so P, satisfies prescribed boundary conditions and 3., — @
strongly in L?(€2) as ¢ — 0, for a fixed n > 0. Plugging ., into I.(-) we have

~ 1 ~ ~ 1 — T o
@) =5 [ (V) D)V Pl = 5 [ (V5 5 ) Dula) (V52" 5 py) ot
b b

1
3 / 2(V'p, e x pn)T D.(z) (" (x5 + 1)V'(¢* % p,), 0) da
Q

+ %/ (P (23 + V(@ * py),0)" Do(2) (P (w5 + 1)V'(€" # py),0) da. (92)
Qp

We now discuss the three summands appearing on the right-hand side of (92)). First, observe
/ (V'5,e * py)" De(x) (V'P, ¢  py) dz — / (V'p, )" D(a') (V'p,c") da
Qb w

~ [ (79 B Vs, (93)

as both n,e — 0 since ¢* * p,, — ¢* strongly in L*(w), D. — D(2’) strongly in L?() with D.(z)
uniformly bounded for every . Second, observe,
2 [ (95 ) Do) (7 o + DV 4 p,).0) di| <
Q

MeP* VB, % pyll L2y | V(€ % py), Ol L2y < MePFH[E" + V' pyllL2(y < O(m), (94)

for € = ¢(n). Finally, consider
—% T —% —%

[ @t DV ) 0) D) (74 g + D@ 5 00),0) o < MV % ) iy 99
Observe that |V'(¢* x p,)| = [¢* * V'p,| < Mn~2 and therefore for fixed n > 0 there exists ¢ = ()

small enough such that

T

0 £ DY 5 ).0) Doty &) (7 ( + DV 5 ,).0) e < O). (90)

Thus one can take the sequence @), = @ +&(n)PT1¢* (23 + 1) * py to read the result. O

Remark 6. Because of the ellipticity of the three-dimensional matriz D, the effective matriz B defined
by Equation is, in particular, symmetric and positive definite.

4.2 Continuity of electrostatic work

Lemma 6. Let pg as in Remark Q constant in Q and a sequence {Qr} C H'(Qy, Qx) of uniformly
bounded order tensors. Define, for e >0 and k € N

1 .
3 [ (V0 D@V i Hh () + ey
Ik,s(‘?) = Q

+ o0 otherwise in L*(Q)

(97)
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Let Qr — Q strongly in L*(Qy, R**3) as k — co. Then, the T-limit of Iy in the strong L*(,) topology
as e — 0 and k — oo is

1 I—\T /A I— ../ - 1
o) = | 3, AT EQVE i)+ (98)
+00 otherwise in L*(Q),
where
4@ > 7 $13(Q)das(Q)
sa-| @@ - a | )
5 43(Q)dx(Q) o) 4
di2(Q) 453(0) dao(Q) d53(Q)

Also, denoting by div. = (8%1 + 8%2 + 5,,%6%3) the rescaled divergence and by ¢, . the Solution to
(8D) Gauss equation

peHp() +po:  —dive (D(Qk)Vip) =0 in H™ ' (), (100)
we have
PQuie =+ Pg strongly in H' (), (101)

with Py € HY(Q) such that O3p5 = 0 in (—1,0) (equivalently, g € HY(w) constantly extended along
x3) and

1 d13(Q)01Pg + d23(Q)2P5
—0 e = — — trongly in L*(Qp), 102
pi1 3%, d53(0) strongly in L=(S) (102)

where and d;;(Q) are components of the matriz D(Q) and @5 is a solution to (2D) Gauss Law

B € Hhw)+ o : —div'(B(Q)V'®) =0 in H '(w), (103)
with B according to . Additionally,
min / (V)" D(Qr) (Vi) da = / (V26 00.e)” D(Qu)VE g, da
LPGHD(QI))""SPO Qp b

R / VeLB(Q)\Vgda' =  min / V'FB(Q)V'Ed, (104)

PEHL (W) +¢o
as k — oo and e — 0.

Proof. For fixed k, there exists e = e(k) such that D(Q},) is a nearly transversely homogeneous dielectric
matrix. Therefore, Theorem applies verbatim to the convergence of @ to in the limit
k — 0o,e = e(k) — 0. Consequently, (104) follows directly from the convergence of the minimum and

minimiser of (97) to the minimum and minimiser of (98). We are left with showing (101]) and (102).
107)

First, from one has that

! 1 T / 1
/Qb (V PQp,e(k)s N 030Q, k) | D(Qr) | V'oq c(k)s OGS D300, (k) | dz, < C (105)
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and by equi-coercivity there exists p* € H'(£),) such that, as k — oo,

©Op,e(k) — @ weakly in H! (W), 030, k) — 0 strongly in LQ(Qb),
1 . 19
W&%@Qk@(@ — ¢* weakly in L“(€Qp) (106)
up to a subsequence here not relabelled. Thanks to the Fundamental Theorem of I'-convergence, such
a sub-sequence converges to the minimiser g of the right hand side of (104)) in the sense specified by
the first two terms in ((106)). This uniquely determines @* = #Pg- We notice that, since the solution to
both the ¢, k-dependent problem and the I'-limits are unique due to strict-convexity, the convergence
is indeed recovered for the entire k-sequence and it is not necessary to pass to subsequences.
In order to identify ¢*, we derive the associated Euler equations and pass to the limit, exploiting
convergences established so far. Consider a generic test function ¥ € H'(w) + 9. We have

1
/Q (V'oqu.ek)s Waii(ka,s(k))TD(Qk)(v/ﬂvO)d'r =0, VJe€H" (w)+ o, (107)
b
and in the limit k — oo
/Q (V'%g:¢) ' D(@Q)(V'Y,0)dz = 0, VI € H' (w) + po. (108)
b

(Notice we have replaced ¢* with [} above as they are identified thanks to I'-convergence.) Addition-
ally, Pg is such that

/ (V'8g) B(Q)V'9de =0, VI e H'(w)+po (109)

by minimality, and we can map the integral to €2, by a constant extension of its argument along x3.
Observe that we have the identity

/ﬂ (V%50 D(Q)(V'Y,0)dx = /g 2 (V'2) " B(@Q)(V')dz =0 VI e H' (w)+ o (110)

where we have written the right hand side of (102]) as é. Therefore (108) and (110|) coincide, and the
last property in ([106) follows with ¢ = ¢*. Finally, to pass from the weak convergence to the strong

convergence we consider again (104).  Upon replacing D(Qy) with D(Q) in the second integral in
(104) we obtain, as k — oo,

T . _
| (79¢0.cm) D@ Psq, e+ | (Vige')TD@)(Vig.e')da (111)
b b

and, in turn,

1 R 1
!/ — * ! — *
/Qb <V PQp.e(k) — VPg» oy D30Q 2 (k) — € ) D(Q) (V PQy.e(k) — VPG 76(]6)1,“33@@,5(1@) —c ) dz — 0.

By using the estimate for elliptic dielectric matrices we have
1 2
HV'%,SW ~VPg gy %58 nem ¢

and (102) is proven.

— 0, ask — oo, (112)
L2(Q)
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The strong L?(Q, R3*3)-convergence of order tensors is key in ensuring the strong H'-convergence
of the electrostatic potential solving Gauss equation and, in turn, the global I'-convergence result
for nematic foundations with an applied electric field. This is a problem of G-closure (|13]) of ellip-
tic operators under strong convergence of elliptic coefficients. An outstanding open problem is the
characterization of the G-closure for elliptic operators of the form — div(D(Q%)V-) under the weak
L2(Qy, R3*3)-convergence of order tensors.

Remark 7 (Opto-electric effects in bilayer structures). In the wake of relaxation induced by the
dimension reduction over xs, the limit system is described by an effective matrix of relaxed dielectric
parameters B (85). Analogoulsy as for (85), we can decompose B(Q) = 5/(@) + Bsgn(Q) where we
have denoted by D’ the upper-left 2 x 2 submatriz of B(Q), and by By, a matriz constructed only with
shear terms, namely,

— — — 2 p— —
B’:(d” d”) @), Bsh=—1<d” d13d§3> @) (113)

dip dx dss \dizds  dos

The former of the matrices is the dielectric tensor matriz that describes purely planar electric fields
© = (') albeit in 3D structures which cannot relax via dimension reduction. The matriz B coincides
with if and only if di3 = das = 0. Recalling that the plane components of the dielectric vector
are linear with respect to the a3 components of the order tensor, namely das X gas, this circumstance
occurs when the optical axis or order states induced by the liquid crystal molecules are either planar in
the x1,xo plane or antiplanar, i.e., parallel in the x3 direction. This setting identifies a plane dielectric
state, which is the electric analogue of mechanical plane stress conditions. All other states involving
sheared out-of-plane states induce a relaxation of the dielectric matriz.

4.3 Convergence of elastic energies with rigid @)

In this section we discuss the dimension reduction problem for nematic bi-layer with rigid order tensor,
analysing mechanical energies in the variables (u, Q). Indeed, unlike in the relaxation section (3] we
do not perform an initial minimization over allowed order tensors () which is treated as an indepen-
dent variable. This will allow us to discuss parametric problems which are relevant for applications
(Paragraph . The energy functional (here X stands for either F'r,U, or B) reads

JP(u,Q,0) if (u,Q) €V x H' (R, Qx)

114
400 otherwise in L?(2,R3) x H(Q, R3*3). (114

JE(u, Q) = {

where jg)(u, Q,0) reads as in .

We start with p = 0. Below and in the remainder of this section, we introduce parametrised
sequences d., = §; — oo and ¢; — 0 (with 62812 5 50) indexed by N 3 j — oo, adopting the
short-hand notation u; instead of us, ., and @); instead of Qs ;-

Theorem 3. Let JP(u,Q) as in (114) where X stands for either Fr,U or B. For p =0 we have
r- lim J2(u,Q) = J%(u, Q) (115)
J—+oo
in the product of the strong L*(Qs,R3) with the strong H' (%, R3*3) topologies where

O Y s FL 2 2
0(= _JJ (C7<37Q) in H (w7R )XH (UJ)XQX
T Q) = {+oo otherwise in L*(w,R?) x L*(w) x L*(w,R3*3), (116)
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and the limit energy density reads

7(¢..@ =5 [ fleas(©F — cant@imsta + 172G +

2 ((8a<a)2 + 8a<aaﬁ,6’<3 + ;(aaaCS)Q)] da’!

3—2v
1

T3

/ [lQ’P + zléca — Qasl® + (¢ — Qu3)* + 1_1243} dx/
(117)

Proof. We discuss compactness of sequences, liminf inequality and limsup inequality separately.

Compactness. Taking sequences (uj, Q;) such that J2(u;,Q;) < C, where C' does not depend on
¢ nor ¢;, shows that the limit set of displacements is given by KL (see Proposition . Furthermore,
to determine the limit set for the order tensors, observe that 62 be IVQ,|*dz < I(u;,Q;) < C implies

Q; — Q strongly in H' (€2, Qx) where X stands for either Fr,U or B and @Q : £, — Qx is necessarily
constant in (z1, 2, x3).

Liminf inequality. The proof in the film layer is identical to the proof of Proposition [2| because the
physics in the film layer do not directly depend on ¢ nor on Q.

For the nematic layer the argument of Proposition [2| can be easily adapted to the present situation.
Indeed, notice that

.1 . 1 R 1
hmmf,/ (A(u;) = Q) + T tr* i(uy) + 507 (P2 IV/Q;1° +105Q417) =

j—00 Q 1-—

tr? A(u;)  (118)

1 _
liminf = [ (R(uy) — Q)2
imin 2/Qb(/@'(uj) Q)"+ T %

J—00

To show (118) it is enough to observe 67 be (ePT2V'Q; 1> + 105Q,|*) — 0 as j — oo and use the fact
X =12 . —— . ~
that |&(u;) — Q; £ Q| = |&(u;) — QP> +|Q — Q;* +2 (H(u]‘) - Q) . (Q - Qj). Now observe that

/Q (@— Q)+ (i) - Q) - (@ — Q) dx — 0 (119)

when Q; — @ strongly in L?(€,, R¥*3) and r(u;) is bounded in L?(€,, R3*3) as j — oo thanks to
Lebesgue Dominated Convergence Theorem. Then, reasoning along the lines of the proof of Proposition
[ we get

| . 1 .
hjrgg.}fi /Qb {(/@(uj) — Q)%+ 5% tr? &(uj) + 07 (PT2IV'Q;° +105Q;°) | da >

1
1—2v

G| da,

14

1 _ 1 1 — 1 _ _
lim inf /Q [(/a(uj) - Q)+ . tr? ﬁ;(uj)] dx > 5/w {|Q|2 + 2|§ga —Qusl? + (G — Qg3)° +

Jj—o0
By summing contributions in film and active layers and taking infimum over all sequences we conclude

I-liminf J2(u, Q) > Jo(7, Q),

j—o0

where @ = (¢'(2") — 230,(3(2"), (5(2")), as requested.
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Limsup inequality. The proof of Proposition applies here as well. It is enough to take the trivial
recovery sequence ); = () constant in €2, without the need to introduce smooth boundary layers. [J

Consider now —1 < p < 0.

Theorem 4. Let JP(u,Q) as in (114) with X stands for either Fr,U or B. For —1 < p < 0 we have

I- lim J2(u,Q) = J”(7Q) (120)

Jj—+oo

in the product of the strong L*(Qs,R3) with the strong H' (%, R3*3) topologies where

o s— (] ; Hl R2 H2
J_<ﬂ7 Q) — J (Cﬁ’C?HQ) m ' (wj )2>< S(W) X 1QX s (121)
+00 otherwise in L*(w,R?) x H*(w, R3*?),
with
s— _1 ATV 1v22 2 t2// 1A2 d/
J (CpC&Q)—i ; le’(¢3)] +§| Gl T35, \IT e(Cu)+§( ) T+
1 ay -2 1 —\ 2
5/ {|Q/|2 +2|Qas|” + ) G+ (¢ — Qs3) ] dx’. (122)
w —2v
Proof. Follows as in Proof of Theorem with obvious modifications. O

4.4 Convergence of mechanical energy and electrostatic work

Finally, we are in a position to discuss the global Gamma-convergence of the total energy of the system
composed of elastic bending energy of the tensor ), the bulk mechanical energy in the nematic layer
(J} (v,Q)), the mechanical bulk energy in film layer (J5(v)) and the electrostatic work stemming from
an external source (J5,(Q,®)). The full asymptotic result follows readily by combining the Gamma-
convergence results of Theorems [3] and [4] for the mechanical energies only and by noticing that the
electrostatic work is a continuous perturbation (in the sense specified by Lemma@ of the total energy
in the prescribed topology.

For the sake of conciseness we present in detail the results for the fully coupled scenario, that
of thin nematics (p = 0), and discuss the thick nematic (—1 < p < 0) case, which requires simple
modifications, at the end of the section.

Consider J? as in (62)). We define the functional

max  JP(u,Q,¢) in KL x H' (%, Qx)
EP(u,Q) = PEH L (Q)+¢0 (123)
+ o0 otherwise in L?*(Q,R?) x L?(Q,R3*3),
for which the following holds.
Theorem 5. Let EP(u, Q) as in (123)) and JP, J?, 5P as in Theorem@forp = 0. We have

U- lim &P (u,Q) = £7(T, Q) (124)

jortoo
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in the strong-L*(Q¢, R3)x strong-H* (2, R3*3) topology, where

_ a EP(C, (5, 0,7 H'(w,R?) x H*(w) x Q
(3. 0) = et s (¢, 6,Q,9) on H'(w,R?) (w) x Qx (125)
+00 otherwise in L*(w,R3) x H(w,R3%3),
with .
B¢, Q) = "¢ 1) - 5 [ VEB@T e (126)

where jP is given in (117) for p = 0 and (122) for —1 < p < 0, B is as in , and w = (¢'(z') —
x36a43(x/)a<3(‘r/))'

Proof. This follows from a direct application of Theorem [6] and Theorem [3] Observe

f:g’(u,cz):[Jf(u,Q)— nf L VsOTD(Q)Vsodx]-

eeHL () +¢0 2 Jq,

In light of Theorem |6 Q — Ma%,cp1 (Q)+p,[— be VeI D(Q)Vpdr] is a continuous perturbation of
JY in the strong L?(Q, R3*3) topology and there follows

max {— VgaTD(Qk)Vapdm] — max {— V(pTD(Q)Vgodx’] , (127)
PEHp (D)o o) PEH (w)+p0 I

as Qr — Q strongly in L2, R3*3) for Qy € Qx, Vk € Nand Q : w — Qx is constant. Therefore the
claim follows by a standard property of I'-convergence ensuring stability with respect to continuous
perturbations [13].

O

4.5 Physical implications

We prove convergence of minima and minimisers of £P(Q,w). This follows from equicoercivity. We
show this property follows easily. Let @ € H*(£2, Qx). By minimality and we have

inf Ve 'D(Q)Vipdr < M / |Vpo|?dr = 20, (128)
PEHL () +wo JQ, Q

for some M > 0. Now we can write, for every (u,Q) € H'(,R?) x H'(Q, Qx), where X stands
either for F'r,U or B,

€2(x, Q) = max JE(u,Q, ) = JE(u,Q, po) = JE(u, Q) = C, (129)

D

(notice constants appearing in and (129) are equal) and hence equicoercivity is obtained in
HY(Q,Qx) x H'(2,R?) by applying Korn’s and Poincaré inequality and considering that Qx is a
bounded set. As a direct consequence, we obtain the standard result (see [13])

Theorem 6 (Fundamental theorem of I'-convergence). Consider E and EF as defined in Theorem [}
where p stands for 0. Then:

min P = lim (min Er ) (convergence of minima).
j—+oo J
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Then, let {uj, Q;} C L*(2,R3)x H(Qp, R3*3) be a minimising sequence for EP (i.e. lim;j_, o0 & (Qj,uy) =
lim; infﬁgj). Then, up to a subsequence (not relabeled), u; — u, Q; — Q with u = (¢'(z') —
130,C3(2"), G3(2")); ¢' € HY(w,R?), (3 € H?(w), with Q € Qx and constant where

EP(Q,w) = min EP (convergence of minimum points). (130)

4.5.1 Convergence of saddle-points
Corollary [f] implies convergence for the min-max problem. We make this explicit.

Theorem 7 (Convergence of min-max problems). Consider E? and EP as defined in Theorem [5 with
p=0. Then we have (here X stands either for Fr,U or B).

1. (Convergence of min-max values)

min( max  EP(am, Q,gp)) = lim inf max JP (u, @, p)
PpEH L (w)+epo 7790\ (w0 eV H (2,0x) $EHL()+00

This is equivalent to

min (Ep(ﬂ, Q, %) sub 2D Gauss Law 1) (131)
= 41i£1 inf {Jf(u,Q,(p) sub 3D Gauss Law 100}
j—+o0

(u,Q)EVXH (,2x)

Denote by pq the solution to the 3D Gauss equation (100)) for some Q € H*(Q, Qx). Let {u;,Q;,9q,} C
V x H'(Qp, Qx) x Hp() + @o be a min-mazimising sequence for {J2 }, i.e.

lim JP(Q;,uj,00.) = lim inf max JP(Q,u, ),
J=roo £(Qpus-v0) I=H%0 (,Q)evx H (9,,0x) PEHDL(Q)+v0 £ )

or, equivalently,

lim Jg(Qj,uj,@Qj) = lim inf {Jf(Q,u, (p) sub 3D Gauss Law }

Joeo I7H (w,Q)EVX H (2,Qx)

Then, up to a subsequence (not relabelled), u; — u* € KL weakly in H' (2, R3) with u* = ((¢*) —
230aC5,G3); (C*) € H'(w.R?), 5 € H*(w); Qi — Q strongly in H'(%,R>®) with Q" € Qx
constant; and pq, — Pg+ strongly in HY (%), as j — oo, and:

2. (Convergence of min-max points)
fote Q*,u*,cpf* = min < max  EP(Q,u,p )
( Q ) pEH} (w)+wo ( )

or, equivalently,

*

EP(Q ,ﬂ’ﬂ%*) = min (51’(@, u, ) sub 2D Gauss Law 1) .
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Proof. The results above follow from Theorem [] in light of Proposition
O

As a consequence of convergence of saddle points, we infer that the saddle structure is preserved
in the limit problem, thus equilibrium in the limit system is given by min-max points

Remark 8. Theorems @ and @ have an analogue for the regime —1 < p < 0 (not displayed here).
The results for —1 < p < 0 follow with a change of variables.

4.5.2 Application to the mechanical actuation of the director

Results of the previous section still apply when minimisation over the pair (u, Q) is replaced with a
parametric minimisation over the displacement u only and for a given matrix Q) € Qx. The following
lemma describes the situation where the order tensor @ is frozen, that is, is considered as imposed by
an external field (not necessarily electric) and not subject to minimisation. This problem corresponds
to determining the spontaneous deformation and shape change of bilayer structures when the liquid
crystal order tensor is regarded as a load parameter. The purpose is to highlight two mechanisms.
When the tensor describes perfect alignment of liquid crystal molecules with a distinguished optical
axis, that is @ € Qp,, minimisation represents the controlled shape change of a bilayer driven by
collective reorientation of molecules. Contrarily, in conceptual experiment where the @ tensor is taken
in the set Qu or Qp, low order sates, such as optical isotropy, biaxial states, and order melting are
admissible. In this case falls the thermal actuation of plates, when one controls separately the director
and optical axis (represented by the eigenframe of the tensor @ € Qp) and the degree of order of
nematic molecules (represented by the eigenvalues of Q € Qp), see |23, 22],

Theorem 8. Let J°(u,Q) as in Theorem . Fiz Q € H'(w, Qx), where X stands for either Fr,U
or B. Then there exists a unique solution to

: (s
LQI(EJI,%B)J (', Cs, ). (132)

Proof. This follows from an application of the direct method in the calculus of variations. Taking a
minimising sequence (¢, (3)x € H'(w,R?) x H?(w) for every k € N such that JO((¢, (3), ) < C, it
follows that

leap(OklZ2(w) + IV (C3)k1F2(0) + 1(Ca)kl T2y + 1(G3)kIT2) < O, VR EN.

By invoking Poincaré and Korn inequalities, along the transverse direction and for the in-plane sym-
metrised gradient respectively, we have

(Ca)k — (Ca)*, weakly in H'(w,R?), (&G)r — ((3)%, weakly in H*(w),

for some (o, (3)* € H'(w,R?) x H?(w). Then, by convexity, J°({’, (3, -) is weakly lower semicontinuous
and therefore the claim follows. O

Remark 9. Theorem[§ has an analogue for the regime —1 < p < 0, which is a consequence of Theorem
), whose proof follows with obvious modifications.
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Numerical example of Fig. [2l To illustrate the purpose of the analysis so far performed, we
have presented in Figure [2| a numerical actuation experiment for a thin nematic bilayer membrane
which exemplifies a nontrivial solution of a complex actuation mechanism performed on the basis of
simple ingredients. We are interested in inducing out-of-plane displacements via nematic actuation,
and, through coupling between membrane deformations and bending modes, possibly exert work.
Consider the square domain w = (0,1)? clamped a the boundaries and subject to an imposed (frozen)
director Qg = ng®ng — %13 where ng = (e; + 63)/\/5, as displayed in the cartoon in Figure left. Our
computation refers to the fully coupled model of Theorem [3] where nematic actuation directly activates
a spontaneous in-plane stretch and transverse displacements. The (unique) equilibrium configuration,
cf. Theorem 8] displays a non-symmetric bending mode coupled to planar membrane deformations, in
competition with homogeneous Dirichlet-type boundary conditions on dw. The spontaneous stretch is
triggered by the strong opto-elastic strain coupling which characterises the nematic active layer in the
actuation regime.

In Figure [2lright we plot the value of (the norm of) in-plane displacements |¢’[, in the deformed
configuration, with a discrete colour coding for readability. Note that the explicit coupling between
the in-plane and out-of-plane deformation is due to the cross term in Equation , resulting in an
out-of-plane deflection above the reference z = 0 surface. In addition, because the actuator field is
tilted with respect to the azimuthal axis, both shear and vertical terms of the active foundation are
effective.

The numerical solution has been obtained by finite elements discretisation in the FEniCS environ-
ment [20] using PETSc as data management and linear algebra package |2, 3].
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