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Topographical changes in photo-responsive liquid
crystal films: a computational analysisT

Ling Liu®® and Patrick R. Onck*

Switchable materials in response to external stimuli serve as building blocks to construct microscale
functionalized actuators and sensors. Azobenzene-modified liquid crystal (LC) polymeric networks, that
combine liquid crystalline orientational order and elasticity, reversibly undergo conformational changes
powered by light. We present a computational framework to describe photo-induced topographical
transformations of azobenzene-modified LC glassy polymer coatings. A nonlinear light penetration model
is combined with an opto-mechanical constitutive relation to simulate various ordered and corrugated
topographical textures resulting from aligned or randomly distributed LC molecule orientations. Our
results shed light on the fundamental physical mechanisms of light-triggered surface undulations and can
be used as guidelines to optimize surface modulation and roughness in emerging fields that involve

rsc.li/soft-matter-journal

1 Introduction

Responsive soft materials now attract attention for their
potential as microscale actuators and functional components
in integrated devices. Liquid crystal (LC) polymeric networks
can undergo conformational transformations in response to
diverse external stimuli.'"® Compared to thermal and electrical
actuation which require embedded heating sources and elec-
trodes, light stimulation is of interest due to the possibility
of wireless application with precise spatio-temporal control,
and the potential for miniaturization. Azobenzene is probably
the most widely used chromophore which can be embedded
into various polymeric systems to generate a photo-induced
mechanical response.”*° Azobenzenes reach a maximal absor-
bance at wavelengths around 365 nm after which they undergo
isomerization. Azobenzene-modified liquid crystal (Azo-LC)
systems can respond to UV light when the chromophores are
cross-linked to the polymer skeleton. As schematically shown in
Fig. 1(a), the cross-linked azobenzenes isomerize from the
natural rod-like ¢rans state to the metastable bent-like cis state
under the exposure of UV light. In contrast to the trans
molecules which are aligned with the neighboring liquid crystal
molecules, the cis-state azobenzenes decrease the orientational
order of the network, leading to an anisotropic deformation.
The Azo-LC network undergoes a contraction along the average
direction of the molecules, which is denoted by the director 7
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haptics interfacing, friction control and wetting manipulation.

(see Fig. 1(a)), and an expansion in the plane perpendicular to
the director. The reversion of the deformation occurs under
heating or visible light illumination.

Different surface transformations can be designed given
various boundary conditions and director distributions by
utilizing the responsive deformation of Azo-LC systems. Experi-
mental and theoretical research has been focused primarily on
two typical kinds of shape changes: (i) bending, folding and
origami/miuraori of freestanding films and (ii) surface texture
changes of substrate-constrained coatings. If a LC polymer strip
or plate is free of constraint, or just fixed at one end, bending
behavior is expected when deformation gradients through the
thickness can be created. Such deformation gradients can be
realized by making use of light attenuation,"™* elastic property
gradients,"” or introducing nonuniform director patterns through
the thickness."*™"” Those large amplitude bending and curling
deformations can be tailored to drive macroscopic locomotion of,
e.g., swimmers,"®"'® walkers,>*° motors*' and artificial cilia.****

For thin coatings fixed to a stiff substrate, out-of-plane
deformations are the only strains possible because the in-plane
deformations are fully constrained. Since the photo-induced
shape changes depend on the orientation of the director (see
Fig. 1), the final surface transformation is a function of the
director distribution in the plane of the coating. Based on this
approach, Broer and co-workers established a series of liquid
crystal glassy polymer coatings featuring light-driven topo-
graphical texture changes,”*3° which can potentially be used
for controllable mechanical friction*®*° and wettability,*'*
haptic feedback devices,*® refreshable Braille displays,’®”” cell
motion control,*® microfluidic manipulation,®® drug delivery
systems™*® and self-oscillating/self-cleaning surfaces.*

Soft Matter
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Fig. 1 (a) A schematic illustrating the mechanism of photo-triggered conformational changes of azobenzene-modified liquid crystal (Azo-LC) networks.
The azobenzene molecules are in blue, the LC molecules in green and the polymer backbone in red. (b) Definition of the director orientation and its local
reference frame (x1, X3 and xz) in the global Cartesian coordinate system (x, y and z) by the tilt angle ¢ and the azimuthal angle 0. The arrows indicate the
positive directions of the two angles, ¢ and 0, which range from 0 to 180 °C due to symmetry.

A full understanding of the underlying mechanisms and
their translation into accurate theoretical and computational
models are required to design and optimize these light-
responsive topographies. Although there are a number of
theoretical studies on the bending of freestanding structures
with relatively simple director configurations,**** the opto-
mechanical response of light-triggered surface switching of
substrate-constrained films with complex director distributions
has still not been fundamentally explored. In this work, we
present a computational framework that models the UV-triggered
trans-to-cis isomerization process of the embedded azobenzene
molecules and the resulting surface deformation of the Azo-LC
films. The films studied here are schematically summarized
in Fig. 2, featuring different texture transformations due to
their distinct director distributions, ie., (a) linearly patterned
films,>***?° (b) polydomain films® and (c) fingerprint films.>”

This article is organized as follows. In Section 2, the model-
ing framework is detailed that features two parts: (1) the opto-
mechanical constitutive relation to describe photo-induced
spontaneous deformations and internal stresses (2) the light
attenuation equations that describe the director-dependent
isomerization of azobenzenes. In Section 3, the results are

Y

X

presented for films with three types of director distributions.
The predicted topographies are quantified by means of rough-
ness parameters and the ensuing correlations to the experi-
ments are explored. A detailed comparison is given in Section 4
between the different types of films and their dependence on
the key system parameters, followed by the conclusion.

2 Computational model
2.1 Opto-mechanical constitutive equations

The constitutive relations are detailed here that describe the
topographical changes resulting from the director-guided azo-
benzene isomerization described in Section 2.2.

The equilibrium and the kinematic equations follow as

O'i]"]' = 0, (1)
and
1
i = 5 (tij + 141), (2)

respectively, in which () ; denotes differentiation with respect to
coordinate j, i.e., 0()/0x;.

Fig. 2 Schematics summarizing the three Azo-LC films studied: (a) linearly-patterned films, (b) polydomain films and (c) fingerprint films. The
linearly-patterned film is alternately made of two distinct director alignments. The polydomain film consists of multiple rectangular domains
having directors that are randomly distributed. The fingerprint film features planar chiral nematic director distributions that are uniform through the
thickness. The incoming UV light is exposed from the top (hormal to the surface) and propagates in the negative z direction from z = w towards the
substrate at z = 0.

Soft Matter This journal is © The Royal Society of Chemistry 2018
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The components of the total strain tensor with respect to the
local reference frame can be written as

oy =+ o ®

where & and s,‘}h are the elastic and photo-induced strains,
respectively. The subscripts i and j, run from 1 to 3, denoting the
indices of the local coordinate system, as defined in Fig. 1(b).
The local x;-axis is along the director 7 so that the local x, and x;
axes describe the plane perpendicular to the director.

The anisotropic photo-induced eigenstrains 85-“, are taken to be
linearly proportional to the fraction of the cis molecules,">*%*>
in line with a molecular dynamics study,*®

Sg'h = L, [4)

where P; is the photo-responsivity tensor and 7, is the volume
fraction of cis azobenzenes, see Section 2.2. The non-zero
components of P; with respect to the local coordinate system
are Py; and P,, = P33, corresponding to the light-induced
contraction and expansions along and perpendicular to the
director, respectively. The photo-Poisson ratio th = —P,,/Py4, 1S
reported to range from 0.4 to 0.7 for different LC systems.'>>%*>
Here we take ;" = 0.6, which results in a positive photo-induced
volumetric strain &2 = (Pyg + 2Py, = (1 — Z,uph)Pllnc = —0.2P; 11,
and indicates there is a volume increase (since Py; < 0) after
the trans-to-cis isomerization process. This corresponds to an
immediate density decrease, which was demonstrated through
a density measurement for a free-standing liquid crystal film
similar to the material tested here.”* The magnitude of the
photo-induced deformation of a Azo-LC system depends on the
material composition, such as the concentration of the azo-
benzenes and their positions in the polymer skeleton,*”*® the
density and length of crosslinkers,'>*°! the initial order
parameter before illumination®” and is also related to the working
temperature relative to the glass transition temperature of the
system.>® Here, we assume that all theses dependence are
captured by the components P; and remain constant during
the UV exposure.
We assume a linearly-elastic stress—strain relation,

05 = Cyxigra = Cijraler — R, (5)

where Cyy; are the components of the elastic stiffness tensor,
and the Einstein summation convention is used for repeated
indices. The liquid crystal polymer is considered to be a trans-
versely isotropic material with rotational symmetry along the
director and thus there are five independent mechanical con-
stants, ie., the Young’s modulus along the director E;;, the
moduli perpendicular to the director E,, = E33, the Poisson’s
ratios p, = pq3 corresponding to a contraction perpendicular to
nwhen an extension is applied along the director, the Poisson’s
ratio inside the isotropic plane wu,; and the shear moduli
parallel to the director G, = G;3. Recently, the Young’s moduli
of an Azo-LC film were found to decrease under illumination
with strong intensities.>® In the current work, the tested coatings
are exposed to intermediate levels of intensity and thus we
ignore the softening effect and the mechanical properties are
kept constant during deformation. In addition, following a

This journal is © The Royal Society of Chemistry 2018
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recent experimental study,> in which the contribution to the
total strain of a temperature increase resulting from the absorp-
tion of the UV light was analyzed, we assume the photo-induced
eigenstrains to be dominant and ignore the thermal effect
in the constitutive relations, eqn (3) and (5). However, a fully
coupled thermal-opto-mechanical simulation can readily be
developed using the framework proposed here.

There are two different boundary conditions in this work,
given the three different coatings with specific director distri-
butions (Fig. 2). Periodic boundary conditions are used if a unit
cell can be identified, such as the linearly-patterned films (see
Fig. 2(a) and Section 3.4). For all the lateral surfaces, periodic
boundary conditions are prescribed, so that each pair of oppo-
site surfaces share the same displacements. All displacements at
the bottom surface (z = 0) are fixed, while the top surface (z = w)
is traction free. For the structures for which a unit cell cannot be
identified, such as coatings with random director distributions
(see Fig. 2(b) and (c) and Sections 3.5 and 3.6), a full size model
will be built. Therefore, only the displacements of the bottom
surface are confined and all the other surfaces are traction free.
Large samples need to be constructed to properly pick up bulk
behavior since edge effects are expected to develop near the free
edges for this scenario.

Due to the anisotropy of the light-induced strains and the
non-uniform distribution of n, and the director, the sponta-
neous deformations will differ from region to region. The
mismatch of theses deformations and the constraints imposed
by the rigid substrate result in the development of mismatch
stresses, which results in additional volume changes, since the
elastic Poisson’s ratio is less than 0.5 (typically 0.3).>>** Thus
the interactions between different domains reshape the topo-
graphy and should be accounted for in the description and the
design of effective switchable textures.

2.2 Light attenuation model

The driving mechanism of the photo-responsive deformation of
azo-modified liquid crystal polymers under UV exposure is
the conversion of the azobenzenes from the trans-state to the
cis-state (see eqn (4)). This trans-to-cis conversion depends on
the wavelength and intensity of the incoming light, and the
attenuation process through the thickness which critically
depends on the director distribution. To account for this, the
nonlinear light absorption model developed by Corbett and
Warner,**>> is adopted and extended here to account for the
director-dependent azobenzene isomerization evolution. At the
beginning of the light attenuation process, all azobenzene mole-
cules are in the natural trans-state, which leads to the exponential
intensity profile following the Beer-Lambert law:>® the attenua-
tion is proportional to the intensity itself, 01/0z = I(z)/d, and thus
1(2) = Ie"?, where I, is the incident intensity and d is the
attenuation length. This initial exponential profile will change
in time, however, when the trans-state azobenzenes absorb the
UV light and successfully isomerize to the cis-state, which has a
much lower absorbance at the wavelength of the UV light than
that of trans-state. As a result, the incoming light is consider-
ably less absorbed due to the low absorbance of the cis

Soft Matter
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azobenzenes at the top surface, which makes the light penetrate
deeper than predicted by the exponential Beer-Lambert law.
This evolution of the light penetration can explain the mecha-
nical response for heavily azo-dosed systems.'" This non-linear
light absorption model*®**** is extended here with a polarization
coefficient to account for the spatially-varying azobenzene con-
version for nonuniform director configurations.

As shown in Fig. 2, we assume the incoming light to propa-
gate along the negative direction of the z-axis, from the top
surface z = w to the bottom z = 0, where w is the thickness of the
film. The dynamics of the azobenzene isomerization consists of
three parts: (i) the light-induced trans-to-cis forward reaction,
(ii) the light-induced cis-to-trans backward reaction, and
(iii) the thermally-stimulated spontaneous cis-to-trans backward
reaction. The intensity of the Poynting flux at location z and
time ¢ is denoted by I(z,t). The volume fractions of the trans
and cis molecules are denoted by n, and n, =1 — n,, respectively.
The governing equations for the light penetration can be
written as:**’

on;

o = (1+pLI(z,0)) = [1 + (0 + B)CI(z, 0)]ne(z, 1), (6)

L[t dfren

where . (z,t) = I(z,t)/I, is the reduced local light intensity and the
parameters d; and d, are the attenuation lengths for the trans
and cis azobenzene, respectively. The dimensionless coefficient
o describes the capacity of the light to trigger the forward trans-
to-cis transition with respect to the thermally-driven back-reaction.
The f has a similar meaning but for the ability of the light to
prompt the optically-triggered cis-to-trans back-reaction. The
o and f scale with the input intensity and can be temperature-
dependent since the thermal back-reaction is accelerated at
high temperatures® and 7 is the average lifetime of cis that
depends on the ambient temperature.

The parameter ( is the polarization coefficient and is defined
for diffuse light illumination as®

(= %[1 — SP>(cos ¢)], (8)
where ¢ is the angle between the director 7i and the propagating
direction k (the negative z direction) and P,(x) is the second
Legendre polynomial with P,(x) = (3x” — 1)/2. Note that, from
Fig. 1(b), it follows that ¢ + ¢ = 7. The order parameter S (scalar)
describes the orientational order of the liquid crystal molecules
with respect to the director 7, S = (3cos®>y — 1)/2. The ¥ is
the angle between the LC molecules and the director and the
average sign (---) is taken over all molecules. We neglect the
effect of order decrease during the photo-induced response
here since the loss of the order in glassy Azo-LC polymers is
usually small.">°

The attenuation lengths d, and d, are related to the ratio of
the quantum efficiencies = #,/5. by

- =-n (9)

Soft Matter

View Article Online

Soft Matter

where 7, and #, are the quantum efficiencies of the conversion
from trans to cis and from cis to trans, respectively.®”

One can get the evolution of the two azobenzene states after
solving the coupled partial differential eqn (6) and (7) subject to
the boundary conditions at the top surface .#(w,t) = 1 and the
initial condition 7,(z,0) = 1. Here only the photo-stationary state
is of interest for which the rate of the forward-reaction equals
the sum of the two back-reactions, leading to a dynamic equili-
brium state, on,/0t = 0. We can solve 1, and . as functions of ¢
by substituting this in eqn (6), and obtain

1+ pLs(z)

T ot A (0

n(z) =
al I (z)

ne(z) = 1T+ (a+p)I()

(1)
If one substitutes eqn (10) into eqn (7), the resulting ordinary
differential equation can be solved to yield the non-linear implicit

relation®”

In.s +

(@—=pn), (1+p(+mls\ <
(e

) =—(z—w). (12)

=d
The last equation can be solved for #(z) and the solution reduces
to the Beer-Lambert law in the absence of isomerization (e.g.,
under a weak light exposure, o ~ 0 and  ~ 0).

3 Numerical results

The boundary value problems described in Section 2 are solved
using the finite element method for which the commercially
available package Abaqus/Standard is used.”® 3D brick elements
with reduced integration C3D8R are used in all simulations. The
results of films containing uniform directors throughout are first
presented to highlight the role of the mismatch stress in the
difference between the pure photo-induced spontaneous
response and the final volume changes (Section 3.3). Next, as
schematically summarized by Fig. 2, the topographical changes
of non-uniform coatings are further addressed, i.e., the linearly-
patterned films (Section 3.4), followed by coatings with more
complex director configurations, i.e., the polydomain (Section 3.5)
and fingerprint films (Section 3.6).

3.1 Input parameters

All the default input parameters are discussed here and listed
in Table 1. The attenuation length of the trans azobenzene d,
depends on the wavelength of the input light and the concen-
tration of the azobenzenes. The dimensionless light parameters
o and f depend on the intensity and wavelength of the light
source. The values of these parameters can be determined by
fitting the results of the light attenuation model to the trans-
mittance measurement as done in our previous study.? Here,
w/d, =10, = 30 and f§ = 3 are taken, unless specified otherwise.
The quantum efficiency ratio is chosen to be equal to a previously-
reported value n = 3 (see ref. 45 and 54). The order parameter
S is set to be 0.6, a typical value for glassy LC networks.®® For
the elastic properties of the liquid crystal polymers, the two

This journal is © The Royal Society of Chemistry 2018
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Table 1 A summary of the default input parameters

Light parameters Elastic properties Photo-responsivity properties

o 30 Ey; (MPa) 1000 Py, —-0.2
p 3 Ey, = E33 (MPa) 500 P,, 0.12
n 3 Hi2 = Hag 0.3 ,Uph = —Pp,/Pyy 0.6
dJw 0.1 Uo3 0.3

S 0.6 G1, (MPa) 384.6

Young’s moduli are selected close to the measured values:*
E;; =1 GPaand E,, = E33 = 0.5 GPa. We set iy, = l13 = liz3 = 0.3,
which is a typical value for the mechanical Poisson’s ratio of
glassy LC polymers,'>”* in contrast to the incompressibility of
rubber-like LC elastomers (u = 0.5).°" The shear modulus along
the director is selected as Gy, = Gy3 = E11/2(1 + uy,) = 384.6 MPa.
For the opto-mechanical properties, we follow our previous work>®
to set P;; = —0.2 and P,, = P33 = 0.12 and thus the photo Poisson
ratio ,uph = —P,,/P;; = 0.6, as mentioned before.

3.2 Light profiles

Results are first presented for the director-dependent light pene-
tration and azobenzene isomerization. We assume a coating
with uniform director and diffuse light is exposed normally to
the surface. In this case the only influencing variable is the tilt
angle ¢ which comes in through the polarization coefficient
{ (eqn (8)). Under diffuse light illumination, the cholesteric
phase,**?* where the director gradually changes the orientation
along a pitch axis perpendicular to the substrate (see Fig. 5(a)
and (b), vide infra), has the identical isomerization and light
profile relative to the uniform planar director. For more com-
plex situations, such as under polarized light exposure,****>°
the azimuthal angle 0 also plays a role. Nonuniform tilt angle
configurations through the thickness, such as in the splayed
configuration,®>®® are not studied here.

The volume fraction of the cis-state azobenzene averaged

1.
through the thickness of the film, 7z, = ;jgn(.dz, is shown as a
v

function of the tilt angle ¢ and the film thickness normalized
by the attenuation length of the trans azobenzene w/d; in

(@)
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Fig. 3(a) (see Fig. S1, ESIt for the dependence of n. and # on
z for o = 30 and f = 3). For illustration purpose, results for an
intermediate light intensity o = 10 = 30 and a low intensity
o =10f = 5 are presented. For small thicknesses, e.g., w/d, < 10,
the overall cis conversion level is the highest when ¢ = 90°, ie.,
the director 7 is perpendicular to the propagating direction of the

incoming light k, leading to the highest polarization coefficient (.
When ¢ = 0°, ie., the director is parallel to the propagating
direction of the light and perpendicular to the electric fields of
the light, there is still cis conversion due to a fact that the order
parameter of the system S < 1 and some off-axis azobenzenes
are still capable of absorbing the incoming light, leading to
considerable isomerization. However, this trend is reversed for
larger values of w/d,, e.g., w/d, > 15, and more significantly in
the results with larger intensity (« = 30) than the low intensity.
More insight can be obtained by observing the n. and reduced
light intensity through the thickness (see Fig. S1(a) and (b) in
ESIT). The light is maximally attenuated for the planar director
case (¢ = 90°), which leads to a significant decrease of n, for a
deeper propagating depth because the weaker light intensity
produces less successful cis conversion. The light attenuation
for the homeotropic case (¢ = 0°) is lower, resulting in a more
uniform distribution of the cis azobenzene through the thick-
ness and thus a larger overall conversion if a large thickness
is taken.

In Fig. 3(b), the variation of 7 is shown against ¢ and
o =10f with w/d, = 10. As the input light intensity increases, the
overall cis conversion is enhanced for all situations, and reaches a
plateau, which convergences to a/(o + ) as o« — oo (see eqn (11)).
The cis conversion is more uniform through the film thickness as
o increases (see Fig. S2, ESIT).

3.3 Uniform films

In this section we analyze the deformation of Azo-LC films in
which the directors are uniform throughout. A coating infinitely
large in the x-y plane is considered to avoid edge effects, by
periodic boundary conditions on all lateral surfaces, with the
bottom surface fixed and the top surface traction free. Due to the

(®)

Fig. 3 The overall trans-to-cis conversion averaged through the thickness, 7, inside a film as a function of (a) the tilt angle ¢ and the thickness
normalized by the attenuation length of the trans azobenzene w/d; with « = 10 = 30 and 5; and (b) as a function of ¢ and « = 10 with the thickness

being w/d; = 10.

This journal is © The Royal Society of Chemistry 2018
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rotational symmetry along the z-axis, the final surface height
change only depends on the tilt angle, ¢. The pure photo-
induced spontaneous volumetric change averaged through the
thickness P and the total volumetric change consisting of
both photo-induced and stress-induced contributions, &, are
obtained from
w "
sSZ, = %Jo sghdz vol = %L g;idz,

respectively. Due to the periodic boundary condition, which
leads to &, = 0 and ¢, = 0, it results in that &y = [j¢--dz/w.

Comparison between ¢h and &, is shown in Fig. 4 as a
function of the tilt angle for three different photo-Poisson
ratios, yP® = —P,,/Py; = —P33/P3; = 0.2, 0.6 and 1 and for three
coating thicknesses, w/d; = 5, 10 and 20. The simulations are
conducted by fixing P;; = —0.2 and changing P,, and P;;,
so that ebh = (1 — 24P"Pyn. = —0.2(1 — 2P, If PP < 0.5,
the photo-induced trans-to-cis isomerization gives rise to a
spontaneous volume decrease, e&fy < 0. The opposite ensues
for the cases with uP" > 0.5 and the effect is enhanced with
increasing P".

The total volume change (that includes the elastic strain)
resulting from the substrate constraint depends on the tilt
angle as well on uP". For the homeotropic director alignment
(¢ = 0°), compressive stresses are generated due to the photo-
induced expansions inside the x—-y plane and thus the volume is
decreased due to the fact that 4 < 0.5. This mechanically-induced

@ 0.05 r

O I

g5 |

“ 0,05}
Q)>

-0.1
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volume decrease effect is larger for higher uP" since larger
compressive stresses occur for larger expansions perpendicular
to the director.

On the other hand, for the planar director (¢ = 90°), the
photo-triggered contraction along the director induces tensile
stresses and the spontaneous expansion perpendicular to the
director induces compressive stresses, leading to a final volume
change which is determined by the competition between the
tensile and compressive stresses. For smaller photo-Poisson
ratios, e.g., 4P = 0.2 and 0.6 in Fig. 4, the tensile stress is
dominant and the final volume is increased upon the original
photo-triggered volume change. For the case 1P = 1, the effect
from the tensile and compressive stresses almost cancel out,
resulting in a small volume change in addition to the sponta-
neous response.

From the dependence of the photo-triggered volume change
against the tilt angle, it is of interest to note that &2} is the highest
for the planar director scenario for w/d, = 5 and 10, but the trend is
reversed for w/d, = 20. This is attributed to the fact that the bulk cis
concentration determines the volume change (see eqn (4)) and the
thickness-averaged trans-to-cis conversion for the planar director
is lower than that of the homeotropic case for coatings with large
thicknesses (see Fig. 3(a) and Fig. S1(a), ESIT), even though the
n. is largest near the top surface for the former case. Furthermore,
the results of the final volume change for the planar director are
the same as those of the cholesteric phase since their cis conver-
sion levels are identical.
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Fig. 4 Variation of the photo-induced volumetric change ¢33 and the total volumetric change &, averaged through the thickness against the
director tilt angle ¢ with three different thicknesses, w/d, = 5, 10 and 20, for uniform director films with various photo-Poisson ratios: (a) x°" = 0.2,

(b) 0.6 and (c) 1.
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3.4 Linearly-patterned films

The first type of Azo-LC coating tested here with nonuniform
director distribution is the linearly patterned film. Taking advan-
tage of the anisotropic deformation (P;; < 0 and P,, = P33 > 0),
we study a coating with an alternating cholesteric’homeotropic
director alighment under flood light illuminated,* see Fig. 5(a).
For comparison, we also analyze a cholesteric coating with
uniform director under localized illumination, see Fig. 5(b),
leading to a corrugated surface change between the exposed
and unexposed regions.>* The homeotropic phase has a direc-
tor that is perpendicular to the substrate and the cholesteric
phase (a.k.a. the chiral nematic phase) features a continuous
director rotation through the thickness, with a pitch length Ly,
denoting the distance over which the director makes a full
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360° rotation. The patterning direction is along the x-axis and
the coatings are uniform along the y-axis (see Fig. 2(a)). In the
experiments, some minor surface reliefs might be present after
fabrication (but before illumination), due to the Marangoni effect
during the photo-polymerization step. We ignore this effect for all
the simulations in this work and assume all the original top
surfaces to be perfectly flat.

As schematically shown in Fig. 5(a) and (b), unit cells with
dimensions L x w (along the x and z axis, respectively) are
constructed, in which the bottom surfaces are perfectly bonded
to the substrate, periodic boundary conditions are used at all
the lateral surfaces and the top surfaces are traction free. Here we
have 5 characteristic length scales: Ly, L,, w, d; and L. We take
the default thickness w/d, = 10 and study the effect of the other
two dimensionless numbers: L/w and L,/L,, where L = L, + L, is

—
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Fig. 5 Effect of the in-plane size on the topographical changes of linearly-patterned films. (a and b) Schematics depicting the unit cells of two patterned
films: the cholesteric/homeotropic film under flood exposure and the uniform cholesteric film under localized illumination, where w is the thickness,
L; denotes the length along the x axis for the two phases (i = 1 and 2) and L is the length of the unit cell, L = L; + L. (c and d) Contour plots of cis
conversion n. (c) and reduced light intensity ///o (d) inside the cholesteric/homeotropic film under illumination with « = 10 = 30 and w/d; = 10. (e and f)
Normalized surface profiles of the two patterned films ((e): cholesteric/homeotropic; (f): uniform cholesteric) with increasing L/w and L; = L. Note that
only two pitches are drawn in the cholesteric phase in (a and b) for clarity but w/Lg = 4 is used in all the simulations.
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the length for the whole unit cell, and the sizes for each domain
are L; and L,. Here we assume four full pitches along the
thickness, w/L, = 4, and the director at the bottom is oriented
along the y-axis, 0|,-¢ = 90° (see Fig. 5(a) and (b)). It is found that
if the number of the pitches through the thickness is large
enough (w/L,. > 4), the resulting surface topographies are inde-
pendent of the pitch number and the director alignment at the
bottom.** For a detailed discussion related to the influence of
w/L,. and the starting angle of the pitch, please see our previous
work.®*

The photo-stationary trans-to-cis conversion and the light
attenuation are shown in the contour plots of Fig. 5(c) and (d),
respectively, for the cholesteric/homeotropic film. The director-
dependent isomerization and light penetration are clearly
shown. The n, is the highest on the top surface of the choles-
teric phase and decreases dramatically due to the heavier light
attenuation (Fig. 5(d)). Meanwhile the cis conversion in the
homeotropic phase is more uniform, attributed to the lower
light absorption.

3.4.1 Effect of the in-plane sizes. Topographical changes of
the two types of films are shown in Fig. 5(e) and (f), respectively,
in which the heights are normalized by the thickness w and
the horizontal axes are normalized by unit cell length L. The
simulations are conducted by fixing the thickness w and
increasing the unit cell length L, with L, = L,. For the cholesteric/
homeotropic patterned coating depicted in Fig. 5(a), the
mechanical interaction between the two domains is intense
for small in-plane sizes, i.e., L/'w < 1, and the out-of-plane light-
driven expansion of the cholesteric phase is almost fully
suppressed by the adjacent homeotropic regions that are con-
tracting (Fig. 5(e)), leading to an overall contraction of the film
(z/w < 1). This is attributed to the fact that the magnitude of
the expansion of the cholesteric phase, which is perpendicular
to its director, is smaller than the contraction along the director
of the homeotropic phase combined with the Young’s modulus
is higher for the homeotropic part along the thickness direction
since it is parallel to the orientation of the director. The
cholesteric part continues to expand (and the homeotropic to
contract) relative to the original surface height (z/w = 1) as
L/w increases, until the surface profile converges to a shape
with a pair of rectangular protrusions and trenches for very large
L/w values.

For the film with a uniform cholesteric phase under loca-
lized illumination, the illuminated area expands and lifts the
unexposed region up to the level where the height over thick-
ness ratio is larger than 1 for small L/w (see Fig. 5(f)). This effect
gradually decreases with increasing L/w, for which the height of
the exposed region converges to the height of the cholesteric
phase in the alternating patterned film in Fig. 5(e), while the
un-exposed region finally falls back to the original height,
indicating a diminishing of the mechanical interaction between
the exposed and unexposed areas.

More detail of the stress development and its effect on the
topography is shown in Fig. 6 for the cholesteric/homeotropic
film with L/w =1, 2, 4 and 20. The in-plane stresses oy, feature a
cyclic pattern following the director rotation along the pitch
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through the thickness. For small L/w the out-of-plane stress o,
inside the cholesteric phase is compressive and it is tensile
inside the homeotropic part. The o, is large in coatings with
small in-plane sizes (L/w < 4), which is indicative of the mecha-
nical constraint that suppresses the expansion in the cholesteric
part and the contraction in the homeotropic part. The out-of-
plane stress ¢, gradually diminishes in each domain away from
the domain interfaces as L/w increases, leading to the maximal
deformation of each region in the unconstrained limit, and the
7., only remains near the domain boundaries, as shown in the
film with L/w = 20 in Fig. 6.

The experimental control of the patterned film sizes relies
on current techniques of director alignment for the alternating
patterns®>?® and on lithographic processing of photo-masks
which are used for local illumination.>* By using electrical fields
to construct a patterned director alignment before photo-
polymerization, the geometries are limited by the gap size of
the electrode array.”> For the thickness and in-plane size
selection in the experiment, typically L/w > 50,*>>28 for which
the measured surface profiles attain rectangular shapes, in
agreement with our predictions (see Fig. 5(e) and (f)). However,
to explore the limits of the resolution of director alignment
control at smaller length scales,”'*%"°7 it is of interest to note
that reducing L/w to small values will enhance the mechanical
constraints and thus will reduce the out-of-plane feature sizes.

In order to quantitatively characterize the resulting surface
topographies, we introduce three areal roughness parameters.
Let us define the discretized point set of the top surface to be
expressed by the points (i) with corresponding coordinates
(x(i),y(iy),20) before actuation, where i =1, 2,.. .M, j=1, 2,...N,
Zo = w is the original height and N x M is the number of points.
During illumination each point undergoes the displacements
(i) ) 0):

The Arithmetic Average Height,®® S,, is widely used to
characterize rough surfaces in relation to their friction and
wear properties.®® 7! It describes the average vertical displace-
ment of the protrusions and trenches relative to the mean
surface and is defined as

1 M N
Sa :WZZW_:(L]”? (13)

where #;(i,j) = u-(i,j) — r- and r, is the mean surface height
change, defined as
| M

N
r; = MN - /z:%—(h])

The second areal roughness introduced here is the classical
dimensionless Wenzel roughness,”” in light of the possible
application of the reversible topographies in wetting control,
defined as

(14)

where Ar.q is the real surface area and Apr; < Arear is the
projected surface area onto the x-y plane. The third roughness
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Fig. 6 Normalized 3D topographies of the cholesteric/homeotropic patterned film superimposed with contour plots showing the normalized out-of-
plane displacement u./w at the top surface, the distribution of the in-plane stress component a,, on the lateral surfaces and the out-of-plane stress o,
on the shifted duplicate surface. Results are shown for four different unit cell lengths: L/w = 1, 2, 4 and 20.

parameter is the modulation depth,>’® defined as the
vertical distance between the highest and the lowest point of
the surface

modulation = Il(!a))((u_z(ivj)) - I(nigl(u_z(i,j))- (15)
LJ L]

The modulation depends only on the two maximally displaced
points on the whole surface and lacks local information. For
a simple sinusoidal-like surface texture (e.g., the linearly-
patterned films), the modulation nicely quantifies the surface
topography, but for the randomly corrugated surfaces (e.g.,
the polydomain and fingerprint films, vide infra), we only use
S, and R. Here we will focus on S, and R and come back in
Section 4 for a detailed roughness comparison including the
modulation.

Fig. 7(a) plots the roughness parameters, ie., the average
height normalized by the thickness S,/w and the Wenzel

This journal is © The Royal Society of Chemistry 2018

roughness R, of the two films with flood and local illumination.
The results of S,/w and R for the cholesteric/homeotropic film
are higher than those of the uniform cholesteric film under
local exposure, due to the opposite and collaborative deforma-
tions in the two constituent domains for the former case. The
normalized average height first increases with L/w and finally
converges to 0.08 for the cholesteric’homeotropic film. For
smaller in-plane sizes, the two domains are subjected to severe
mechanical constraints (see Fig. 6), leading to a reduced S,/w.
The mechanical constraints are lower for larger L/w so that the
two domains are more free to achieve their maximal out-of-
plane deformations, as shown in Fig. 5(e) and (f). In contrast, the
Wenzel roughness R is found to decrease with an increase of the
in-plane dimension. Even though the absolute value of the surface
change is lower for small in-plane sizes, the reduced dimensions
lead to an increase of the Wenzel roughness. As L/w > 20, the
Wenzel roughness converges to 1 when L/'w — co.
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Fig. 7 (a) Variations of the average height normalized by the thickness S,/w and the Wenzel roughness R of the two patterned films from Fig. 5 as
functions of L/w. (b) Variations of the two roughness parameters for the cholesteric/nomeotropic film with various L/w and different relative length

configurations, characterized by Lyatio.

The remaining characteristic length scales are the lengths
of the two constituent domains, L; and L,. Here we define the
relative length ratio as

Ly — L,

Leatio = ————
ratio mln(L17L2)7

e.g.,if Ly =iL, > L,, then Ly, =1 — 1 and if L, =iL, > L, then
Liatio = 1 — i. The dependence of R and S,/w on L/w and the
relative length ratio L., for the cholesteric/homeotropic patterned
film is shown in Fig. 7(b). It is found that a large roughness
output R and S, can be generated under —1 < Ly, < 1
(i.e., 0.5L, < L; < 2L,), for which both constituent phases
are capable of contributing to the final surface change, while
mechanical constraints severely reduces the roughness for length
ratios outside that range.

3.4.2 Transition regions. Due to the self-assembling nature
of liquid crystal molecules in the nematic monomer state, the
alignment patterning (e.g., in the cholesteric/homeotropic film)
depends on applied external (electric) fields, surface anchoring
conditions and the neighboring LC molecules. A transition
region is expected to form between two domains with different
alignments, in which the directors gradually rotate from one
orientation to the other. After polymerization, the director con-
figuration is frozen and the transition region stays.>***?*° The
transition length was reported to be in the micrometer range
for a coating with a thickness of 4 um.>® In the simulations
performed above, the steps of the director at phase boundaries
are assumed to be perfect: the directors are changing instantly
from one orientation to the other. In the ESI,{ we conduct a
study on the effect of the transition region. The results are
summarized as follows.

A planar/homeotropic patterned film incorporating transi-
tion regions is studied (see Fig. S3(a) in ESIt), in which the
alignment of directors near the patterning boundaries gradually
rotates from being parallel to the plane to being perpendicular
to the plane, following a clockwise or counterclockwise scheme.
It is found that transition regions featuring a counterclockwise
director rotation induce the formation of peaks (see Fig. S3(b),
ESIT). On the other hand, a valley is generated at the clockwise

Soft Matter

rotation region. This is due to the accumulation of out-of-plane
shear strains of tilted director areas. These results qualitatively
matches the experimentally-measured surface profile featuring
a pair of peaks and valleys located at the domain boundaries or
defect lines.>**° The counterclockwise transition region increases
the roughness output (see Fig. S3(c), ESIT), while the clockwise
region lowers the roughness. The effect is found to increase as
the width of the transition region increases (Fig. S3(c)), see ESIT
for more details on the study of transition regions.

3.5 Polydomain films

The next topographical switching morphology analyzed here
is the polydomain film,?® which features easy manufacturing,
random domain-wise corrugated surfaces upon actuation and
the possibility of downsizing the characteristic texture length.
Fluorinated acrylates are added into the liquid crystal monomer
mixtures before spin coating to construct polydomain films.>
Due to the partial insolubility, the acrylates become obstacles
and disturb the long-range orientational ordering, creating
domains with short-range director alignment with controllable
dimensions. Inside each domain, the director is uniform
throughout, but the directors align differently from one domain
to the other without any alignment preference. A certain varia-
tion in the in-plane domain size was found, owing to the fact
that the undissolved droplets of the fluorinated molecules are
not uniformly dispersed.”® Generally controlled by the concen-
tration of the fluorinated monomers, the domains have typical
in-plane sizes in the range approximately from 5 pm to 30 pm
with a thickness of 5 pm.

In our simulations, the polydomain films are discretized
into square domains with equal sizes and the borders between
the domains are assumed to be perpendicular to the substrate.
The tilt angle ¢ and azimuthal angle 0 of the directors (see
Fig. 1(b)) in each domain are randomly picked from a uniform
distribution in the range [0,2xt]. Due to this random configura-
tion, the light penetration and trans-to-cis conversion level differs
from domain to domain as a function of the corresponding
director tilt angles (see Fig. 3). Although the azimuth angle does
not affect the light attenuation process, it does play a role in the
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final topographical change due to the director-guided photo-
responsive deformation of each domain. There are three char-
acteristic length scales in the system: the in-plane size of a
domain L, the thickness w and the attenuation length d, from
which we can define two dimensionless numbers: the aspect
ratio L/w and w/d,. Here we take the default thickness, w/d, = 10
(Table 1), and analyze the polydomain films with increasing
aspect ratio by fixing thickness w and varying L. The total lateral
dimensions of the films, L, and L, (see Fig. 2(b)), are taken to be
much larger than the domain size L and the thickness w, so that
free edge effects due to the traction-free outer boundaries remain
localized to the edges. The coating is perfectly bonded to the
substrate and the top surfaces are traction-free.

The 3D surface transformations after UV exposure of one
simulated polydomain sample film with aspect ratios L/w = 0.5,
1, 2 and 4 are shown in Fig. 8, with zoomed-in highlighted parts
superimposed by contour plots for the normalized out-of-plane
displacement u,/w. The results are scaled to have the same
in-plane size for easy comparison. 3D corrugated textures are
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obtained due to the random director distribution and the ampli-
tude of the surface change strongly depends on the aspect ratio.
To illustrate the evolution of the topographical shape with
increasing L/w, normalized surface profiles extracted from a x-z
cross-section (at y = L,/2) are plotted in Fig. 9(a). An increase of
the aspect ratio gives rise to a larger height change and makes the
domains deform into step-wise textures. The normalized average
height and Wenzel roughness based on four different random
director distributions are shown in Fig. 9(b) as a function of L/w.
The S,/w keeps increasing with increasing aspect ratio until it
reaches a limit value at around 0.055. The effect of the mecha-
nical constraints resulting from the spontaneous deformation
mismatch from the neighboring domains diminishes at larger
aspect ratios, so that each domain is free to achieve large out-of-
plane deformations, similar to the linearly-patterned coatings.
The Wenzel roughness R also decreases with increasing aspect
ratio, and converges 1 for larger in-plane domain sizes as also
observed for the results given in Fig. 7(a). The simulations are
also extended to consider nonuniform rectangular domain

Fig. 8 Predicted 3D surface topographies of a polydomain film with square domains of size L superimposed with contour plots for the normalized
displacement along the thickness direction u,/w with aspect ratios L/w = 0.5, 1, 2 and 4. All the coatings are scaled to have the same size and only

portions of the films are zoomed-in for a clear view.
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(a) Comparison of the normalized surface profiles at a fixed x—z cross section from Fig. 8. (b) Variation of the normalized average height S,/w and

the Wenzel roughness R as functions of the aspect ratio. For the uniform square domain size the horizontal variable is equal to L/w, while for the random
rectangular domains the horizontal variable is the average of the sizes L*. The horizontal and the vertical error bars indicate the standard deviation of the
domain size range and the roughness, respectively. The inset schematically shows a top view of the nonuniform polydomain film with size L*.

sizes and shapes, which more closely resembles the real
samples.”® As schematically shown in the inset of Fig. 9(b), the
domains are now assumed to be rectangles, whose side lengths
can be varying throughout the film. The side lengths of the
nonuniform domains, L* in Fig. 9(b), are picked from a uni-
formly random distribution in a prescribed range, indicated by
the horizontal error bars, and chosen such that the sum of all the
individual domain lengths is equal to the total film dimensions,
L, and L,. The predicted normalized averaged height and the
Wenzel roughness are shown in for several nonuniform poly-
domain films, in which the vertical error bars are the standard
deviations based on four nonuniform polydomain samples. The
averaged values of the roughness parameters remain the same
for the nonuniform and regular polydomain films. The scatter in
the average height remains the same and that of the Wenzel
roughness decreases.

3.6 Fingerprint films

The last type of films simulated in this work is the “fingerprint”
coating,”” which is made of planar cholesteric regions®”’*7®
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Fig. 10

with its helix axis being parallel to the substrate, in contrast to
the cholesteric patterned films in Fig. 5, where the helix axis is
perpendicular to the substrate. A regular fingerprint configu-
ration can be created with extra effort in the surface treatment
to force all the cholesteric pitches to be parallel to each
other,””””® as schematically shown in Fig. 10(a) and 11(a).
However, a unique random fingerprint film is usually obtained,
featuring a complex pitch arrangement and thus serpentine
textures are formed, just like human “fingerprints”, (see
Fig. 2(c) and 12).

As given in Fig. 10(a), we assume all the pitch helices to be
parallel to the x-axis, with a uniform pitch length L, through-
out the film. The director orientation is uniform through the
thickness and the system is uniform along the y-axis. The near-
homeotropic parts contract and regions with near-planar director
expand, leading to surface undulations. We take one full pitch
as a unit cell, with periodic boundary conditions applied
upon all lateral surfaces (see the inset of Fig. 10(a)). The key
characteristic dimensionless length of the regular fingerprint
films is the ratio of the pitch length to the thickness, Ly/w.

() 0.06 1101

11.008
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(a) Normalized surface profiles for a full pitch of a regular fingerprint film with increasing Ly/w. The inset shows a schematic of the film where the

pitch helix is along the x-axis and all the director alignment is rotating inside the y—z plane. (b) Variations of the normalized average height S,/w and the

Wenzel roughness R against Lo/w with o = 5, 10 and 30.
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Fig. 11 (a) The polarization optical microscope image and (b) the measured surface profiles before (read line) and after illumination (black line) of a
regular fingerprint film, in which volcano-shape tops were found. Reproduced with permission®’ (copyright 2014 Wiley). (c) Normalized surface profiles
with various Ln/w and a lower Young's moduli ratio £5,/E1; = 0.1. (d) Variations of the normalized volcano depth d,o/w superimposed by a contour plot
for the normalized volcano radius ryo/w (dyo @and ryo are defined in (c)) against the moduli ratio E»»/E1; and Loi/w.

The evolution of the predicted surface undulations for various
Lp/w is shown in Fig. 10(b). The textures feature sinusoidal-like
profiles and the surface change amplitude is enhanced for larger
in-plane sizes. It is noteworthy to mention that, in contrast to the
surface changes of the patterned films (e.g., Fig. 5(¢) and (f)) in
which the textures converge to rectangular profiles as the
in-plane dimensions increase, here the regular fingerprint films
always retain a sinusoidal-like shape even for large Ly/w. This is
attributed to the continuous variation of the tilt angles of
the directors along the planar pitch helices, which is every
different from the alternating director alignment in the
patterned films. Fig. 10(b) plots the normalized average height
Sa/w and the Wenzel roughness R against Ly,,/w for various o. The
profile amplitude converges to similar values as experimentally-
measured as Ly,/w increases.””

The measurements for a regular fingerprint film*” (repro-
duced in Fig. 11(a) and (b)) show a well-controlled parallel pitch
arrangement, while the measured surface profile shows notice-
able volcano-like textures. We found this phenomenon to be
correlated to the anisotropy in mechanical properties of the LC
polymer. The predicted surface profiles using lower Young’s
moduli perpendicular to the director, E,, = E;; = 100 MPa,
relative to the 500 MPa for the default calculations of Table 1,
are shown in Fig. 11(c). The volcanoes occur for all the tested
geometries and the volcano sizes increase as Lp/w increases.
We define the volcano radius ry, and the volcano depth d, (see
Fig. 11(c)) to quantify the evolution of volcano-like textures, and
study their dependencies on the mechanical properties and

This journal is © The Royal Society of Chemistry 2018

film dimensions. Fig. 11(d) shows the variations of the normal-
ized volcano sizes, ryo/w and d,./w, against the Young’s moduli
ratio E,»/Ey;, and Lp/w. Volcanoes are about to be formed for
any dimension if E,,/E;; is small enough (e.g., 0.1), while for
intermediate moduli ratios (0.2 < E,,/E;; < 0.35), volcanoes
ensue only at large L,/w. The tendencies for the volcano radius
and depth are generally the same: when a volcano has larger
radius it is also more indented. This phenomenon opens the
possibility to tailor the material properties and the geometries
of fingerprint films in building controlled surface textures and
hierarchical topographies.®®

To model random fingerprint films, which is more common
in the experimental implementation®” (also see Fig. 2(c)), a
nonuniform pitch configuration is introduced by setting non-
parallel and curved helix pitches, mimicking the variability of
the pitch alignment in real samples. Through the thickness the
director is still assumed to be uniform due to the small film
thickness. Fig. 12(a) shows the 3D topographical transfor-
mation of an exemplary random fingerprint film for three
film sizes, L, = L, = 4w, 12w and 32w, for which the surface
textures show a close resemblance with the experimental
measurements.>”” The corresponding surface profiles for a
random Y-z cross-section are plotted in Fig. 12(b), showing
the effect of the film size (and thus the pitch length) on the
amplitude of the surface profile. The corresponding roughness
parameters are plotted in Fig. 12(c) against the normalized
pitch length L,/w and the results from the regular fingerprint
films are added for comparison. The horizontal error bars
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Fig. 12 (a) 3D topography images superimposed by contour plots for the normalized out-of-plane displacement for an irregular fingerprint film with a
fixed thickness and increasing lateral dimensions, L, = L, = iw, i = 4, 12, and 32. (b) Evolution of the normalized surface profiles for various film dimensions.
(c) Variations of the two roughness parameters of the random fingerprint films against L/w. The horizontal and vertical error bars are the standard
deviations of the ranges of the pitch lengths and the roughness, respectively.

indicate the standard deviations of the range of the pitch
lengths and the vertical error bars are the standard deviations
of the roughness parameters. The pitch length range and the
roughness parameters are calculated by scanning multiple
cross-sections of the topographies. The textures of the random
fingerprints are three-dimensional in nature, in contrast to
the regular fingerprints which are uniform along one of the
in-plane directions (y-axis here), leading to a slightly higher
Wenzel roughness for the random fingerprint films. On the
other hand, the irregularity of the pitch arrangement brings in
more constraints upon the out-of-plane displacements, leading
to a slightly lower average height. However, the results of the
regular fingerprints fall within the error bars of the random
fingerprints, so that the differences, strictly speaking, are not
statistically relevant.

4 Discussion and conclusion

We now compare the roughness parameter output, i.e., S,, R and
the modulation (all defined in Section 3.4), for the three Azo-LC
coatings studied here. The two types of ordered films are the
linearly-patterned films and the regular fingerprint films. One of
the merits of the fingerprint structure is its possibility of down-
sizing, with L,¢/w values in the range from 1 to 5 (ref. 27 and 75).

Soft Matter

These length scales are difficult to be reached using the linearly-
patterned films with L/w values for the cholesteric’homeotropic
films being larger than 50 (see ref. 24-26) and for the
orthogonally-planar films larger than 10 (ref. 30). A roughness
comparison is made here in terms of the geometric dimension-
less numbers, i.e., L/w and Lyy/w, in Fig. 13. A half pitch in the
regular fingerprint coatings is equivalent to one unit cell for the
patterned films. We assume that the cholesteric and homeo-
tropic domains can be well-patterned at small scales. It is found
that for a given in-plane length, L/w or L,/2w, the cholesteric/
homeotropic film is able to yield the highest S,, R and modula-
tion compared to the other films. Relative to the cholesteric local
illumination, the cholesteric and homeotropic domains can
deform in opposite directions (up and down, respectively). The
mechanical constraints predominately occur at the domain
boundaries, while in the fingerprint films the continuous tilt
angle rotation of the director leads to a higher suppression of the
out-of-plane deformation due to mechanical constraints that are
present throughout the film. However, when the design strategy
is to maximize the modulation, the performance of the finger-
print film is close to the cholesteric/homeotropic film modula-
tion (see Fig. 13(b)).

The roughness parameters of the irregular films, ie., the
uniform and nonuniform polydomain films and random finger-
print films, are compared in Fig. 13(d). Like the fingerprint film,
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Fig. 13 Comparisons of the roughness parameters (a) S,/w, (b) modulation/w and (c) Wenzel roughness R for the two linearly-patterned films and the
regular fingerprint film. (d) Comparison of the S,/w and R for the three random coatings, i.e., the regular polydomain, nonuniform polydomain and
irregular fingerprint films. The patterned films and the polydomain films use the bottom horizontal axis, while the regular and random fingerprint films use

the top axis.

the polydomain films also feature small in-plane length scales,
with aspect ratios in the range of 1 to 5 (ref. 29). The poly-
domain films can generate slightly larger values of the average
height and Wenzel roughness than the random fingerprint
films (Fig. 13(d)), but still lower than the cholesteric/home-
otropic films in Fig. 13(a) and (c). The latter is due to the larger

(a)

Fig. 14
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(a) Variations of the average height normalized by the attenuation length of trans S,/d; and the Wenzel roughness R as functions of w/d; with
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mechanical constraints in the irregular films due to the random
distribution of the director and the domain sizes.

The comparisons above indicate that the regular fingerprint
films are preferable for the design of miniaturized actuators
where small wavelengths are required, but at the same time, also
large corrugation modulations are requested. Linearly-patterned

(]
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various L/w for the cholesteric/nomeotropic film. (b) Comparison of S,/w and R as functions of « with a fixed ratio o/ = 10 for three films. The in-plane
dimensions of the three films are the same: L/w = 2 for the patterned films; L/w (aspect ratio) = 1 for the polydomain film; and L,/w = 4 for the regular

fingerprint film.
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cholesteric/homeotropic films, which are able to produce large
undulations and rectangular corrugations at relative large
feature sizes, might be desirable in applications like human
haptic feedback technologies®>*' and optical applications.®* In
addition, their regular textures and reproducible and well-structured
design make them attractive for wettability switching®® and friction
manipulation.”® Polydomain films, being able to output inter-
mediate surface changes, feature ease in fabrication at control-
lable domain sizes.

Typical thicknesses of LC films are in the range of a few to
tens of micrometers.*>®* The attenuation length of trans, d,,
depends on the concentration of the azobenzene dye and the
chemical composition of the Azo-LC polymer, and is considered
a material constant here. In order to illustrate its influence for
the cholesteric/homeotropic film, the thickness and in-plane
length are increased simultaneously to keep the ratio L/w
constant, and the variations of the average height (normalized
by d,) and the Wenzel roughness as a function of w/d, are shown
in Fig. 14(a). As w/d, increases, the average height scales almost
linearly with a slight non-linear reduction at large w/d, due to
a reduced trans-to-cis conversion level at large depths (see
Fig. 3(a) and Fig. S1, ESI}). The Wenzel roughness remains
almost unaffected, with a slight decrease due to the reduced
conversion level at large depths.

The input light intensity is characterized by the dimension-
less parameters o and f3 (see Section 2.2), which falls typically in
the range of 100-1000 mW cm > (ref. 24, 25 and 29). The effect
of the light intensity on the topographies is shown in Fig. 14(b),
in which we compare the roughness parameters of three films
with increasing « and a fixed ratio o/ = 10. The S,/w and R first
increase with « and then they reach a plateau for all three films,
corresponding to fully exhausted trans-to-cis conversion, in
which the cis fraction gets saturated at «/(x + f) for large a
(see Fig. 3(b) and Fig. S2, ESIt). This prediction is in agreement
with experiments,***” in which the height variation converges
under large intensity exposure.

In short, a computational model was developed to predict
photo-switchable topographical changes for azobenzene-modified
liquid crystal glassy polymer films. A non-linear light attenuation
model was adopted to capture the director-dependent trans-to-cis
isomerization, which was combined with an opto-mechanical
constitutive relation to link the light-induced spontaneous defor-
mation with the fraction of the cis azobenzenes. Distinct topo-
graphical textures were predicted for three types of Azo-LC films,
i.e., linearly-patterned, polydomain and fingerprint films, each of
which features different director distributions, both ordered and
disordered. The surface transformations depend on the film
dimensions, opto-mechanical properties and illumination condi-
tions. The topographical changes were quantified by roughness
parameters related to height modulations and wetting properties.
Close agreement was found between the predicted surface profiles
and experimental results. Our computational simulations can
serve as guide-lines to optimize topographical switching patterns
and as a predictive tool to design new director distributions and
surface undulations in functionalized devices and emerging
applications such as light-controlled haptics, friction and wetting.
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