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Nature employs travelling waves to generate propulsion of fluids, cells and organisms. This has inspired
the development of responsive material systems based on different external triggers. Especially light-
actuation is suitable because of its remote control and scalability, but often complex, moving light
sources are required. Here, we developed a method that only requires flood exposure by rotating the
linear polarization of light to generate propagating surface waves on azobenzene-modified liquid
crystalline polymer films. We built a photomechanical computational model that accounts for the
attenuation of polarized light and trans-to-cis isomerization of azobenzene. A non-uniform in-plane
distribution of the liquid crystal molecules allows for the generation of travelling surface waves whose
amplitude, speed and direction can be controlled through the intensity, rotation direction and rotation
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based on light-responsive topographical transformations for application in microfluidic lab-on-chip
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Introduction

Swimming and fluid propulsion in nature occurs predominantly
by the generation of traveling waves, such as the peristalsis of
annelids and the human intestines, the swimming of fish,
spermatozoa and synechococcus, and the metachronal waves
of ciliates. This has formed the inspiration for many man-made
propulsive systems for different applications, e.g., cargo trans-
portation," fluid propulsion,”™* robotics,”® autonomous
swimming”*? and caterpillar locomotion.”*™® A range of
responsive material systems has been used, such as, gels,"®
and liquid crystal polymers,>'®**™'>'7 that respond to various
external triggers, like heating,"'* electric'®'® and magnetic*”°
fields and light.>®'®'" By taking advantage of its remote,
scalable and precise spatial-temporal control, light often is the
most attractive actuation source and compares favorably with
electric, magnetic and thermal actuation. However, the
currently-available systems require complex matrix-like structured
lenses, masks and mirrors and often requires a moving light
source.>®1%132021 1n the current work, we demonstrate that
travelling waves can be generated under uniform light exposure
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by rotating the linear polarization of light, representing a drastic
reduction in complexity.

We use liquid crystal (LC) glassy polymers networks as
obtained by in situ polymerization of polyfunctional reactive
mesogens, with embedded photo-responsive azobenzene chromo-
phores, that undergo dimensional changes in response to ultra-
violet (UV) light.***° Compared to LC elastomer systems, these
glassy polymers feature a higher crosslink density.>*> The azo-
benzene molecules are embedded in the polymer network as
crosslinker and upon UV exposure transition from a rod-like
trans state to a bent-like cis state (see Fig. 1(a and b)). This
process decreases the orientational order of the neighbouring
liquid crystal molecules, leading to an anisotropic mechanical
response: a contraction along the average direction of the LC
molecules (denoted by the director 7) together with an expansion in
the plane perpendicular to the director. Based on this mechanism,
we have developed various surface topographical transformations
that are reversibly controlled by light for substrate-constrained
glassy LC films.***°*! The high-resolution imprinting of the internal
molecular order using photo-alignment command layers provides
the possibility to design complex director distributions and material
anisotropies,**>* and allows for miniaturization into the micro-
meter regime.>**"33

In this study, we use a recently-developed optomechanical
model®® to design travelling surface waves under a uniform
continuous polarized light source that rotates in time. We take
advantage of the selective absorption of the azobenzenes when

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematics illustrating the set-up and the generation of travelling waves. (a and b) The mechanism of photo-induced deformation of azobenzene-
modified liquid crystal polymers. [llumination of UV light triggers isomerization of the embedded azobenzenes (blue) from the rod-like trans state to the
bent-like cis state, leading to a decrease of the orientational order of the neighbouring LC molecules (green). This process results in a contraction along
the director n (i.e., the average direction of the LC molecules) accompanied by an expansion in the plane perpendicular to the director. (c) Side view and
(d) top view of the director distribution of a unit cell, in which the director gradually rotates over 180° in one period 4 along the x axis. The director
distribution is uniform through the thickness and along the y axis. The film is actuated by a polarized light source rotating in the x—y plane (E denotes the
electric field which makes an angle, y, with the x axis). (€) The generation of a travelling wave due to rotating linear polarization of a light in two neighbouring
unit-cells (red lines). The wave is travelling in the direction of the large horizontal arrow and is depicted by four consecutive snapshots in time, each
corresponding to a specific orientation of the electric field in the plane (right). Snapshot 1 corresponds to the situation in (c and d) for i = 0°. The blue color
in the film at snapshot 1 denotes large out-of-plane expansions (a higher level of trans-to-cis isomerization) and the green color denotes low deformations.

oriented parallel to the electric field of the polarized light.>**¢% As

schematically shown in Fig. 1(c and d), the directors are all
confined in the plane parallel to the substrate and feature a
continuous rotation in the direction of the x axis, see Fig. 1(d).
This periodic splay-bend pattern has been experimentally realized
in liquid crystal elastomers.”® When the film is exposed to a
uniform polarized light source, different regions have different
trans-to-cis conversion levels due to the fact that the isomerization
depends on the angle between the local director and the electric
field of the polarized light. As a result, a periodic distribution of cis
concentration is generated in the plane of the film and thus a
surface undulation is formed. Upon rotation of the electric field in
the x-y plane, a continuous change of the cis concentration field
ensues leading to a travelling wave (see Fig. 1(e)). The propagating
direction and speed of the wave can be tuned by inverting the
rotation direction of the polarized light and by changing the
rotation speed, respectively.

Results
Optimal wave amplitude at small and large film thicknesses

Under the illumination of a polarized light source, different
regions absorb the incoming UV light differently due to the

This journal is © The Royal Society of Chemistry 2019

non-uniform director distribution resulting in varying angles
¢ between the local director 7 and the electric field E. As given
by the opto-mechanical constitutive equation (see eqn (8) in
the Methods section), the cis volume fraction determines the
photo-induced spontaneous deformation.

Fig. 2(a and b) show the n. distribution and the normalized
light intensity through the film depth for two combinations of
the dimensionless light parameters « and f with «/f = 10 for
various angles ¢. The larger o and f values, which correspond
to larger input intensities, feature a higher trans-to-cis conversion
level, as expected. For both intensity levels, the cis generation is
highest at the top surface when E||7i (¢ = 0°). For ¢ = 0°, the light
intensity is heavily attenuated (see Fig. 2(b)) leading to a sharp
drop in cis fraction . (Fig. 2(a)). For larger values of ¢ the light is
less strongly absorbed so that it can penetrate deeper, leading to
a more uniform distribution of the cis concentration with
increasing ¢ (Fig. 2(a)). Note that for the extreme case ¢ = 90°,
when 7 L E, the polarization coefficient { (see eqn (4), Method
section) is minimal but not zero, since the azobenzene molecules
are not perfectly aligned with the director (order parameter
S = 0.8), so that still light is attenuated.

Next we ask the question which combination of incoming
light intensity o and film thickness w should be selected for

Soft Matter, 2019, 15, 8040-8050 | 8041
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Fig. 2 Light attenuation as a function of input intensity, polarization angle an

d film depth. The volume fraction of the cis-state azobenzene n. (a) and the

reduced light intensity Z = I /1 (b) against the propagating depth, normalized by the attenuation length of the trans azobenzene d for large (o« = 40 and
f =4)and small (x = 5and = 0.5) intensities and for various angles ¢. (c) Variation in An. as a function of o and normalized film thickness w/d, at constant

a/f = 10.

optimal wave amplitudes. These optimal amplitudes are generated
when the average through thickness strain for ¢ = 0° is maximally
different from that at ¢ = 90°. To quantify this, we define An, to be
the difference in the cis volume fraction (averaged through the
thickness) between E|7i and E 1 7,

1 W 1 W
An, = ;JO ne(2)] y—godz — ;JO 16(2)] y—og-dz.

Fig. 2(c) shows the variation of An, as a function of o and
w/d,. For positive values of An,, the maximum (Arn, = 0.45) occurs
5 for thin films, which can be verified from Fig. 2(a). For
this situation, the region where the director is parallel to the
electric field has a higher cis conversion level, leading to surface
protrusions at the ¢ = 0° regions. For negative values of An,
however, the situation is notably different. Here the maximum
An, occurs at high intensities and thick films, which can be
understood from the « = 40 case in Fig. 2(a). For that situation the
cis distribution through the thickness for ¢ = 90° is much more
uniform than for ¢ = 0°, leading to larger integrated n. levels and
thus to surface protrusions at the ¢ = 90° regions.

Two distinct scenarios are explored in this work to illustrate the
generation of travelling-wave-like topographical transformations con-
trolled by rotating the linear polarization of a light source: thin films
at a low level of input intensity and thick films at high intensity.

at o =

8042 | Soft Matter, 2019, 15, 8040-8050

Thin films at low light intensity

Based on the maximum shown in Fig. 2(c), we select a light
intensity of « = 5 and = 0.5 and a thickness of w = 2d,. As
shown in our previous work, the characteristic in-plane dimension
relative to the film thickness is crucial for the surface topography
of LC films with non-uniform director distributions**° and
determines the mechanical interactions between the neighbouring
regions with different director alignments. We start the analysis by
taking the length of the unit cell 1 (see Fig. 1(c and d)) to be 4 times
the thickness, ie., A/w = 4. The top surface of the original film is
assumed to be perfectly flat. Although we did not consider it here,
possible minor surface reliefs during the photo-polymerization
process®>*! can be readily incorporated.

When the film is exposed to the polarized light, gradients in
the cis volume fractions are formed both through the thickness
and along the in-plane dimension (the x axis), see Fig. 3(a).
Upon rotation of the polarized light, the locations of the
maximal and minimal cis concentration change along the x-axis
according to the electric field orientation, i = 0°, 30°, 60° and 90°
(Fig. 3(a), see other orientations in Movies S1 and S2 in the ESIY).
The resulting topographical transformations are shown in Fig. 3(b)
for various ¥ in the range from 0° to 180° (half a period of the
rotating polarization, see Movie S2 in ESI}), during which the
surface wave travels one wavelength /. All the regions undergo

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Evolution of the trans-to-cis conversion by rotating the linear polarization of a light source at four different electric field directions: y = 0°, 30°,

60° and 90° for a thickness w/d, = 2, light intensity « = 5 and 8 = 0.5 and RVE size 2/w = 4. (b) The normalized surface profiles under various . The red and
blue open circles record the highest and lowest points for each tested electric field direction. (c) Two snapshots of the wave profile for iy = 0° (solid line)
and ¥ = 90° (dash line). The waves are two unit cells long and the y = 90° curve is shifted over a distance //2. Movies of the simulations are added as ESIt

(Movies S1 and S2).

expansion (the horizontal axis presents the original surface),
due to the non-zero cis fraction everywhere and due to the fact
that all the directors are in the x-y plane. For the situation with
Y = 0° a surface protrusion is formed at the central region, in
accordance with the cis generation in Fig. 3(a). Upon rotation of
the polarized light, the peak of the protrusion moves in a
direction that is guided by the rotation direction of the light
and the distribution of the director in the plane of the film
(Fig. 1(d)). As a result, the protrusion moves to the right under
anti-clockwise rotation of the light in the plane of the film, see
Fig. 1(e) and Movie S1 (ESIT). Note that a reversal of the rotation
direction of the polarized light results in a reversal of the
travelling wave direction, featuring great flexibility for a range
of practical applications.

The amplitude of the surface wave is slightly changing
during the movement. The red and blue open circles in
Fig. 3(b) record the highest and lowest points, respectively, at
every x-position along the film during one cycle ( ranging from
0° to 180° with an increment dy = 5°). The wave amplitude is

This journal is © The Royal Society of Chemistry 2019

largest for y = 0° and smallest for i = 90° (see the red and blue
circles in Fig. 3(b)). This is due to the anisotropy of the stiffness
tensor. Another observation is that the specific surface profile is
a function of the polarization angle v, see Fig. 3(c), with the
peaks for iy = 90° being wider than for ¢ = 0°. This effect is also
reflected by the non-uniform distribution of the red circles.

In order to quantify these surface profiles and how they
change with W, we introduce two roughness parameters:
the modulation and the root mean square (RMS) gradient,
Sqq- The modulation is defined as the vertical distance between
the highest and lowest points along the surface profile and the
Saq is a measure of the slope of the profiles (see the Methods
section for their exact definition).

Fig. 4(a) plots the variation of the modulation, normalized
by the thickness, and the Sqq as a function of the electric field
direction, . Both roughness parameters follow the same trend,
reaching the highest value when the central part of the unit cell
(see Fig. 1(d)) is most strongly actuated (i = 0°) and the lowest
value when the electric field is rotated by 90 (y = 90°).

Soft Matter, 2019, 15, 8040-8050 | 8043
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Fig. 4 Variations of the modulation normalized by the thickness and the
RMS slope S4q against (a) the electric field direction of the polarized light,
¥, with A/w = 2, 4 and 8 and (b) against the dimensionless number A/w.
The film thickness and light intensity are w/d, = 2 and (o, ) = (5, 0.5),
respectively. The error bars in (b) indicate the standard deviation of the
roughness parameters in the range of 0° < iy < 180° as shown in (a). The
variation of A%/2 normalized by w as a function of A/w is shown in (b) based
on the averaged modulations.

Next we study the effect of the in-plane dimension, A.
Simulations were conducted with a fixed thickness w = 2d;
and a varying /, showing that the modulation increases and the
S4q decreases with increasing 4, until they reach a y-independent
roughness profile at large /-values (see Fig. 4(a) and Fig. S1, ESIT).
Since the roughness parameters themselves are dependent on the
electric field direction, the average values are plotted in Fig. 4(b)
with the corresponding error bars representing the standard
deviation of the roughness parameters in the range 0° < y <
180°. Consistent with Fig. 4(a), the normalized modulation
increases with A/w until it reaches a plateau of 0.08 for //w > 8.
For small in-plane dimensions, the mechanical interactions
between different regions are strong due to the large gradient in
director orientations and the anisotropy in the photo-induced
strains and the elastic constants (see for larger in-plane dimensions,
these mechanical constraints are relaxed, resulting in larger
expansions in the out-of-plane direction). The y-dependent

8044 | Soft Matter, 2019, 15, 8040-8050
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standard deviation of the modulation is largest for the inter-
mediate in-plane sizes (i.e., 2 < A/w < 4) and decreases with a
further increase of A/w beyond 4 in Fig. 4(b). Fig. S1 (see ESIY)
plots the evolution of the normalized surface profiles for
Alw = 16. The effect of the mechanical interaction is much lower
than for A//w = 4 so that at i = 90° the surface profile is similar to
that at y = 0° leading to the highest averaged modulation
featuring a small variation (Fig. 4(b)). Thus, for larger /w, the
amplitude of the surface wave is stable under the rotation of the
polarized light, mimicking a peristaltic wave that moves at a
constant velocity.*!

In contrast to the modulation, S4q decreases with increasing
Alw, due to the fact that the slope considers both the height
change and the in-plane dimensions of the surface profiles. An
increase of 4 both increases the out-of-plane expansion (due to
the relaxed mechanical constraints) as well as the in-plane
dimensions, the competition of which results in a decreasing
Sqq- The Y-dependent standard deviation of Sqq is observed to
continuously decrease with A/w.

In order to illustrate the applicability of the travelling-
surface-wave developed here for practical applications, such
as, free-standing swimming'® and peristaltic fluid propulsion
in microchannels,*>** we introduce a Taylor index, A*/A, with A
the wave amplitude and / the wavelength which is equal to the
unit-cell length in our case; see the Methods section. Fig. 4(b)
shows the Taylor index normalized by w, as a function of A/w.
We found that it first increases when 4 < 2, then reaches a
maximal value in the range 2 < 1 < 4, which is followed by
a sharp decrease for 4 > 4. The results clearly show that
the Taylor index is a convolution (e.g., a multiplication) of the
modulation and the Sy, value, reaching an optimal free-
swimming speed or fluid-propulsion velocity for an intermediate
value of A/w in the range between 2 and 4.

Thick films

As illustrated in Fig. 2, in addition to the positive An. achieved
using a low input intensity and a small thickness, one also can
explore the negative An. regime using a large film thickness
and a high intensity. An expanded study of the dependence of
An. on w/d; and « is shown in Fig. 5(a), in which the regime with
An. < —0.3 is highlighted by the blue contour plot. There is a
trench (yellow dots) depicting the minimal An.. In contrast to
the maximal positive An, of 0.45 for the thin film scenario, the
minimal negative An, is continuously decreasing for increasing
o and w/d;, even beyond the range shown in Fig. 5(a).

We take w/d; = 40, « = 40 and f§ = 4 to demonstrate wave
propagation for the thick film regime. The in-plane wavelength
is selected to be A/w = 4 to allow a direct comparison with Fig. 3.
The evolution of the cis generation is shown in Fig. 6(a) for
Y =0°,30°% 60° and 90° (for the other orientations see Movie S5,
ESIt). A large portion of the film remains fully in the ¢rans
(1 = 0) state, since the incoming light is strongly attenuated for
these thick films, especially in regions with small ¢ values (see
Fig. 2(a and b)). The only exception is the region where the

This journal is © The Royal Society of Chemistry 2019
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with the thickness w/d, = 40 and the light input o« = 40. A movie of the simulation is added as ESI{ (Movies S5 and S6).

director is more-or-less perpendicular to the electric field
(80° < ¢ < 90°). In these regions, the cis conversion level at
the surface of the film is lower than in other regions, but the
attenuation is much lower, resulting in a further penetration of
the light, resulting in larger uniform cis levels through the
thickness. The surface profile evolution is plotted in Fig. 6(b)
and shown in Movie S6 (ESIt). Here, a striking difference is
observed with the travelling waves on the thin films (Fig. 3(b)).
In Fig. 6, an input with ¢ = 0 results in the largest expansion at
x/2.= 0 and 1 for the thick films scheme where ¢ = 90°, while for
the thin films this occurs at the center (x/4 = 0.5) where ¢ = 0°.
The total out-of-plane deformation of the thick film is smaller,
despite the increased light input energy, which is attributed

This journal is © The Royal Society of Chemistry 2019

to the large film thickness resulting in broad passive regions
(Fig. 6(a)). In addition, the normalized wave amplitude is
smaller than that of the thin films, due to the fact that
An, = —0.32 in Fig. 6 and +0.45 in Fig. 3. However, while
An, = +0.45 is maximal for the thin films, for the thick films
An, can be further lowered by increasing « and w (see yellow dots
in Fig. 5(a)), leading to values of the modulation/w (Fig. 5(b)) that
are larger than the maximal value of 0.085 for the thin films
(Fig. 4(b)). Here, the remarkable advantage of thick films comes
about, since not only a larger thickness-normalized modulation
can be reached, the absolute modulation values that can be
generated are almost two orders of magnitude larger than these
of the thin films (see the d-normalized modulation in Fig. 5(b)).

Soft Matter, 2019, 15, 8040-8050 | 8045
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Discussion

We have developed a model that simulates travelling surface
waves on azobenzene-modified liquid crystal polymeric systems
induced by rotating the linear polarization of light. Both thin
films with intermediate light intensities and thick films with
high intensities are presented that demonstrate the feasibility
of creating peristaltic surface motions, but with very different
underlying photo-mechanical behaviour (compare Fig. 3 and 6).

For application in miniaturized microfluidic devices,® our
method is able to generate well-controlled, peristaltic waves
with small modulations on the order of 0.1 um and wavelengths
of several micrometers (take d; ~ 1 pm for LC mixtures with
5 wt% azo-dosage>® in combination with Fig. 4). On the other hand
our system can also generate travelling waves with modulations on
the order of 10 pm (take d;, & 1 um (ref. 25) in combination with
modulation/d, = 10 for thick films in Fig. 5(b)). These modulations
are a factor of 10 larger than in our previous work®> and are
comparable with other light-controlled liquid crystal elastomer
systems.'® Although it is not straightforward to make films with
uniform directors through the depth of the film, considerable
progress has recently been made in accurately controlling the
director distribution in both thin®* and thick®® LC polymeric
films. It should be noted that the absolute modulation can be
further enhanced by increasing the film thickness and light
intensity (Fig. 5).

To estimate the speed of the travelling waves, we can use the
actuation frequency from a recent experimental study using a
similar material system,*® f=0.014 s~* (the light rotation speed
is 2.5 s7'), leading to wave speeds U = /f of 0.11 um s "
larger for films with A/w = 4 and higher (¢f Fig. 3(b) taking
di = 1 um). The wave speed can be further enhanced by an
increase in actuation frequency, which has been observed for a
glassy azobenzene-embedded LC polymer by a slight addition
of visible light and temperature increase,*® attributed to a
boosted cis-to-trans isomerization. Furthermore, a moderate
addition of visible light is found to enhance the total light-
induced strains due to the additional effect of continuous trans-
cis-trans isomerization cycles,?**>*® leading to wave amplitudes
that can be a factor of 4 higher. Thus, we expect that the
modulation and frequency can be further enhanced leading to
larger wave speeds and amplitudes and thus a higher flow
efficiency for peristaltic microfluidic propulsion.

Exposing azobenzene-doped LC samples to high intensity
light (required for the thick films, e.g., ~1.1 W cm > for o =
100 in Fig. 5 according to the light parameter calibration in ref. 25)
is reported to soften the material,”” which is not considered in the
current work. To estimate the effect of photo-softening, we have
performed additional simulations by accounting for a reduction of
the Young’s modulus along the director, E,,, and perpendicular to
it, E5,, by a factor that is larger than that experimentally reported
(a reduction by a factor of 3 for UV intensity I, = 300 mW cm >
(ref. 47)). Only a negligible difference was found compared with
the non-softening results (see Fig. S2 for details, ESIT).

The specific shape and speed of the surface waves can be
controlled by the film thickness and light intensity. For intermediate

and
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film thicknesses, for which both positive and negative An. can be
reached by tuning the light intensity (cf. Fig. 2(c)), the amplitude of
the wave can be controlled and even reduced to zero (An. ~ 0),
while keeping the rotation speed of the polarizer unaffected. In
addition, the direction of the waves is guided by the rotation
direction of the polarizer. Thus, the wave amplitude, wave speed
and wave direction can be tuned through the light intensity, rotation
speed and rotation direction of the polarized light source. This
versatility allows application of this system for microfluidic
propulsion in lab-on-chip devices,>?*® light-driven swimming
and locomotion'®'>*° and integrated soft robotics.>"">°

Methods

Light attenuation model

Upon UV exposure, the driving mechanism of the spontaneous
deformation of azobenzene-modified liquid crystal polymeric
networks is the conversion of azobenzene from the trans to the
cis state, as shown in Fig. 1(c and d). The conversion depends
on the wavelength and the local light intensity. The nonlinear
light attenuation model, developed by Corbett and Warner.>'
We assume the incoming light to propagate in the negative
z-direction from the top surface (z = w) to the bottom (z = 0),
where w is the thickness of the film (see Fig. 1(c)). The local
light intensity at location z and time ¢ is denoted by I(z,t) and
the corresponding input intensity is I,. The evolution of the
isomerization process consists of three contributions: (i) the
photo-induced trans-to-cis forward reaction, (ii) the photo-
induced cis-to-trans backward reaction, and (iii) the thermally-
driven spontaneous cis-to-trans backward reaction. The govern-
ing equations for the light penetration are:*

67’“
T— =

A= (4 BT = [+ o+ DTG ). )

[ R E

where n, and n. =1 — n, denote the volume fractions of the trans
and cis molecules, respectively. 7 is the average lifetime of the
cis that depends on the ambient temperature, and Z(z,?) =
I(z,1)/1 is the reduced local light intensity. The dimensionless
parameter o captures the ability of the incoming light to trigger
the forward trans-to-cis conversion with respect to the thermally-
driven back reaction. The coefficient f has a similar meaning for
the cis-to-trans conversion. The parameters d; and d. are the
attenuation lengths of the ¢rans and cis azobenzenes, respectively,
and they are related to the ratio of the quantum efficiencies

1 = ndne by

“_ b ®)
d. o
where the quantum efficiencies #, and 5. describe the prob-
ability of successful isomerization from ¢rans to cis, and from
cis to trans, respectively.>*>®

This journal is © The Royal Society of Chemistry 2019
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The parameter ( is the polarization coefficient and is defined
for polarized light illumination as>

(= %[2SP2(cos o)+ 1]. (4)

The function P,(x) is the second Legendre polynomial defined
as P,(x) = (3x*> — 1)/2 and ¢ is the angle between the local
director 7 and the electric field of the incoming light E. The S is
the order parameter, describing the average orientational order
of the local liquid crystal molecules with respect to the director
7#.22 If the electric field is parallel to the director, E|n, the
polarization coefficient { equals 1 when the order parameter
S =1, indicating that the embedded azobenzenes, which follow
the orientational order of the LC molecules, can fully absorb
the UV light and thus the isomerization is maximized. On the
other hand, if EL#, the probability of the azobenzenes to
undergo isomerization is low (i.e., { = 0 when S = 1), leading
to a minimal effective absorption. Since the azobenzenes are
covalently bonded to the polymer network, they return to their
original orientation when falling back from the cis to the trans
state during cyclic isomerization. Typical values of the order
parameter S of nematic glassy liquid crystal polymer networks
range from 0.5 to 0.8.>>°® Here, we assume the order parameter to
be constant (S = 0.8), since the loss of order in heavily-crosslinked
glassy LC polymers is usually found to be small.***>*”

One can get the temporal evolution of the trans and cis
fractions and the local intensity by solving the coupled partial
differential eqn (1) and (2) subject to the boundary condition
Z(w, ) = 1 and the initial condition 7(z,0) = 1. The time needed
to reach an equilibrium (photo-stationary) state for the defor-
mation is observed to be fast for glassy LC polymers, typically in
the range of a few seconds.'>?*3:%%37 Here we assume this
time to be smaller than the period of rotation of the polarized
light,*® so that we only focus on the photo-stationary state. We
thus apply 0n,/0t = 0 in eqn (1), leading to

wio) = L* BLT(z)

T4 (a4 P)Z(2) ()

which, upon substitution into eqn (2), leads to a differential
equation that can be solved for Z(z).

The values of the dimensionless light coefficients « and f
depend on the wavelength and scale with the intensity of the
incoming light, I,. The attenuation lengths, d, and d., are
dependent on the concentration of the azobenzene as well as
the wavelength of the light source. These parameters can be
obtained by fitting the results of the light attenuation equations
to the measured transmitted intensities through a reference
sample, which were found to be in excellent agreement with
experimental data.> In the current study, however, we explore
their effect on the generation of travelling waves. The attenuation
length d, is inversely proportional to the concentration of the
azobenzene added to the LC polymer and falls typically in
the sub-micrometer range for heavily-dozed polymers,** and in
the range from a few micrometers®*®>® to a few tens of micro-
meters” for systems with relatively low azo-dosages. Thicknesses of
LC films fall in the range from a few to tens of micrometers.”>*’
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Here, we fix d; to 1 pm and vary the thickness of the film w. The
quantum efficiency ratio # is taken to be equal to 3.>*°° We vary
the light input intensity « and keep «/f = 10, which fixes d.
through eqn (3).

It should be noted that the polarization can change when
the light travels through the film due to the birefringence effect
of the liquid crystal. This is not the case when the electric field
is parallel or perpendicular to the director, but it will develop in
intermediate cases where the polarization changes cyclically
from a linear, to elliptical to orthogonal linear. As a result, the
actual through-thickness distribution of n. will be affected for
these intermediate cases. In the current paper, however, these
effects are not accounted for. Eqn (4) is used to capture the
general probability of the UV light absorption by the embedded
azobenzenes. In a similar experimental implementation,*® in
which the uniaxially-aligned liquid crystal film is exposed to a
rotating linear polarization of light, the surface features a
continuously undulatory height change.

Optomechanical equations

A local coordinate framework is defined in which the local
x, axis is parallel to the director E|7 (see Fig. 1(a)). The
components of the total strain tensor with respect to this local
reference frame can be written as

e = e+ el ©)

where ¢&; and sgh are the elastic strains and the photo-induced
strains, respectively, and the subscripts i and j run from 1 to 3.
Assuming a linear elastic response for the glassy LC polymer,
the elastic strain tensor is linearly related to the stress tensor,

0 = Cyrir = Cjralera — eB), 7

where Cjj; are the components of the elastic stiffness tensor.
The liquid crystal polymer is considered to be a transversely
isotropic material with rotational symmetry along the director.
There are in total five independent elastic constants: the
Young’s modulus along the director E;4, the moduli perpendicular
to the director E,, = E33, the Poisson’s ratios i, = y443 corresponding
to a contraction perpendicular to 7 when an extension is applied
along the director, the Poisson’s ratio inside the isotropic plane p;
and the shear moduli parallel to the director G, = Gy3. For all
simulations, we adopt Young’s moduli that are close the measured
data,”® Ey; = 1 GPa and E,, = E;; = 0.5 GPa. In contrast to the
incompressibility of rubber-like elastomeric LC systems,®" typical
elastic Poisson’s ratios are in the range 0.3-0.4,”” which means
that elastic stresses can result in changes in volume. Here we take
U1z = Ha3 = toz = 0.3. The shear modulus along the director is set
as Gyp = Gy3 = E14/(2(1 + uy)) = 384.6 MPa. We assume all the
elastic properties to be uniform throughout the film and constant
during the deformations.

The anisotropic spontaneous response resulting from the
azobenzene isomerization is captured by the photo-induced
eigenstrains 8}}1“. These strains are assumed to be linearly
proportional to the volume fraction of the cis molecules,>>"*%°

b = Pyne. (8)
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The Pj; are the components of the photo-responsivity tensor,
defined with respect to the local reference frame. The only non-
zero components of Pj; are Py; and P,, = P33, which denote the
photo-induced contraction and expansions along and perpendicular
to the director, respectively. The photo-Poisson ratio (introduced by
Warner and coworkers in ref. 62), ,uph = —P,,/Py;, is reported to
range from 0.3 to 2 in various glassy polymer systems.®*™*> Some
empirical values were used in previous theoretical studies (e.g,
0.4,>” 0.7°® and 1%’). A photo-Poisson ratio larger than 0.5 leads
to a positive photo-induced volumetric strain: Pl = (Pyy + 2Pyp)n. =
1 - Z,MPh)PllnC > 0. This indicates that there is a volume
increase after the trans-to-cis transition, corresponding to a
density decrease, which was demonstrated through a density
measurement for a free-standing liquid crystal film.** Here we
take Py, = —0.2 from ref. 25 and set P,, = P33 = 0.2 corresponding
to a photo-Poisson ratio pP® = 1.

To complete the mechanical framework, the stress equilibrium
equations and the kinematic equations are adopted to supplement
the constitutive equations (eqn (7)),

5,5 = 0,

and

&j = %(“i,i + 1),
where the operator () ; denotes differentiation with respect to
the coordinate j, ie., 0()/0x;, and the Einstein summation
convention is used in case of repeated indices. Since the liquid
crystal alignment is continuously changing inside the film (see
the director distribution in Fig. 1(c and d)), the director-guided
photo-induced deformations are non-uniform throughout the
film. As a result, stresses build up due to the mismatch of these
deformations, the anisotropy of the material and the constraints
imposed by the rigid substrate.

In this study, periodic boundary conditions are employed on
the lateral surfaces of the unit cell (see the red box in Fig. 1),
in which the director rotates a full 180° in a span of /. All
displacements at the bottom surface are zero due to the perfect
bonding to the rigid substrate and the top surface is traction
free. The above framework is implemented numerically in the
finite element package Abaqus/Standard.

Roughness parameters

Roughness parameters are introduced to quantify the surface
waves. We take the discretized point set of the top surface
before the light exposure to be defined by the points (7, ;) with
coordinates (x(i,j), y(7,/),20), where i = 1, 2,.. .M, j=1, 2,...N and
Zo = w. Upon actuation, the points undergo the displacements
(ux(@,))5 17, )),14(1,))- The first roughness parameter used here
is the modulation depth,*>*® defined as the vertical distance
between the highest and lowest points along the surface profile,

Modulation = r{l_a)x(u;(ihj)) — r(r;igl(uz(i7.j)). 9)
ij i

The modulation depth only concerns the surface height change
along the z axis.
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We also adopt a roughness parameter that is able to incorporate
the slope of the different profiles. Here, the root mean square (RMS)

gradient,’® Sqq, is employed to characterize the slope of the
corrugated surfaces,

1
qu = \/(M — 1)(N — 1)Ssuma

Sk (uz(i +1,)) - uz(ivj)>2

(10)

(11)

where dx; = x(i + 1,j) — x(i,)).

To analyze the applicability of the controllable travelling-
wave developed here, we focus on the swimming speed V of a
free-standing sheet featuring travelling waves with a speed of
U= /.fon its surface,”'*** or the propulsion speed V of fluid through
a channel whose surfaces generate a peristaltic wave,””” to be

A
Ve~ —
A is the wave amplitude (i.e., half the modulation), fis the frequency
and A represents the wavelength of deformation (i.e., the length
of the unit cell in Fig. 1(c)). A*// is used as an indicator relevant
for the propulsion ability of autonomous swimming and peri-
staltic pumping.
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