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Deformable, elastic materials that buckle in response to external stimuli can display “snap-through”,
which involves a transition between different, stable buckled states. Snap-through produces a quick
release of stored potential energy, and thus can provide fast actuation for soft robots and other flexible
devices. Liquid crystalline elastomers (LCEs) exposed to light undergo a phase transition and a
concomitant mechanical deformation, allowing control of snap-through for rapid, large amplitude
actuation. Using both a semi-analytical model and finite element simulations, we focus on a thin LCE
strip that is clamped at both ends and buckles due to an initially imposed strain. We show that when this
clamped, strained sample is exposed to light, it produces controllable snap-through behavior, which can
be regulated by varying the light intensity and the area of the sample targeted by light. In particular, this
snap-through can be triggered in different directions, allowing the system to be reset and triggered
multiple times. Removing the light source will cause the system to settle into one of two stable states,
enabling the encoding and storage of information in the system. We also highlight a specific case where
removing the light source removes the induced buckling and returns the material to an initially flat state.
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In this case, the system can be reset and form a new shape, allowing it to function as a rewriteable
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|. Introduction

Soft elastic materials that undergo a reversible buckling can
display “snap-through”, which involves a transition between
stable buckled states. The occurrence of snap-through is highly
desirable for a range of applications since this mechanism can
magnify the response of the system to external stimuli and
prompt the rapid release of stored potential energy. The latter
attributes are beneficial for fast actuation in devices' and soft
robots.>”? Liquid crystalline elastomers (LCEs) can display snap-
through when exposed to an external source of heat or light, as
experimentally demonstrated in the thermal actuation of
curved LCE surfaces,” and pre-strained thin LCE strips under
low illumination.>® In LCEs containing nematically aligned
mesogens, the imposed heat or light triggers a transition from
the ordered nematic (N) to disordered isotropic (I) state. This
N-I transition has a pronounced effect on LCE micro-pillars
anchored to a surface where increasing the light intensity
can generate a traveling wave of N-I transitions, which can
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propagate through the entire width of the sample, and thus
produce a time-dependent variation in the relative size of the
nematic and isotropic regions.” Concurrently, the wave of N-I
transitions triggers a wave of mechanical deformation. When
the entire face of the LCE post is illuminated, this propagating
opto-mechanical response drives the whole post to dynamically
bend, turn, twist and display “dance-like” movements.®® For
practical applications, however, it could be useful to localize
the light-induced deformations and thus form, for example,
bendable joints or hinges between stiff sections, analogous to
the control over buckling afforded by pneumatic vasculatures*®
in other materials. Using a combination of modeling
approaches, we vary the width of the aperture controlling the
amount of light that hits the surface of a clamped sample. In
this way, we localize the N-I phase transition to certain regions
and attain spatiotemporal control over the buckling in the
material. Furthermore, we find a specific range of aperture
sizes that actuate the desired snap-through and thus are ideal
candidates for soft actuators.

We initially focus on a free (unclamped) LCE strip, in the
absence of light to obtain a frame of reference for the more
complex scenarios considered here. (In the case of the free
strip, the strip’s center of mass is fixed, but there is no
constraint on the free ends, other than remaining in the x-y

This journal is © The Royal Society of Chemistry 2024
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plane). We then systematically analyze the behavior of this free
strip in the presence of light and similarly, determine the
behavior of the clamped strip with and without illumination.
As discussed below, these studies reveal that illuminating a
clamped sample induces a curvature that varies non-
monotonically with the light intensity. Additionally, we find
that the illuminated, buckled strip will encompass both posi-
tively and negatively curved regions along its length, leading to
a non-trivial dependence of the snap-through behavior on
characteristics of the light. Moreover, we find that the specific
buckling response can be controlled by tailoring the interaction
between a curvature induced by the initial strain (compression)
and a curvature induced by the light.

The presence of both positive and negative curvature noted
above proves to be of particular benefit for technological
applications. Targeting these specific regions with light permits
a contact-free reversal of the snap-through, enabling the strip to
buckle in either an upward or downward direction. Buckling in
this upward or downward state remains stable when the light is
removed. Viewing the up or down state as a separate bit (e.g. as
a one or a zero) the system can be used to record and store
information via the buckled state. The message can be rewrit-
ten with the new application of light. This setting and resetting
capability is a necessary step in using snap-through in elastic
systems for digital logic."*

Programming arbitrary director fields into LCEs can be
accomplished via a magnetic field during cross-linking."> The
induced alignment enables not only the snap-through of LCE’s
under an initial strain, but also the introduction of strain and
buckling to initially flat structures. The reversibility and control
of such a system would have clear applications for a haptic
interface device.'*'*

[l. Methods

To avoid confusion, in the subsequent discussion, we use the
word “strip” to refer to the material and the word “beam” to
refer to the light. Our analysis of this system proceeds on two
tracks. The first is a finite element model we have previously
used to explore liquid crystalline elastomer systems,” and
which we have validated against experimental results.®'? This
model can be used to predict the response of LCE films to light
or changes in temperature as a function of the light intensity
and position, as well as the features of the LCE device such as
thickness, length, and director orientation. Additionally, this
model can be used to establish the general effect of these
parameters on length, thickness, and curvature changes, which
can be used to inform a semi-analytical model that can predict
the buckled shapes of the elastomer, more quickly exploring
the parameter space than the finite element simulations alone.

A. Finite element simulations

Our finite element method describes the interaction of
bulk and shear deformations in terms of a free energy using

the Gent hyperelastic model, along with a strain-nematic
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coupling. The elastic terms are given as

J, Im — 1
Fejastic = ,u2m ln<Jm _31> +
m

kIn2J
> (1)

where the quantities I; and J = \/13 come from the first and third
invariants of the strain tensor, respectively. u is the shear
modulus and x is the bulk modulus, while J,, is a constant
describing the maximum extension of the constituent polymer
chains, here set to 30. Viscoelastic effects are accounted for
with a Kelvin-Voigt model,"® which gives a dissipation function
in terms of the velocity gradient tensor computed from the
finite element mesh.

The strain-nematic coupling is an additional free energy
term that connects the deformation gradient tensor in the
material frame to the orientation of the nematic director that
is hard-coded into the material. This coupling is proportional
to the change in order parameter, causing the material to
contract along the axis of the nematic director and expand
along the orthogonal axis when it transitions from a nematic
state to a less ordered isotropic state (¢AS < 0).

Fhem = aASe;; (n,-n_,- - %54-,-), (2)
where 7 is a unit vector defining the nematic director, fixed in
the material frame, and o is a constant describing the strain-
nematic coupling, set to aAS/u = 0.18 to match experimentally
observed deformations.'? Intrinsic curvature can be introduced
into this system in different ways. When the phase transition is
induced by UV light, the change in order parameter can be
localized to one side of the LCE strip. This will result in an
order parameter that varies through the thickness of the strip,
meaning one face of the strip will expand or contract more than
the other. The order parameter is expected to fall off exponen-
tially with depth at low intensities, following the decay of light
intensity according to Beer’s law. However, at higher intensi-
ties, the system will be described by a feedback loop where the
light-induced isomerization reduces the opacity of the material,
allowing more light to penetrate deeper into the elastomer.”
The isomerization is described by a differential equation
in time

dn, 1—n,

—=-I1 , 3
d n, + z ()

where n, is the ground-state trans fraction, I is the light
intensity, I" is the isomerization rate, and 7 is the relaxation
rate. While the attenuation in light intensity as a function of
depth is governed by the fraction of trans isomers

ar 1
dx ~ yI'nm,

(4)

At late times and high intensities, this approaches a logistic
function with respect to depth.

The coordinates of the finite element mesh are updated in
time using a leapfrog integration method, with accelerations
derived from the gradient of the free energy with respect to
the mesh coordinates. Alternating between each of these mesh
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updates, the isomerization at each node is also updated. This is
done by calculating the light path through the material to each
point, using the current mesh coordinates, and applying an
attenuation based on the opacity stored for each element at that
point in time to obtain the intensity at the mesh points.

B. Semi-analytical model

The space of possible parameters for finite element simulations
can be more quickly covered if we develop a semi-analytical
model that attempts to capture the bending energy of elastic
strips under compression. This will pare away the precise
details of deformation of the liquid crystalline elastomer and
give us a simplified view, which we can use to quickly predict
the behavior of the bending strip throughout a multivariable
parameter space.

Here, we describe the shape of the strip in terms of a
deflection angle 6 away from the x-axis, as a function of the
longitudinal coordinate o in the material frame. Here we have
normalized this coordinate to run from 0 to 1 over the length of
the strip. This will make it simpler to describe the bending
energy as a function of the change in this coordinate, the trade-
off being that it becomes more complicated to impose bound-
ary constraints that are measured in Cartesian laboratory frame
coordinates. The energy is assumed to be quadratic in terms of
the change in deflection, and scaled by a bending moment that
can vary along the length of the strip.

| M,
U(x) = 57792 )

where % is the strip thickness, / is the lab-frame length as a
function of the longitudinal position, and M is an elastic
modulus. This is corresponds to the bending energy of a
deformed rod found in texts on elasticity.'® The end-to-end
displacement can be found by integrating with respect to the
material frame coordinate, to obtain

Ay = Jllcos 0(a)do (6a)

0

1
A, = J /sin 0(a)da (6b)
0
These displacements are what is held constant when the strip is
clamped or pinned at the ends. We can enforce these con-
straints by writing down a Lagrangian for the system with two
undetermined multipliers.
1 MR

L= 3 792 — Jylcos 0 — Aylsin0 (7

This can then give an equation of motion for the function 0

M2
50— A0 =7, =0 (8)

where we have approximated the trigonometric functions by
the leading order of their Taylor expansions. This is satisfied by
a general sinusoidal solution

0(x) = Asin(wo + ¢) + C 9)
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The amplitude and wavelength of this solution can be deter-
mined from the boundary conditions. In the case of clamped
boundary conditions, the orientation of the strip will be fixed
and 0 will take on a prescribed value at the ends. In the case of
pinned boundary conditions, we instead have the derivative 0
approaching zero at the ends.

For a strip that has a piecewise constant thickness, we can
apply the solution in eqn (9) to the different regions; the
undetermined multipliers will be constant between the regions,
allowing us to determine the ratio of the wavelengths.

Or(o) = Apsin(wyo + ¢p) + C (10a)
Or(2) = Ag sin(wgo + ¢pg) + C (10b)
where
27,2 2p 2
WL /ZL _ R /21R (11)

I IR

We also require continuity of the deflection angle 6, and a
condition on the derivative of the deflection angle

20y he20r (12)
ZLZ - ZRZ

to satisfy the equations of motion from the Lagrangian. Physi-
cally, we see that this corresponds to balancing the moments
across the boundary. Together, these are enough information
to find a solution for the deflection angle along the whole
length of the strip, with each segment of the piecewise solution
introducing three new parameters but with three boundary
conditions relating it to the solution in the neighboring region.
This method will fact produce several solutions, corresponding
to buckled shapes of different wavelengths. The lowest wave-
length of these, with the smallest bending energy, is chosen for
comparison with the finite element results. The system is also
invariant under sign changes to the amplitude A when the
deflection angle is clamped at zero at the ends, corresponding
to the equal energy of up and down buckled states.

The partial isomerization and variation in the nematic
director can both introduce an intrinsic curvature to the strip
that will be evident in the absence of any constraints at the end.
This curvature will manifest in the Lagrangian as a constant
offset for the quadratic bending energy

1 MR /.

L=~ —(9 - K)Z — Jxlcos0 — J,lsin 0

57 (13)

The resulting differential equation will be satisfied by the same
general sinusoidal function as before. If the intrinsic curvature
varies between regions of the strip, the matching condition
between the two regions is now
hLz <9L — KL> B th <9R — KR) (14)
I? IR

Additionally, the constant in the Lagrangian breaks the sym-
metry between the two solutions. Now we have not only a family
of solutions at different wavelengths but also distinct shapes
for the upward and downward buckled solutions. While the

This journal is © The Royal Society of Chemistry 2024
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Lagrangian ensures that both solutions will be stationary solu-
tions of the equations of motion, these may represent a local
minimum or a saddle point in the space of possible contour
shapes. Additional analysis can assess the stability of these
states, determining which conformation the buckled strip will
actually adopt.

The stability of these states can be predicted through a
discretization of the system into one-dimensional elements
and computing the Hessian matrix from the second derivatives,
as discussed in ref. 6. While the bending moment and induced
curvature can vary stepwise between the illuminated and non-
illuminated regions in the continuous model, we find it is
necessary to introduce an interpolated, and therefore differen-
tiable, value of the curvature and bending moment for ele-
ments crossing the light boundary. Without considering this
contribution to the change in free energy with respect to
position, the system cannot correctly predict the occurrence
of snap-through behavior.

[1l. Results

As detailed below, light gives rise to a propagating isomeriza-
tion front as it passes through the material and produces a
gradient in the local nematic ordering in the sample. The latter
gradient exerts a strain that induces curvature in the strip. If
the strip is clamped at both ends, the system will manifest
additional curvature due to the buckling arising from the strain
at the fixed ends. Varying the balance between these two
sources of bending produces a range of the unusual non-
monotonic behavior described in the following sections.

A. Behavior of unclamped LCE strip

Focusing on a free (unclamped) elastic LCE strip, we determine
the effect that varying the intensity of the applied light has on
other variables, such as length, thickness, and induced curva-
ture that dictate the buckled shape of the strip (Fig. 1A-D).
In the systems considered here, the LCE contains photo-
responsive azobenzenes; the material undergoes isomerization
as the applied light excites the trans isomers in the azobenzenes
into the cis state. The degree of isomerization determines the
opacity of the material (i.e., the penetration depth); Fig. 1A
shows how the degree of isomerization falls off as a function of
depth in a free segment of an LCE strip for different light
intensities at late times. The degree of isomerization also
dictates the change in the nematic order parameter, AS, within
the material. Here, AS to assumed to be proportional’” to the
fraction of the azobenzenes in the excited, cis state, n. = (1 — n),
where n, is the fraction in the trans state.

For a nematic director uniformly oriented along the long
axis of the LCE, an illuminated strip will contract along this axis
and expand along the orthogonal axes, and thus, the sample
becomes shorter and thicker; Fig. 1C shows how the length of
the material decreases and the thickness increases as a func-
tion of light intensity. (In these simulations, we constrained the
expansion of the material along the third axis, out of the plane
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of the page in the figure.) At high intensity, the thickness
approaches 1.33x its initial value, while the length contracts
to 0.75x its original value. The bulk modulus of the material is
assumed to be significantly larger than the shear modulus of
the material, (K = 28 MPa, u = 570 kPa, eqn (1)), maintaining
the volume within 1% of its value in the initial, unstressed
state. These values and the strain-nematic coupling in eqn (2)
correspond to experimentally measured parameters for LCE
materials.>"?

When the change in order parameter varies through the
thickness of the material, the system exhibits an induced
curvature, as depicted in Fig. 1B, where the color bar indicates
the degree of isomerization (which is proportional to the
change in nematic order parameter) from 0 (blue) to 1 (yellow).
The exposed face contracts while the non-illuminated face
retains its original length and the ends of the strip bend
towards the light. Fig. 1D shows how the magnitude of this
curvature varies with light intensity. At low intensity, the order
parameter varies only slightly across the material and so the
deformation is small (Fig. 1B(i)). At high intensity, the change
in the order parameter is large, but approaches a constant value
through the material, causing it to contract but not bend
(Fig. 1B(iii)). The curvature is greatest at intermediate intensi-
ties (Fig. 1B(ii)), where isomerization is significant on one side
of the strip and less on the other side. The maximum value of
the bending achieved for this thickness is 6.4 x 10> rad pm ™"
at an intensity of 40 mW cm 2.

B. Behavior of clamped, pre-strained LCE strip and
appearance of snap-through

1. In absence of light. If the nematic director is oriented
along the long axis of the strip (as in Fig. 1) and the strip is
clamped at both ends, then an initial applied compression
drives the strip to buckle, similar to the geometry explored by
Shankar et al.> Without light, the system remains symmetric in
the longitudinal direction; the strip can buckle upward or
downward with equal probability. Without light to induce a
phase change, the deflection angle along the buckled strip will
follow a sinusoidal function (Fig. 3A); this deflection corre-
sponds to the slope of the strip along its length. The bending
energy of the strip is proportional to the derivative squared of
this function, as in eqn (13). For clamped boundary conditions,
this deflection angle is held fixed at zero at both ends; hence, it
must cover a full wavelength to satisfy the boundary conditions.
(Fig. 3A). Consequently, both the upward buckled (blue curve)
and downward buckled (red curve) will exhibit regions of
positive and negative curvature, as seen from the slope of
the deflection angle, which characterizes the curvature. The
two states will have the same bending energy; the difference
will be that the negatively curved region is in the middle for the
upward-buckled state but at the edges for the downward-
buckled state.

2. In presence of light. The symmetry of the system is
broken when the strip is subjected to light from one direction
(directed upwards along the vertical axis for all of the following
cases). In this geometry, a nematic-isotropic transition induced

Soft Matter, 2024, 20, 3256-3270 | 3259
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B. Free Bending
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0& 103 D. Light-Induced Curvature
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Fig. 1 Free LCE response as a function of light intensity. (A) Fraction of excited cis isomers as a function of material depth at different light intensities. (B)

Resulting conformations for (i) zero intensity, (ii) intermediate intensity (45 mW cm™2) and (ijii) high intensity (150 mW cm

~2), from top to bottom. Colors

indicate the degree of isomerization from 0O (blue) to 1 (yellow). Isomerization causes the strip to contract along the long axis and become thicker. At
intermediate intensity, the variation in isomerization through the thickness causes bending towards the light. At high intensity, the contraction
approaches a constant value and this bending relaxes. (C) Average length and height change through the thickness of the material versus intensity. Under
high intensity light, the material contracts to 0.75x its initial length and expands to 1.33x its initial thickness. (D) Curvature along length of material as
a function of intensity, reflecting the behavior in (B). The maximum amplitude for the bending achieved is 6.4 x 107> rad um™! at an intensity of

40 mW cm™2.

by light (or heat) will lead to a shortening of the strip, relieving
some of the stress applied at the boundaries. From the free
strip behavior shown in Fig. 1, we anticipate two effects due to
the incident light. First, the light-induced curvature at inter-
mediate intensities will create an energy difference between the
two buckled states (whether this light induced curvature has
the same or opposite sign as the initial, strain induced curva-
ture). Second, the light-induced contraction of the strip relieves
some of the initial strain and lowers the barrier between the

3260 | Soft Matter, 2024, 20, 3256-3270

two buckled states. As noted in the Introduction, if the applied
light now passes through an aperture that restricts the size of
the illuminated region, we hypothesize that the resulting
localized opto-chemo-mechanical effects will lead to new
dynamic behavior.

To probe this behavior, we fix the light intensity at 45 mW cm™
and examine the system’s response at two different aperture
widths. The values of the other parameters are fixed as
follows: the initial strain of (L, — L)/L, = 0.3; strip thickness

2

This journal is © The Royal Society of Chemistry 2024
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A. Width 300 ;:m

B. Width 500 ;:m

Fig. 2 Final shapes from finite element simulations, beginning from
the downward buckled state. (A) Aperture width 300 pm and intensity
45 mW cm 2. Beginning from a state buckled towards the light source, the
contraction and curvature induced by exposing the middle of the LCE strip
to light cause the strip to snap through to a state buckled away from the
light. (B) Aperture width 500 pm and intensity 45 mW cm™2. When a larger
region of the LCE strip is exposed to light, it fails to initiate snap-through.

30 um; and relaxed length 1 mm. Fig. 2 shows the shapes of the
buckled strip that were obtained with the finite element simu-
lations for a light intensity 45 mW ecm™> and aperture widths of
0.3 mm (Fig. 2A) and 0.5 mm (Fig. 2B). In both cases, the strip
was initially buckled downward, towards the light source. The
initial configuration was obtained by applying the initial strain
and allowing the system to relax in the nematic state, without
any phase change (i.e., no light). The colors reveal the degree of
isomerization, as indicated by the color bar in Fig. 1B, where
blue corresponds to the unexcited trans state and yellow to the
excited cis state. For this intensity, the exposed face of the strip
undergoes a nematic-isotropic transition, while the side of the
strip not exposed to the light remains non-isomerized. For an
aperture width of 0.3 mm (30% of the relaxed length) the strip,
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initially buckled towards the light, then exhibits a snap-through
away from the light. For a wider aperture (0.5 mm), however,
the elastomer remains buckled towards the light (Fig. 2B).

The semi-analytical model indicates that in the presence of a
light source, buckling away from the light is energetically
favorable for all cases, as seen in Fig. 3B and C. Fig. 3B displays
the energy of the up and down states predicted from the semi-
analytical model as function of light intensity for an aperture
width of 400 pm, marked with open triangles. At low intensi-
ties, both states have some buckling energy associated with the
initial imposed strain. As the intensity and light-induced cur-
vature increases, the energy of the upward-buckled state
decreases because the light-induced curvature (arising from
the phase change on the illuminated face of the strip) and
curvature due to the initial compressive strain have the same
sign at the center of the strip. Thus, both the applied light and
strain favor the same direction of buckling. The energy of the
downward-buckled state, however, increases because the light
induced curvature (see Fig. 2B) is opposite in sign to the initial
strain-induced curvature. At high intensities, the difference
between the two states decreases again as the light-induced
curvature (Fig. 1D) decreases in magnitude. This difference
between states is accompanied by a corresponding energy
released during snap-through. By computing the free energy
in the finite element mesh from eqn (1) and (2) before and
after snap-through, we estimate this release to be approxi-
mately 3 mJ ecm > across a range of intensities (ESI,T Fig. S1).

We now fix the light intensity at 60 mW cm > and vary the
aperture width to obtain the plot in Fig. 3C, which shows the
predicted energy of the two states as a function of the illumi-
nated fraction at a fixed intensity. For the upward buckled state,
the light-induced curvature in the middle of the strip works
cooperatively with the curvature from the initial strain, redu-
cing the free energy. When the illuminated area expands
further from the center, the strain-imposed curvature changes
in sign, as can be seen by comparing the bending near the
clamped ends in Fig. 2A and B. Consequently, the bending
energy for the upward state increases, as shown by the blue
triangles in Fig. 3C near an illuminated fraction of 0.5.

For the downward buckled state, however, the trend is
reversed, where the light-induced curvature (Fig. 2B) works
against the strain-imposed curvature at the center, but coop-
eratively towards the edges. As more of the strip is illuminated,
the difference between the two states decreases and they
converge on a higher energy than the unilluminated strip.
While some energy is relieved by the average contraction, more
is introduced by the light induced curvature at this intensity.

C. Phase diagram for system and stability of the different
buckled states

Despite the fact that the upward buckled state has a lower free
energy across all parameters, if the strip is initially buckled
towards the light, then the system can become trapped in a
non-equilibrated state that has a higher free energy than the
upward buckled state for a specific range of intensities and
aperture widths. Using the same initial conditions with the
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Fig. 3 Free energy and phase diagram. (A) Deflection angle along clamped, buckled strip for downward (red) and upward (blue) buckled state. For
clamped boundary conditions, the deflection follows a sine wave through a full period. Bending energy along the strip is proportional to the derivative
squared of the deflection angle. (B) Free energy for downward and upward buckled state as a function of light intensity for an illuminated width 400 pm.
The induced curvature reduces the energy in the upward-buckled state, where the sign of the induced curvature matches the sign of the curvature
imposed by the initial strain at the center. For the downward buckled beam, these signs differ and the bending energy increases. At high intensities, the
light-induced curvature decreases and the free energy difference between the two states is reduced. (C) Free energy for downward and upward buckled
state as a function of illuminated width for a fixed intensity 60 mW cm™2. When the middle of the strip is illuminated, the light-induced curvature and the
strain-imposed curvature have the same sign for the upward-buckled case (blue triangles), reducing energy, and opposite signs for the downward-
buckled case (red triangles), increasing energy. At larger aperture widths, the signs of light-induced curvature and strain-imposed curvature no longer
match across the whole aperture width and the bending energy increases for the upward-buckled case. The reverse trend occurs for the downward-
buckled case, and the two energies converge when the entire strip is illuminated. (D) Phase diagram for snap-through as a function of aperture width and
intensity. Filled blue triangles indicate parameters for which snap-through occurred in finite element simulations, while filled red triangles indicate
parameters for which the system is trapped in the initial state. The black dashed line encloses the region where snap-through occurs predicted by the
semi-analytical model. This agrees with the finite element results, except for high intensities where the semi-analytical model predicts stability in the
downward-buckled state at all aperture widths, but snap-through occurs for the finite element simulations as the system passes through an unstable
state as the isomerization front propagates through the material.

strip buckled downwards, we constructed a phase diagram
mapping the final state as a function of the light intensity
and aperture width in Fig. 3D. The data from the finite element
simulations are marked by the filled triangles: red, filled

downward pointing triangles represent finite element simula-
tions where the strip remained buckled towards the light
(downwards), whereas the blue filled upward triangles corre-
spond to cases where snap-through occurred.

3262 | Soft Matter, 2024, 20, 3256-3270 This journal is © The Royal Society of Chemistry 2024
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The black dashed line encloses the region where the upward
buckled state is stable, as predicted by the semi-analytical
model. Note the good agreement between this region and the
snap-through region observed in the finite element simulations
(marked by filled triangles). This unstable region forms an
island that is bounded above and below for values of both
aperture width and light intensity parameters. The plot
indicates the light intensity and aperture width must be neither
too low nor too high to induce instability in the structure.

1. Dependence of snap-through on aperture width at fixed
intensity. In Fig. 4, the final shape of the strip obtained from
the finite element simulation is plotted in grey, alongside the
shapes from the semi-analytical model for up (in blue) and
down states (in red). Fig. 4A-C show the systems’ behavior
for different aperture widths at a fixed light intensity of
60 mW cm 2 The curves predicted from the semi-analytical
model are dimensionless and are scaled by the relaxed length
of the strip in the finite element simulation for the purpose of

A. Conformation, Ap. Width 0.1 L,

B. Conformation, Ap. Width 0.4 Lo

View Article Online

Soft Matter

comparison in this figure. Fig. 4D-F show the deflection angle
representation of the corresponding system.

The behavior in Fig. 4A can be understood by looking at the
deflection angle along the length of the elastomer in Fig. 4D.
For the clamped boundary conditions, this angle follows a sine
function through a full period, encompassing areas of both
positive and negative curvature. The curvature is defined by the
derivative of this deflection angle along the length of the
material. For the upward buckled state (drawn in blue), the
negatively curved region lies in the middle of the simulated
strip. Conversely, for the downward buckled state (in red), the
negatively curved region lies at the edges.

The plot in Fig. 4D indicates that when a small region in the
middle of the strip is illuminated, the downward curvature
induced by the light causes a jump in the derivative of the
deflection angle, along with an increased wavelength caused by
the increased bending moment. This behavior makes the
boundaries of the illuminated region identifiable by cusps in
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Fig. 4 Dependence of snap-through on aperture width at fixed intensity 60 mW cm~2. Red and blue curves show the predicted shapes of the upward
and downward buckled states, respectively, while black dotted shapes are the final conformations from finite element simulation. (A) For a narrow
aperture width (100 pm), the curvature induced in a small region in the middle of the strip fails to induce snap-through (B) For a wider aperture (400 pm),
the downward buckled state becomes unstable (dashed line) and the strip snaps through to the upward state. (C) For an even wider aperture (600 pm),
the system is stable in the downward state, as it was for the narrow aperture. (D) Deflection angle for simulation in (A) alongside predictions from semi-
analytical model. A sharp kink is visible in the illuminated region (black and red curves) but the system remains stable. (E) Deflection angle for simulation in
(B). The induced curvature makes snapping through to the upward-buckled state favorable. (F) Deflection angle for simulation in (C). The region of light-
induced curvature encompasses both positively and negatively curved regions, and the energy difference between states is not enough to overcome the
barrier between them.
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the angle distribution, separating the regions with and without
light-induced curvature. This change, however, is not sufficient
to reduce the potential energy barrier between states and the
simulated strip remains in the downward buckled state, near
the semi-analytical prediction for these parameters.

As the area of incident light is increased to 400 pm (centered
over the middle of the strip) (Fig. 4B and E), the energy
difference between the two states grows larger (Fig. 3C) and
the downward buckled state becomes unstable (red line,
dashed to indicate instability). The system involving this larger
aperture displays essentially the same change in the bending
moment and induced curvature as in the narrow aperture case,
but here the induced curvature at the edges of the strip (see
Fig. 2) promotes the snap through from the downward state.
Additionally, the difference in wavelength between the illumi-
nated and unilluminated regions is most readily apparent here
in the unstable downward buckled case, where the quarter
wavelength in the unilluminated region can be seen in the
separation from the edge to the local minimum on one side of
the cusp, giving a wavelength 0.56L, where L is the relaxed
length of the strip. On the other hand, the half wavelength in
the thicker illuminated region can be found from the separa-
tion of the minimum and maximum points between the cusps,
exhibiting a wavelength of 0.90L. The same ratio of wave-
lengths, computed to be 0.62, will exist across different aper-
ture widths and for both upward and downward buckled states
for this illumination; however, it will be difficult to discern
when either the illuminated or unilluminated region is too
small to exhibit a local extremum.

At even larger illumination widths (600 pm in Fig. 4C and F),
the light covers more than half a period of the deflection angle,
meaning it covers regions of both positive and negative curva-
ture in either the upward or downward buckled case. Here, the
induced curvature at the edges of the strip works against the
snap-through from the downward state, rather than promoting
it (as in Fig. 4B), and the downward buckled state is once again
stable, as in the narrow aperture case in Fig. 4A. The reoccur-
rence of bistability correlates with the decrease in energy
between the two states predicted as the illuminated width
encompasses the entire strip in the semi-analytical model as
seen at the right of Fig. 3C.

2. Dependence of snap-through on light intensity at fixed
aperture width. Fig. 5 shows the final state at various light
intensities at a fixed aperture width of 300 um for both the
finite element simulations (in grey), and the semi-analytical
model. Dependence on intensity can be understood as follows:
as the light intensity increases, the gradient in the degree of
isomerization creates a curvature large enough to overcome the
barrier between the states. At very high intensities, however, the
change in phase is uniform through the strip as seen in Fig. 1,
and the light induced curvature is no longer present; hence, the
barrier between the states reappears.

At low intensity (15 mW c¢cm™?) in Fig. 5A and D, the light
does not induce enough curvature or relieve enough strain to
overcome the energy barrier and the finite element simulation
follows the red, downward-buckled curve obtained from the
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semi-analytic model. At intermediate intensity (60 mW cm™?) in
Fig. 5B and E, the light-induced curvature creates a sufficiently
strong bias to tip the system into the upward-buckled state
(blue curve). At still higher intensity in Fig. 5C and F, the finite
element simulation again shows snap through, even though the
state buckled downwards, towards the light, is predicted to be
once again stable in the phase boundary obtained from the
semi-analytical model (Fig. 3D).

Beginning from an unilluminated, nematic state, high
intensity light will induce snap through as the system passes
through a partially isomerized state, as denoted by the blue
triangles outside the phase boundary in Fig. 3D. Beginning
from the nematic state, however, causes the finite element
simulation to pass through a partially isomerized state that is
unstable, inducing snap through (grey conformation). Begin-
ning from uniform illumination and narrowing the aperture
causes the regions at the edges to relax from an isomerized,
isotropic state back to the nematic state, keeping the strip in
the downward buckled state (green conformation). The result-
ing shape and deflection angle is plotted in Fig. 5C and F,
respectively.

Notably some cases in Fig. 4 and 5 show a discrepancy
between the predictions from the finite element simulations
and the semi-analytical model The reason for these differences
is discussed further below.

D. Dynamic trajectory to snap-through state

For the strain values studied here, we find that while both
upward and downward buckled states are symmetric about the
vertical axis, the snap-through trajectory between these states is
asymmetric. Tracking the coordinates of the buckling strip in
the finite element simulations reveals that the middle of the
strip translates to one side concurrently with the vertical
motion. Furthermore, stability predictions from the semi-
analytical model suggest that cases where only a specific
section of the strip can undergo isomerization will yield differ-
ent behavior than cases where the isomerized regions can shift
and grow with time. In particular, such cases, where the phase-
change is confined to regions in the material frame by pattern-
ing during fabrication, (as in dual-phase nematic elastomers),"®
do not display the same snap-through behavior exhibited by the
cases in the preceding results where isomerization was loca-
lized in the lab frame by an aperture.

We test this hypothesis via finite element simulations and
confirm that cases where isomerized regions can grow and shift
produce snap-through, whereas restricting the isomerization to
specific elements traps the system in its initial state. Fig. 6A
and B show the final states of these two different realizations
for an initial strain of 0.3, intensity 60 mW cm™2, and active
region of width 200 pm determined by aperture width or
material properties. These results reveal that an essential part
of the mechanical instability that leads to snap through is the
dynamic change in the area of the phase transition; the strip
shifts slightly, changing which regions are isomerized by light,
and thus inducing further deformation.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Dependence of snap-through on light intensity for fixed aperture width (200 um). Red and blue curves show the predicted shapes of the upward
and downward buckled states, respectively, while black dotted shapes are the final conformations from finite element simulation. (A) At low intensity
(15 mW cm™), the curvature induced by light is weak and the system remains in the downward-buckled state. (B) At medium intensity (60 mW cm~2) the
curvature induced by the light renders the downward buckled state unstable and it snaps through to the upward-buckled state. (C) At high intensity
(150 mW cm™2) both the downward buckled and upward buckled state are stable. Beginning from the nematic state, however, causes the finite element
simulation to pass through a partially isomerized state that is unstable, inducing snap through (black dotted conformation). Beginning from uniform
illumination and narrowing the aperture causes the regions at the edges to relax from an isomerized, isotropic state back to the nematic state, keeping
the strip in the downward buckled state (green conformation). (D) Deflection angle for simulation in (A) alongside predictions from semi-analytical model.
The discontinuity in the derivative, arising from the inhomogeneous light-induced curvature, is small at this intensity and the system remains stable in its
initial state. (E) Deflection angle for simulation in (B). The larger induced curvature makes the upward-buckled state more energetically favorable relative
to the downward buckled state. (F) Deflection angle for simulation in (C). The light-induced curvature decreases at high intensity, but the finite element
simulation undergoes snap-through as it passes through a partially isomerized state. An alternate finite element simulation relaxed from an isotropic

initial state demonstrates the stability of the downward-buckled state for these parameters (green conformation).

This result implies that the curvature and contraction
induced by light must encompass time-dependent behavior to
induce snap-through. In particular, Fig. 6C shows the trajectory
of the finite element mesh node at the center of the strip as a
function of time for the simulation producing Fig. 6A. The
middle of the strip swings to one side in the horizontal
direction, immediately prior to the rapid switching in the
vertical position. The strip then settles back into a symmetric
shape. Fig. 6D displays the isomerization as a function of time
for the nodes on the surface of the mesh closest to the light.
The illuminated region occupies the same width in the lab
frame but shifts and grows in the material frame during the
snap through.

After producing snap-through in one direction, the system
can be reset without mechanical contact by altering the illumi-
nated region via a photomask or screen. Making use of the fact

This journal is © The Royal Society of Chemistry 2024

that the curvature at the edges has the opposite sign of the
curvature in the middle, we show that directing light at the
edges of the strip can induce snap-through in a strip buckled
away from the light, causing it to move towards the light. As
shown in Fig. 7, this snap-through exhibits behavior similar to
that for the case of photophobic snapping induced by centered
light in Fig. 3-5. The black bars in Fig. 7A and B represent a
screen which blocks the light from hitting the central region of
the strip. Fig. 7A depicts the final states of the finite element
simulation for a screen width of 400 um at intensities of
15 mW cm~? and 90 mW c¢m ™2, under an initial strain of 0.3.
At the lower intensity, the system remains buckled away from
the light, but at the higher intensity, it snaps through towards
the light. This demonstrates how increasing light above a
certain threshold is necessary to overcome the energy barrier,
analogous to Fig. 5.

Soft Matter, 2024, 20, 3256-3270 | 3265
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Fig. 6 Dependence of snap-through on time-dependent isomerization. (A) When the isomerized region is controlled by shining a light on a fixed region
in the lab frame, the snap through phenomena described above can occur. The figure shows the final conformation from finite element simulation for an
aperture width 200 um and intensity 60 mW cm™~2. (B) When the isomerization is confined in the material frame, the system is trapped in the downward
buckled state. The figure shows the final conformation from a finite element simulation at incident intensity 60 mW cm~2 where isomerization is confined
to the elements in a 200 um region about the center in the pre-strain conformation. (C) Trajectory of center node of finite element mesh over time
during snap-through. The horizontal position (blue dotted line) moves asymmetrically immediately prior to the vertical snap-through (orange dashed
line). (D) Isomerization in the material frame over time. The horizontal motion in the previous panel causes a change in the regions of the material
undergoing a phase change, altering where the material is deformed and curved. This degree of freedom is essential to snap-through for the boundary

conditions studied here.

Fig. 7C shows the sensitivity of the snap-through phenom-
enon to the width of the screen blocking the central region
from light. As with the aperture width in Fig. 4, this screen
width must be neither too small nor too large. At a constant
intensity of 30 mW cm ™2, initial strain 0.3, and a screen width
of 500 pm, when only the edges are illuminated, the change is
insufficient to induce snap-through. At 300 pm, the downward
curvature induced by the light is enough to overcome the
upward curvature at the edges and cause the system to transi-
tion. At 100 pm, most of the strip is illuminated and the

3266 | Soft Matter, 2024, 20, 3256-3270

competing interactions of the induced curvature with the
varying curvature within the elastomer prevents it from snap-
ping through.

The data collected from these simulations is plotted as a
phase diagram in Fig. 7D (similar to Fig. 3D), illustrating the
range of light intensity and screen width that can induce snap
through in the opposite direction. The dashed line delineates
the stable boundary predicted by our semi-analytical model. It
should be noted that while snap-through away from the light
can be triggered for pinned boundary conditions, where the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Snap-through in opposite direction (A) final conformation from finite element simulation with intensity 15 mW cm~2 and screen width 400 um.
The strip remains in the upward-buckled state. (B) Final conformation at higher intensity (90 mW cm™2). The curvature induced by the bimorph at the
edges causes the strip to snap through towards the light. (C) Effect of screen width variation at constant intensity 30 mW cm™2. The initial conformation is
indicated via the black line. For a narrow screen (100 um, blue line), the energy difference between buckled states is insufficient to induce snap-through.
For a wider screen (300 um, orange line) the strip can reduce free energy by snapping through to the downward-buckled conformation. When a 500 um
region is blocked (yellow line) the system is stable in its original state. (D) Phase diagram showing the values of screen width and intensity for which finite
element simulations initially buckled away from the light underwent snap-through towards the light (red) or remained in initial state (blue). Black dashed
line indicates phase boundary predicted by semi-analytical model. As with the centered aperture, there is a range of intensities and widths bounded
above and below for which snapthrough occurs.

angle at the ends of the strip is unconstrained, reversing the
behavior in the manner described above requires the curvature
of the strip to take on both positive and negative values along
its length, which only occurs for the clamped boundary case.

E. Buckling in initially flat strips

A number of fabrication schemes exist for LCE systems, which
determine the orientation of the nematic director within the
material via mechanical alignment," shear flow,>® surface
alignment,* or direct ink writing.>*> Our model system involves

This journal is © The Royal Society of Chemistry 2024

the use of a magnetic field during cross-linking to align the
director, decoupling this orientation from the spatial dimen-
sions of the system."

With the nematic director oriented orthogonal to the long
axis of the strip, the strip will assume a flat geometry in the
absence of light and increase in length under illumination
(rather than contract as in Fig. 1). The increase in length for
this geometry under illumination introduces strain when the
ends are fixed, and can induce buckling in a thin clamped strip
that is flat in the nematic state. Fig. 8 shows how length and

Soft Matter, 2024, 20, 3256-3270 | 3267
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Fig. 8 Free LCE as a function of light intensity for orthogonal orientation of director. (A) Average length and height change through the thickness of the
material versus intensity. Length increases by a factor of 1.34 at high intensity, with thickness decreasing by a factor 0.74. (B) Resulting conformations for
zero intensity, intermediate intensity (45 mW cm™2) and high intensity (150 mW cm™2). Color indicates the degree of isomerization from 0 (blue) to 1
(yellow). At intermediate intensity, the expansion of the strip along the long axis and contraction along the thickness causes bending away from the light.
At high intensity, this bending decreases. (C) Curvature induced in the LCE strip as a function of intensity. The induced curvature has the opposite sign

versus Fig. 1D. The maximum value attained is 9.8 x 107° rad pum™ at an intensity of 40 mW cm

~2.(D) Center deflection as a function of intensity for

different illuminated areas at the center and edges. Circles and crosses represent finite element simulations for different aperture and screen widths,
respectively, while dashed lines correspond to predictions from the semi-analytical model. In all cases, increasing the illuminated area and increasing the

light intensity led to an increase in the amplitude of the deflection.

curvature vary for this geometry, in contrast to the director
orientation along the strip in Fig. 1. In Fig. 8A, the length along
the strip grows with respect to intensity. This reconfiguration is
accompanied by the strip growing thinner, becoming easier to
bend as it extends. The height contraction and length expan-
sion reflect the rotation from Fig. 1B, with the length increasing
by a factor 1.34x at high intensities and the height contracting
by 0.74x.

Furthermore, the induced curvature shown in Fig. 8B is away
from the origin of the incident light, as the illuminated face

3268 | Soft Matter, 2024, 20, 3256-3270

increases in length by a greater amount than the opposite side
of the material. This behavior reverses the sign of the induced
curvature relative to that found in Fig. 1D, but displays similar
qualitative behavior, first increasing then decreasing in magni-
tude as the isomerization front moves through the thickness
of the material. The magnitude of this curvature is greater
than that in Fig. 1, as the phase transition also makes the
strip thinner and easier to bend as it progresses, achieving a
maximum value of 9.8 x 107 rad um™ " at an intensity of

40 mW cm 2

This journal is © The Royal Society of Chemistry 2024
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Fig. 8D shows the deflection of the center of the film as a
function of light intensity, for different areas of illumination.
The plot reveals the amplitude of the deflection increases
monotonically with intensity, and with the area of illumination.
The direction of the deflection is dictated by whether the center
or the edges of the strip are illuminated: in the absence of an
initial strain, center illumination will produce buckling down-
wards towards the light in this geometry (circles) while edge
illumination will produce buckling upwards (crosses), away
from the light. Removing the light will allow the strip to return
to its initial flat state.

V. Conclusions

Snap-through of elastic systems under confinement enables the
quick release of stored potential energy, permitting fast, large-
amplitude actuation from the response of liquid crystalline
elastomers. While this buckling can occur in different direc-
tions under physically symmetric conditions, either up or
down, the direction can be controlled when the symmetry is
broken by an external light source. This control can depend
non-trivially on several different parameters, namely the inten-
sity and position of the incident light. Both the curvature and
contraction induced by the non-uniform phase transition dic-
tate the energy difference between states and the barrier
between these states. As the curvature of the buckled strip is
non-uniform, the behavior is dependent upon where along the
length any curvature change caused by light actually occurs.
Using two numerical methods in concert, we map a phase
diagram predicting what range of intensities and beam widths can
induce a transition between buckled states. By altering these
parameters, snap-through in different directions can be achieved,
allowing the system to be reset and triggered multiple times.
Removing the light source will cause the system to settle into one
of two stable states, storing information about the light stimulus.
When the director is oriented orthogonal to the long axis of
the LCE strip, the nematic-isotropic transition will cause the
strip to increase length, introducing additional strain rather
than relieving it. This behavior can induce buckling in an
initially flat strip. If the transition is localized via light, the
direction of this buckling can be controlled by inducing curva-
ture towards the light either at the ends or the center of the
strip. Removing the light source will remove the buckling in
this case, resetting the system for the formation of a new shape
and allowing it to function as a rewriteable haptic interface.
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