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Tailoring the local stiffness and morphing behaviors of reconfigurable structures
would create new opportunities for many applications, including in soft robotics,
butis usually challenging to achieve. Herein, we present a facile strategy to harness
the molecular-material-structural interactions of liquid crystal elastomers to create
diverse stiffness-heterogeneous, reversibly morphing structures via locally
controlled photopolymerization and mechanical training. Sequential
programming of non-photopolymerized regions allows for reshaping of the
programmed structures, like in a “face” that can sequentially display facial
features.
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Morphing of stiffness-heterogeneous liquid crystal

elastomers via mechanical training

and locally controlled photopolymerization

Yi Li," Gina Parlato,’ Francis K. Masese,” Rajeswari M. Kasi,?* Teng Zhang,*>* and Xueju Wang'3:¢*

SUMMARY

The large, reversible shape-changing behaviors of liquid crystal
elastomers (LCEs), resulting from liquid crystal-polymer network
couplings, are promising for many applications. Despite intensive
studies, harnessing molecular-material-structure interactions of
LCEs for the design of locally controlled shape-morphing struc-
tures remains a challenge. Here, we report a facile and versatile
strategy to tailor the stiffness and the morphing behavior of re-
configurable LCE structures via locally controlled mesogen align-
ment and crosslinking densities. Selective photopolymerization
of spatially aligned LCE structures yields well-controlled lightly
and highly crosslinked domains of distinct stiffness and selective
permanent mesogen programming, which enables various previ-
ously inaccessible stiffness-heterogeneous geometries, as demon-
strated in diverse morphing LCE structures via integrated experi-
mental and finite element analysis. Furthermore, programming of
the non-photopolymerized regions allows for reshaping, as shown
in a sequentially shape-morphing LCE rod and “face”. The heter-
ogenous morphing LCE structures have the potential for many ap-
plications, including in artificial muscles, soft robotics, and many
others.

INTRODUCTION

Structures composed of soft, stimuli-responsive materials including hydrogels,’?
shape memory polymers,® dielectric elastomers,’® magnetically responsive com-

posites,‘?’12 and liquid crystal elastomers (LCEs),"> "

are of growing interest for
many potential applications such as biomedical devices,”*?* deployable solar
panels,”®?* soft robotics,”?> and many others. Such structures can respond to
external stimuli (e.g., light, electric field, magnetic field, pH, temperature, and pres-
sure) to achieve targeted reconfigurations. Recently, LCEs, which combine the rub-
ber elasticity of polymer networks with the orientational order of liquid crystals (LCs,
mesogens),'*1*?°% have received much attention for their unique properties,
including soft elasticity, and large, reversible shape changes, which are promising
for applications such as in artificial muscles,’”*’~*? soft robotics,*'*? and reconfig-
urable structures.'*"’'%434% The macroscopic shape change of LCEs relies on a
reversible nematic—isotropic state transition of mesogens upon exposure to external
stimuli (such as heat and light), which is tightly coupled with the alignment of meso-
gens.”>™* Take LCEs synthesized by the two-stage thiol-acrylate Michael addition-
photopolymerization (TAMAP) reaction for example, to program LCEs for actuation.
LCEs are first aligned from a polydomain network into a monodomain (i.e., nematic

PROGRESS AND POTENTIAL

Adaptive structures of stimuli-
responsive materials that can
change their shapes and therefore
functionalities are promising for
many applications including soft
robotics and biomedical devices.
Capabilities for the local control of
their material properties and
morphing behaviors have been
desired but remain a challenge.
Here, we introduce a facile
technique to create stiffness-
heterogeneous morphing
structures of liquid crystal
elastomers via selective
photopolymerization and
mechanical programming. More
specifically, tailoring molecular
interactions enables material
regions of distinct stiffness, which
synergistically determines the
morphing behavior of diverse
asymmetric three-dimensional
structures and subsequent
sequential programming of the
structure. The results represent a
significant step toward creating
next-generation intelligent
materials and structures with well-
controlled properties for
engineering applications.
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mesophase),”®*® which is then permanently fixed via a second-stage photopolyme-

rization, where additional crosslinking is induced. Typical alignment techniques

17,49-54 35,55

include mechanical alignment, surface alignment, the use of external

fields (electrical and magne’cic),S"’57

(DIW) 3D printing.*'->%%?

and the recently developed direct ink writing

Existing efforts in creating LCE structures with various geometries and actuation be-
haviors have laid a solid foundation for the potential applications of LCEs. To further
enhance their performance and to better mimic functionally gradient materials that
are ubiquitous in biology and in engineering applications, LCEs with locally
controlled properties are desired. Recently, a facile strategy was reported to print
3D LCE structures with graded properties by varying printing parameters.®? It has
also been revealed that the mesogen alignment, which is tightly coupled with the
shape-morphing behavior of LCEs, is affected by the programmed strain.®* Despite
intensive studies, it remains largely unexplored how localized mesogen alignment
and crosslinking densities at the molecular scale correlate with the mechanical prop-
erties at the material level and the shape-morphing behaviors at the structure level.
Tailoring the morphing behaviors of LCEs via the local control of the molecular- and
material-level properties would open up many opportunities for the applications of
LCEs, such as variable stiffness for amphibious robots to operate in both aquatic and
land environments.

Here we present a facile technique to create heterogeneous stiffness in morphing LCE
structures via locally controlled photopolymerization and mechanical training. The
approach exploits mechanical training,” % including compressive buckling and
folding, to achieve spatially aligned mesogens in the nematic state of LCEs based
on the two-stage TAMAP reaction.?®*® Applying a photomask during photopolymeri-
zation yields localized programming of LCE monodomains and highly crosslinked
networks in the exposed regions. The Young's modulus of the light-exposed regions
is found to be almost 50 times as large as that of the non-exposed ones, creating het-
erogeneous stiffness in a single 3D LCE structure. Heating and cooling across the
isotropic clearing temperature (T) of LCEs induces the nematic—isotropic transition
at the locally programmed regions, driving the shape morphing of the entire LCE
structure. Highly integrated experimental and computational studies of systematically
tailoring the shapes of a representative LCE ribbon structure illustrate the reliability of
the proposed strategy. Furthermore, five 2D ribbons are mechanically trained into
“UCONN" letter-like shapes via local photopolymerization, which can morph between
their ribbon and letter shapes reversibly. The non-photopolymerized regions of LCE
structures can be further sequentially programmed via local mechanical training and
photopolymerization at the molecular level, resulting in multiple target shapes that
can be actuated sequentially. The strategy can be further extended to a 3D LCE
“face” formed through local molding and photopolymerization, which exhibits the
sequential appearance of facial features. To summarize, the reported strategy based
on mechanical training and locally controlled photopolymerization can enable the
following salient features: (1) Formation of asymmetric, open-mesh 3D LCE structures
with heterogeneous stiffness that are inaccessible with previous techniques; (2)
sequential programming for repurposing or reshaping of structures by programming
the lightly crosslinked regions; (3) creation of complaint, stretchable structures, as well
as large, reversible shape morphing due to the softer lightly crosslinked region; and (4)
ease of use, as well as being versatile, scalable, and compatible with existing mesogen
alignment techniques. Harnessing the correlations between mesogen alignment and
crosslinking at the molecular level and material properties and morphing behaviors at
the material/structure level creates many opportunities for locally programmed LCE

2 Matter 5, 1-15, December 7, 2022

Matter

'Department of Materials Science and
Engineering, University of Connecticut, Storrs, CT
06259, USA

?Department of Chemistry, University of
Connecticut, Storrs, CT 06269, USA

3Polymer Program, Institute of Materials Science,
University of Connecticut, Storrs, CT 06259, USA
4Department of Mechanical and Aerospace
Engineering, Biolnspired Syracuse, Syracuse
University, Syracuse, NY 13244, USA

5Biolnspired Syracuse, Syracuse University,
Syracuse, NY 13244, USA

éLead contact

*Correspondence: tzhang48@syr.edu (T.Z)),
xueju.wang@uconn.edu (X.W.)

https://doi.org/10.1016/j.matt.2022.08.019


mailto:tzhang48@syr.edu
mailto:xueju.wang@uconn.edu
https://doi.org/10.1016/j.matt.2022.08.019

Please cite this article in press as: Li et al., Morphing of stiffness-heterogeneous liquid crystal elastomers via mechanical training and locally
controlled photopolymerization, Matter (2022), https://doi.org/10.1016/j.matt.2022.08.019

Matter ¢? CellPress

A RM257 ~am~ (Lightly crosslinked (Temporary alignment)
polydomain)
EDDET —~—

Excess
-
PETMP > @% acrylate B §
Michael —

e ; = Mechanical State 1
&(::'t;o;‘) N alignment \
g ate (release of the ”
subs“ prestrain) ‘as‘ome\‘
Bonding = Re\aﬁede
site pre=stf
) Photo-crosslinking
UV light l (Stage 2)
(Isotropic state)
State 2 Removal from *
. y g the substrate Stateis
ey 4 ——
\/’/ Heating

[l
\ ~
1
1

Heating
Buijoon
\

\
¥
\ : -
\
\ ,”
\ .
\ 7
(Programmed g’ -

monodomain: highly (Lightly crosslinked (Programmed
crosslinked) polydomain: can be monodomain: highly
State 3 reprogrammed) crosslinked)
B [of Emax (%)
[TTTTTT] As-buckled 3D structure
Min (0) Max (3.854) -

2| Highly crosslinked

Lightly crosslinked
ontly UV exposure

with a photomask

‘* Heating

= NN

Stress (MPa)

Heating f; Cooling

I ~/-\ J\
100 200 300

Strain (%) "

o

Figure 1. Stiffness-heterogeneous morphing LCE structures via local photopolymerization and mechanical training
(A) Schematic illustration of the fabrication and shape-morphing schemes of 3D LCE structures with heterogeneous stiffness, as well as the associated
microscale mechanism.

(B) Stress-strain curves of lightly and highly crosslinked LCEs.

(C) FEA simulation and experimental results of the shape-morphing behavior of a 3D LCE ribbon structure after local photopolymerization and
mechanical training. Scale bars, 2 mm. The strain refers to the maximum principal strain.

structures for potential applications in soft robotics, biomedical devices, and many
others.

RESULTS

Tailoring the local crosslinking densities and stiffness of 3D LCE structures

Figure 1A schematically illustrates the fabrication and shape-morphing schemes of 3D
LCE structures with heterogeneous stiffness. The procedure starts with the synthesis of
LCE films using the TAMAP methodology.?**® Three major components are used in
forming LCEs: (1) a structural component mesogen, 1,4-Bis-[4-(3-acryloyloxypropy-
loxy) benzoyloxy]-2-methylbenzene (RM257), which gives rise to the ordered LC
phases; (2) a di-thiol monomoer 2,2-(ethylenedioxy) diethanethiol (EDDET); (3) a cross-
linking monomer pentaerythritol tetrakis (3-mercaptopropionate) (PETMP). Mixing
RM257, EDDET, and PETMP induces stage 1 reaction to form an initial, lightly cross-
linked LCE polydomain network. Please note that a photoinitiator (2-hydroxye-
thoxy)-2-methylpropiophenone (HHMP) is also added to the solution to enable the

Matter 5, 1-15, December 7, 2022 3



controlled photopolymerization, Matter (2022), https://doi.org/10.1016/j.matt.2022.08.019

Please cite this article in press as: Li et al., Morphing of stiffness-heterogeneous liquid crystal elastomers via mechanical training and locally

¢? CellPress

subsequent photopolymerization process. The lightly crosslinked polydomain LCE
films are patterned into designed 2D geometries by using a CO; laser (VLS 2.30; Uni-
versal Laser System, Ansonia, CT) and then transferred onto a pre-stretched silicone
elastomer substrate (Dragon Skin; Smooth-On, Easton, PA) as an assembly platform.
An ultra-thin layer of superglue is applied to the 2D pattern at selective locations
(bonding sites) to provide strong adhesion between the pattern and the substrate,
while relatively weak van der Waals forces dominate the interface at all other locations.
Release of the pre-strain in the elastomer substrate causes large compressive forces at
the bonding sites, inducing in- and out-of-plane translations, and therefore geometri-
cally transforms the 2D LCE pattern into a 3D structure (state 1). At the molecular level,
the compressive strains induced during the buckling process spatially align mesogens
into monodomains of ordered LC phases.

To create LCEs with heterogeneous stiffness, a photomask is used to selectively
cover regions of LCE structures during the stage 2 photopolymerization, resulting
in programmed, highly crosslinked monodomain regions (photopolymerized) and
lightly crosslinked polydomain regions (non-photopolymerized) coexisting within
one structure. For example, half of the ribbon structure is covered with a photomask
(gray region, lightly crosslinked, denoted by LCE x.) while the other region is
exposed (purple region, highly crosslinked, denoted by LCEx(). Ultraviolet light
(UV) (wavelength: 365-400 nm) exposure initiates the stage 2 polymerization pro-
cess in the purple region by inducing additional crosslinking, and permanently pro-
grams the aligned mesogen monodomains of the LCE, thereby “locking” the shape
in this region. While in the gray region of the structure (LCE, ), which is covered by
the photomask, lightly crosslinked LCEs are maintained. The difference in the cross-
linking density and mesogen alignment in the two regions results in heterogeneous
stiffness within one structure (state 1*). To quantify their stiffness, highly crosslinked
and lightly crosslinked LCE samples are patterned into a dimension of
25 x 15 x 1 mm using a CO;, laser and tested using a tensile tester (MTEST Quattro;
ADMET Inc., Norwood, MA) at a displacement rate of 0.01 mm s~'. The Young's
modulus of the highly crosslinked LCE is measured to be 6.09 MPa, which is about
48 times as large as that of the lightly crosslinked LCE (0.126 MPa), as shown in Fig-
ure 1B. This distinct difference in modulus and mesogen alignment between the
LCEpxL and LCE x regions creates locally heterogeneous stiffness and governs
the morphing of LCE structures, which is discussed below.

After the structure is removed from the substrate, heating above the isotropic clearing
temperature (T; = 62°C in this study) disrupts the LC molecular order in the nematic
state (purple region) and drives the 3D LCE structure to return to its 2D configuration
(state 2).? When it cools down, isotropic-nematic state transition occurs in the LCEpx.
(purple) region, driving the whole structure to morph into its 3D shape. The stiffness
and mesogen alignment heterogeneity can yield an interesting asymmetric structure,
which is difficult to achieve via existing alignment techniques, including surface
patterning®>°
LCEpx. region can be reversibly achieved via heating and cooling across T;, thereby

and 3D printing.>'"*"*" The nematic-to-isotropic transition at the

enabling the macroscopic reversible shape-switching capability of the asymmetric
3D LCE structure. Please note that the lightly crosslinked polydomain region can be
further programmed for multipurpose functionality, which is discussed in the section
"Diverse stiffness-heterogeneous morphing LCE structures”.

Figures 1C and S1 present experimental and quantitative finite element analysis

(FEA) of the configurations of a representative LCE ribbon structure corresponding
to different states in the schematic illustration of Figure 1A. The color bar denotes
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maximum principal strain distributions within the structure. The as-buckled LCE rib-
bon structure adopts an arc shape. After selective photopolymerization using a
photomask, it is partially programmed and can return to its 2D configuration upon
heating above 62°C. This 2D ribbon can morph into an asymmetric 3D shape result-
ing from locally controlled heterogeneous stiffness and spatial mesogen alignment
when it cools below 62°C, as shown in Video S1. The shape changes between the 2D
pattern and the asymmetric 3D shape are reversible due to the reversible nematic-
isotropic state transition of mesogens in the programmed LCEx, regions. In addi-
tion, we perform polarized light microscopy imaging (Olympus BX51P microscope)
to determine the presence of liquid crystalline textures in pristine, uniaxially
stretched, and buckled LCE samples. Please note that the pristine and uniaxially
stretched samples are imaged here as a reference. Figure S2 shows that the pristine
LCE samples without any processing do not reveal liquid crystalline textures at 25°C,
while the uniaxially stretched LCE samples reveal the presence of liquid crystalline
birefringent textures at 25°C with some degree of alignment. Similar observations
are made for buckled LCE structures (corresponding to state 3 in Figure 1C) imaged
at 25°C (Figure S3). Birefringence from the local ordering of liquid crystalline do-
mains at various sites indicates the influence of compressive forces on the local align-
ment of mesophases.

Modeling of the shape-morphing behavior in the stiffness-heterogeneous LCE struc-
ture is conducted based on a Saint-Venant-Kirchhoff model. The shape fixing and
stiffening in the programmed, highly crosslinked region (highlighted in purple) are
achieved by a “model change” feature in Abaqus.”’ More specifically, the 2D
pattern is designed with two regions and have a uniform ground state modulus of
0.126 MPa, corresponding to the lightly crosslinked polydomain state of LCEs after
stage 1 reaction. The entire structure is then compressively buckled into a 3D shape
simulated by using 3D elements. The meshes are then removed and reactivated, and
set to be stress-free through the “model change” feature. The modulus of the highly
crosslinked region is then set to be 6.09 MPa based on the experimental measure-
ment results in Figure 1B, to capture the modulus change from lightly to highly cross-
linked regions after stage 2 photopolymerization. Please note that the effect of buck-
ling-induced heterogeneous strain distributions on the stiffness is not considered
here. Despite this simplification, the modeling results are shown to be highly consis-
tent with the experimental observations, which demonstrate that the experimentally
informed model is very promising in predicting the shape-morphing behavior under
stiffness heterogeneity. In addition, we studied the effect of modulus ratios between
the highly crosslinked (LCEpx.) and lightly crosslinked (LCE ) regions by setting
EicEu /ELcey =5,35,100 respectively. Figure S4 shows the FEA predictions for
the final configurations (nematic state) under these modulus ratios. The color bar
represents the maximum principal strain distribution. The results show that as the
modulus ratio increases, the structure has a better capability for shape fixing, due
to the stiffer portion of the structure. Eventually, the structure reaches to a
converged configuration and does not show significant changes with a further in-
crease of the modulus ratio.

We further study the effect of localized mesogen alignment and crosslinking den-
sities as well as the resulting heterogeneous stiffness on the configuration and
morphing behavior of the ribbon structure by varying the location and the areas of
lightly and highly crosslinked LCE regions. Figure 2 presents a collection of experi-
mental results and FEA predictions for various mechanically trained 3D LCE ribbon
structures, where selective UV exposure of the buckled structure yields both sym-
metric and asymmetric 3D shapes of varying degrees of deformation. As shown in
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Figure 2. A collection of experimental results and FEA predictions for locally programmed and mechanically trained 3D LCE ribbon structures, where
heterogeneous stiffness of the buckled structure yields both symmetric and asymmetric 3D shapes of varying degrees of deformation

(A) LCEs with one locally programmed region of increasing areas.

(B) LCEs with two symmetric locally programmed regions.

(C) LCEs with three locally programmed regions. Scale bars in (A)—(C), 2mm. The purple regions are UV exposed and highly crosslinked. The strain refers
to the maximum principal strain.

Figure 2A, enlarging the UV exposed area in the left half of the 3D LCE ribbon struc-
ture increases the area of the highly crosslinked (larger stiffness) and the “locked”
mesogen alignment region, and therefore enhances the deformation degree of
the whole structure, leading to various asymmetric 3D shapes. Furthermore, extend-
ing the UV exposed area to two separate sections in a symmetric manner, as shown in
the first three structures in Figure 2B, yields various symmetric 3D shapes with
different degrees of deformation. Due to the design flexibility of the photomask, re-
arranging these two UV exposed regions to break their symmetry (last two structures
in Figure 2B) results in asymmetric geometries. These results show that the configu-
ration and the degree of symmetry/asymmetry of the ribbon structure can be
tailored by tuning the location and area of the UV exposed region and therefore
the crosslinking density and mesogen alignment in the structure. In addition, Fig-
ure 2C shows that increasing the number of UV exposed segments can further in-
crease the complexity of the resulting structure. These results demonstrate that
tailoring the local crosslinking density and mesogen alignment at the molecular level
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of LCEs via a series of mechanical trainings and selective photopolymerizations can
tune the stiffness of LCEs at the material level, which then synergistically control the
shape-morphing behavior of 3D LCE structures. Such molecular-material-structure
interactions can be harnessed to design various symmetric/asymmetric geometries
of LCE structures with heterogeneous stiffness distributions, which are difficult to
achieve via previous approaches, such as direct 3D buckling'’ and direct ink writing
(DIW) 3D printing.?"7~"

Diverse stiffness-heterogeneous morphing LCE structures

Our approach can also be extended to create more complex structures with locally
varying stiffness (Figures 3A-3C and Figure S5). As shown in Figure 3A, local UV
exposure of one crossed beam (purple region) in a buckled structure consisting of
four ribbons “locks” the local mesogen alignment and creates higher stiffness in
the crossed beam region, which drives the morphing of the whole structure into
an asymmetric 3D configuration under thermal actuation. Selective UV exposure
of two symmetric crossed beams (purple regions) results in a symmetric 3D config-
uration. Furthermore, Figure 3B shows that selective UV exposure of the inner and
outer layers of a flower-like structure presents different flower-blooming states.
This concept can be applied not only to the design of plant-inspired structures,
but also to that of animal-inspired structures, as shown in Figure 3C. UV exposure
of different regions of an insect-like structure (the entire structure, half of the
structure, and the entire structure except two “legs,” respectively) leads to three
configurations that resemble various standing states of an “insect,” respectively.
These results demonstrate the potential applications of this strategy in assembling
biomimetic structures and devices.

In addition to being programmed by mechanical buckling, the developed approach
also applies to LCEs trained by other mechanical deformation modes, such as
bending. Figure 3D shows local programming (purple regions) of five LCE ribbon
structures into various “letter” shapes, demonstrating “UCONN" (abbreviation for
the University of Connecticut). The structures can achieve reversible shape morphing
between the straight ribbon and “UCONN" configurations upon heating and cool-
ing across 62°C.

Sequential programming of LCE ribbon structures

The lightly crosslinked, “unlocked” polydomain region in locally programmed LCE
structures can be further programmed for multipurpose functionality, which opens
routes to additional classes of LCE structures. As shown in Figure 4, we use a ribbon
structure as an example to demonstrate this approach. A square mold fabricated
from a soft elastomer, polydimethylsiloxane (PDMS) (1 mm thick), is used to perform
the mechanical training and sequential programming of LCE structures by folding
the LCE ribbon to the shape of the mold (Figure 4A). In the first step of programming,
we perform local UV exposure to the top left (first) corner of the LCE square by using
a photomask. After being removed from the mold and being heated above
T, = 62°C, the LCE structure recovers its straight ribbon configuration due to the
nematic-to-isotropic state transition at the programmed left corner region. Cooling
down to room temperature morphs it into a right-angle configuration fixed by the
programmed corner (Figure 4B). The transition between the straight ribbon and
right-angle configuration can be reversibly achieved via heating and cooling across
62°C. In order to conduct the second step of programing to lock the other local part
of this LCE structure, we remold the LCE ribbon in the right-angle configuration to a
square shape, and then perform local UV light exposure for the top right (second)
corner of the LCE square. The structure recovers the straight ribbon shape when
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Figure 3. Experimental results of mechanically trained complex LCE structures with
heterogeneous stiffness

(A) Crossed beam structures with different UV exposed regions.

(B) Flower-like structures that present different flower-blooming states via selective UV exposure of
their inner and outer layers.

(C) Various programmed configurations of an insect-like structure via selective UV exposure of
different regions.

(D) Locally programmed five LCE ribbon structures that resemble various “letter” shapes,
demonstrating “UCONN" (abbreviation for the University of Connecticut). Scale bars in (A)-(D),

3 mm. The purple region in each structure corresponds to the highly crosslinked region in LCEs.
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Figure 4. Sequential programming of LCE structures
(A) Schematic illustration of the sequential programming process using a square mold.

(B) Optical images of the programmed ribbon by folding it around the square mold and UV exposure of the first, second, and third corners, respectively.
After each programing step, the 3D-2D reconfiguration of the ribbon structure can be achieved reversibly under thermal actuation. Scale bars, 2 mm.

being heated above 62°C. Cooling down to room temperature yields a double-
right-angle configuration fixed by the two programmed corners, showing the effect
of programming the second corner. The third step of programing the LCE structure
is implemented on the left lower (third) corner of this structure, resulting in a square
configuration after heating and cooling across 62°C. This sequential programming
approach enables multiple reconfigurations of the same structure, which can be har-
nessed for multipurpose applications.

Reshaping of a 3D LCE "face”

The reversible shape-shifting and sequential programing capabilities of LCEs make
it promising for many applications, including in artificial skins and muscles. Figure 5
displays the process of creating an LCE structure in a “face” shape that can
sequentially exhibit different facial features. In Figure 5A, a lightly crosslinked
LCE membrane (150 pum thick) resulting from stage 1 reaction is laminated onto
a face mold (plastic toy doll, Amazon) to mechanically align mesogens into mono-
domains. The aligned LCE is then exposed to UV light for 6 min to induce stage 2
reaction and enable the permanent programming of the ordered monodomain.
Such processing procedure leads to an LCE membrane with programmed facial
features. When heated above T; = 62°C, the LCE returns to a planar configuration,
where facial features disappear, due to the nematic-to-isotropic state transition.
Upon cooling down, the facial features appear because of the reversible state
transition to the nematic state of LCEs. In addition, by adopting the sequential
programming technique introduced in Sequential programming of LCE ribbon
structures, we can selectively display the facial features, as shown in Figure 5B
and Videos S2, S3, and S4. After the LCE membrane is conformally laminated
onto the “face” mold, through a photomask, the nose portion is first UV exposed

Matter 5, 1-15, December 7, 2022

9




Please cite this article in press as: Li et al., Morphing of stiffness-heterogeneous liquid crystal elastomers via mechanical training and locally
controlled photopolymerization, Matter (2022), https://doi.org/10.1016/j.matt.2022.08.019

- ¢? CellP’ress Matter

Laminate
the LCE film

uv
exposure

Heating
—

1st UV exposure 2 YV exposure 34 UV exposure

Side view
e —

»

»

Figure 5. Sequential programming of an LCE membrane into a "face” shape that exhibits different facial features
(A) Programming and shape morphing of an LCE membrane into a “face” shape via molding and photopolymerization.

"o

(B) An LCE membrane in a “face” shape that can exhibit different facial features by sequentially programming “nose,” “mouth,” and “eyes" via local

photopolymerization and molding. After each programing step, the 3D-2D reconfiguration of the membrane can be achieved reversibly under thermal
actuation. Scale bars in (A)=(B), 5 mm.

and permanently programmed, followed by the mouth, and then the eyes. After
each programming step, the formed LCE structure can be heated above T; =
62°C to enable the nematic—isotropic state transition of the LCEs and reconfigure
the corresponding 3D shape into its original 2D configuration. These results show-
case the potential for using molds to sequentially program the facial expressions of
a "face” model for selective and sequential display.

DISCUSSION

In summary, the results presented here demonstrate a facile and effective tech-
nique for realizing stiffness-heterogeneous and locally controlled reconfigurable
LCE structures via mechanical training and local photopolymerization. More specif-
ically, tailoring the local crosslinking density and mesogen alignment at the molec-
ular level of LCEs tunes the stiffness at the material level, which then synergistically
controls the shape-morphing behavior at the structure level. Experiments inte-
grated with quantitative FEA results systematically present a rich range of symmet-
ric/asymmetric geometries by harnessing the molecular-material-structure interac-
tions in a mechanically trained LCE structure, which illustrates the basic ideas and
validates the strategy. Additional demonstrations of complex 3D LCE structures,
including those that resemble flowers and insects with heterogeneous stiffness dis-
tributions as well as their large, reversible shape-morphing behaviors, show reli-
ability of our strategy. Furthermore, programming LC molecules in the lightly
crosslinked regions of LCE structures provides a promising strategy to enrich the
design space and potential applications of reconfigurable LCE structures for multi-
purpose functionalities. The demonstrated sequentially programmed LCE “face”
that can achieve multiple facial features in a well-controlled, sequential manner
via spatially programing LC molecules highlights potential applications in artificial
faces and many others. Future directions include incorporating adaptable network
polymers’? to allow for the reprogrammability of the material. In addition, by inte-
grating multi-functional materials and electronics into locally programmed LCEs, it
is possible to achieve distributed actuation and sensing for shape-changing robots
with heterogeneous stiffness to accommodate operation in both land and under-
water environments.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Xueju Wang (xueju.wang@uconn.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The experimental and modeling data that support the findings of this study have
been deposited at https://doi.org/10.5281/zenodo.6908624.

Synthesis of LCE films
A two-stage TAMAP methodology
study. 1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene (RM257)

28:48 \was used for the synthesis of LCEs in this

was acquired from Wilshire Technologies Inc. and used as procured, without any ex-
tra purification. EDDET (a di-thiol monomer), PETMP (a tetra-functional thiol cross-
linking monomer), (2-hydroxyethoxy)-2-methylpropiophenone (HHMP), dipropyl-
amine (DPA), and toluene were acquired from Sigma-Aldrich and were also used
as received. To start the synthesis, 40 wt% of toluene was added to RM257 (powder)
and heated at a temperature of 80°C to dissolve RM257. After cooling to room tem-
perature, EDDET and PETMP with a molar ratio of 15:85 (EDDET:PETMP) were
added to the solution to initiate the step 1 reaction. Furthermore, 0.38 wt% of
HHMP, a photoinitiator, was added to the solution to facilitate the subsequent pho-
topolymerization reaction. Meanwhile, a solution of diluted DPA in toluene with a
molar ratio of 1:50 was separately prepared to act as a catalyst when added to the
monomer solution. Next, the solution was mixed using a planetary mixer (AR-100,
Thinky) at 2000 rpm for 30 s, and air bubbles were then deformed for another
30 s. The solution was then spin coated onto a high-density polyethylene substrate
at 200 to 1,000 rpm for 20 s to create LCE films of differing thicknesses. Finally, the
films were cured at room temperature for 12 h, and then placed in a vacuum chamber
at 80°C for 12 h to completely evaporate the toluene.

Compressive buckling

With a CO;, laser (VLS 2.3; University Laser System, Ansonia, CT), desired geometries
were patterned out of the synthesized LCE films and were then laminated onto a pre-
stretched silicone elastomer substrate (Dragon Skin; Smooth-On, Easton, PA) as an
assembly platform. A thin layer of superglue was applied to the bond sites of the 2D
patterns to form strong adhesion between the pattern and the substrate only at
these locations. Releasing the pre-strain in the elastomer substrate induced
compressive buckling and geometrical transformation of the 2D patterns into 3D
structures. During this process, mesogens were spatially aligned into their monodo-
mains due to the compressive strain.

Local programming and reversible shape changes of 3D LCE structures

To locally “lock” the ordered LCE monodomains, the buckled 3D LCE structure was
covered with a photomask that was fabricated from an opaque black glove using a
COy;, laser, and exposed to UV light (wavelength: 365 to 400 nm) for 6 min for photo-
polymerization. The locally programmed 3D structure was then removed from the
elastomer substrate and heated above T, = 62°C, which caused the nematic—
isotropic transition of the permanently programmed LC phases in the “locked” re-
gions of the 3D LCE structure and therefore reconfigured the structure into its
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original 2D pattern. Once the LCE cooled to room temperature, the 2D configura-
tion morphed to a 3D shape that was determined by the local programming.

Finite element analysis

Finite element modeling was performed by using the commercial software
ABAQUS/Implicit. The standard 3D stress element type with linear geometric order
(C3D8R) was used for simulating the compressive buckling of LCE patterns. We
refined meshes to ensure computational accuracy and identified the optimum
mesh size to balance the computational cost and simulation accuracy. Mesh distor-
tion control and enhanced hourglass control were used to help the convergence of
the nonlinear simulations. The following elastic moduli (E) and Poisson’s ratio (v)
values were used for the simulation of LCEs in their different states (original state
and nematic state): Eice (originah) = 0-126 MPa, VicE (original) = 0-45; ELcE(nematic) =
6.09 MPa, VicE (nematic = 0.45, with the moduli determined from the stress-strain
curves measured in experiments. To simplify the model, we assumed the LCE fol-
lowed the Saint Venant-Kirchhoff material constitutive law. We modeled the shape
changes of locally programmed LCE structures via three steps. In the first step, a uni-
form LCE film with E| g (original) 8d VLCE (original) Was compressively buckled into a 3D
configuration. In the second step, “model change” interactions were applied to the
UV exposed regions of LCEs. The “model change” re-defined the stress-free config-
urations as the buckled state and changed the modulus from 0.126 MPa to 6.09 MPa
in the UV exposed region, thereby achieving local shape fixing and material stiff-
ening. Finally, the boundary conditions for buckling were released. The non-UV-
exposed LCE (original state) portion tends to return to the 2D configuration, while
the locally programmed LCE (nematic state) portion prefers to keep the buckled
shape. Their competition drives the morphing of the entire structure into a 3D shape.
Although the constitutive model used here is simpler than that for the LCE, which
usually exhibits anisotropic properties associated with the mesogen alignment,”’*
it captures the key factors for the shape morphing, including the local shape locking
and modulus increase. In addition, the ribbon structures and their assembly usually
have a well-defined bending direction, making their shape changes insensitive to
material anisotropies. We expect the anisotropic material properties of LCEs will
play more important roles in the 2D sheet morphing, such as the “face” shown in Fig-
ure 5 and will explore this in our future studies.

Programming LCEs via molds

The molds used for creating structures in Figures 3D and 4 were fabricated by
patterning PDMS (1 mm thick) into desired geometries with a CO, laser (VLS 2.30;
University Laser System, Ansonia, CT). To program LCEs with the molds, LCE rib-
bons were cut and laminated onto the mold, where the adhesion between the
LCE ribbon and the PDMS mold was governed by van der Waals forces.

To fabricate LCE "UCONN" letters, PDMS molds that resembled those five letters
were first created. Five individual ribbons were deformed to the "UCONN" letter
shapes, respectively, with the assistance of the molds. Selective UV exposure with
a photomask induced photopolymerization. Detaching the ribbons from the mold
formed the shapes of "UCONN.” Heating and cooling across 62°C caused the
morphing between straight ribbons and “UCONN" letters.

To program the ribbon structure in Figure 4A, a square PDMS mold was created. The
ribbon was laminated around the mold, and a photomask was applied to the ribbon
with only the left-up corner exposed. UV exposure permanently programmed the or-
dered monodomain in the exposed region. The LCE ribbon was then detached from
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the mold. Heating and cooling across 62°C resulted in a right-angle configuration
due to local fixing. The same procedure was repeated to program other corners
of the ribbon and the associated shapes.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.08.019.
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