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ABSTRACT

Liquid crystal elastomers (LCEs), owing to their intrinsic anisotropic property and capability of generating programmable complex
morphologies under heat, have been widely used for applications ranging from soft robotics, photonic devices, cell culture, to tissue
engineering. To fulfill the applications under various circumstances, high actuation efficiency, high mechanical strength, large heat and
electrical conductivity, or responses to multiple stimuli are required. Therefore, design and fabrication of LCE composites are a promising
strategy to enhanced physical properties and offer additional stimuli responses to the LCEs such as light, electric, and magnetic fields. In this
review, we focus on recent advances in LCE composites, where LCEs are defined as anisotropic elastomeric materials in a broader context.
Classic LCE composites with metallic nanoparticles, magnetic particles, liquid metal, carbon nanotubes, graphene and its derivative, and
carbon black, and LCE composites from cellulose nanocrystals within the polymer network where cellulose can provide the unique liquid
crystal anisotropy will be discussed. We conclude with the challenges and future research opportunities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0075471
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I. INTRODUCTION

Liquid crystal elastomers (LCEs) of intrinsic molecular alignment
can be programmed for applications ranging from soft robotics, pho-
tonic devices, biosensors, to tissue engineering. To achieve large actua-
tion strains, LCEs should be soft, and the responses are often activated
by heat near the phase transition temperatures. To broaden and
enhance the properties of LCEs to achieve, for example, high actuation
efficiency, high mechanical strength, and large heat and electrical con-
ductivity, or enable responses to multiple stimuli beyond heating, a
variety of strategies have been derived by integrating fillers into the
LCE matrix. Depending on the nature of the fillers, LCE composites
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can be photoresponsive, electro-responsive, magneto-responsive, or
demonstrating multiple responses. Therefore, LCE composites are
highly promising materials, which can offer new functionalities with
unprecedented actuation behaviors through the synergy between the
LCE matrix and the fillers.

Herein, we overview recent advances of LCE composites, where
LCEs are defined as anisotropic elastomeric materials in a broader con-
text. The topics include fillers such as metallic nanoparticles (NPs), mag-
netic particles, liquid metal (LM), carbon nanotubes (CNTs), graphene
and its derivative, and carbon black (CB). In addition to the traditional
LCE composites, LCE composites from cellulose nanocrystals (CNCs),
which themselves can form lyotropic liquid crystal (LC) phases, thus
offering unique assembly and anisotropy are also discussed.

In this review, the fundamental physics of LCs and LCEs in terms
of alignment control, chemical nature, and phase behaviors are intro-
duced in Sec. II. The integration and fabrication strategies of LCE
composites toward programmable responsiveness and the mecha-
nisms of responsiveness from various LCE composites systems, espe-
cially their new physical properties and functionalities compared to
pure LCEs, are highlighted in Sec. III. The vast range of applications of
the resulting LCE composites with unique functionalities is delved into
in Sec. IV. Finally, we conclude by discussing the current challenges
and future research opportunities in the field in Sec. V.

Il. LIQUID CRYSTALS AND LIQUID CRYSTAL
ELASTOMERS

A. Liquid crystals

LC is often referred to as the fourth state of matter that has
intrinsic anisotropy, as it possesses both the fluidic property of liquid
and the long-range order of crystals. LCs have been extensively studied
since Friedrich Reinitzer first observed cholesteryl benzoate under the
polarized optical microscope (POM) with two melting points in the
nineteenth century.’ LC molecules can self-assemble with certain
orders at the micrometer level. LCs can be further categorized into
thermotropic LCs and lyotropic LCs, where the formation of LC
phases depends on temperature and concentration, respectively. LC
molecules can have rod-like (calamitic), disc-like (discotic), or lath-like
(sanidic) shapes. The long-range order in LCs leads to the most impor-
tant property, that is, anisotropy, which breaks the continuous rota-
tional symmetry. Directors align differently within domains, acting
like a ferromagnet. As a result, LC is birefringent as the refractive index
along the LC long axis is different from that in the perpendicular
direction. Thus, light will propagate through LC at different speeds in
different directions, and different LC phases can be identified by tex-
tures in POM. In addition to birefringence, dielectric property, polari-
zation, and thermal expansion coefficients are all closely related to LC
anisotropy. Molecules that exhibit LC phases are called mesogens.

1. Thermotropic liquid crystal phases

Nematic phase, smectic phase, and cholesteric phase are repre-
sentative thermotropic LC phases, which may coexist depending on
the temperature [Fig. 1(a)].

In a nematic phase, mesogens only exhibit one-dimensional orien-
tational order but no positional order. All molecules tend to align along a
preferred direction, which is referred to as director n. Molecules are rotat-
able around their long axis; in other words, nematic mesogens pointing
into a certain direction are regarded as equivalent to mesogens pointing

scitation.org/journal/are

cholesteric

Planar Homeotropic Tilted

FIG. 1. (a) Schematic illustrations of typical molecular orders in thermotropic LCs.
(b) Position of director n near surface is determined by polar angle 0 and azimuthal
angle ¢. (c) The surface anchoring behaviors of LC molecules.

to the opposite direction, hence n = —n. In a smectic phase, LC meso-
gens exhibit one- (1D) or two-dimensional (2D) positional order with a
well-defined layer structure in addition to the orientational order. In a
cholesteric phase (also known as chiral nematic phase), LC mesogens
containing a chiral center have the same long-range orientational order
as in the nematic phase, but molecules exhibit a spontaneous helical
superstructure, where molecular directors rotate periodically around the
helical axis that is perpendicular to the plane. An important characteristic
of the cholesteric phase is the chiral pitch, P, defined as the distance for
the LC director to rotate 360°. This pitch determines the reflected wave-
length of light (), which can be approximated by Bragg reflection”

A= nPsina, (1)
where n is the average refractive index of the material, and « is the
angle between the reflected light and the helical axis.

Although the order of LC mesogens differs locally, the average
orientation of LC mesogens can be described by the order parameter S,

S= J (1 2 sinz()) P(0)do, )
0 2
where 0 is the angle between the director 7 and the long axis of a single
LC molecule, and 0 < § < 1. When S= 1, all mesogens align perfectly
along one direction in crystals. When S = 0, the fluid is isotropic. S is
usually between 0.4 and 0.7 for nematic LCs.

For a LC system with boundary conditions, both the free energy in
bulk and surface anchoring energy should be considered to accommo-
date the boundary conditions.” The LC director fields distort, and the
resulting Frank-Oseen elastic energy for distortion is determined by

1 1 1
Fo = J{EKI(V -n)? +§K2(n -V xn)’ +EK3[n x (V x n)}z}d3r
- J {Ku¥ - [n % (¥ x n) +n(V - n)]}r, )
where K;, K,, K3 and K, are the elastic constants of splay, twist, bend,

and saddle-splay, respectively. The free energy is calculated by integra-
tion over the volume and minimized with proper boundary conditions.
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When LCs are aligned on a surface, there is always a preferred
direction near the surface that the LC director n follows, whose posi-
tion is determined by polar angle 0 and azimuthal angle ¢ [Fig. 1(b)].
The most common anchoring conditions are planar (0 = 0°), homeo-
tropic (0 = 90°), and tilted anchoring, where the director n is oriented
parallel, perpendicular, and tilted to a plane, respectively [Fig. 1(c)].

2. Lyotropic liquid crystal phases

When an anisotropic material is dispersed in a proper isotropic
solvent, it can exhibit the isotropic phase at a low concentration, but
phase separates into a biphasic mixture of isotropic and LC phases
above a certain concentration, and finally fully form the lyotropic LC
phase above the critical concentration; that is, the ordering largely
depends on concentrations. The lyotropic LC phases are observed not
only in geometrically anisotropic colloids such as CNCs, graphene
derivatives, and CNTs, but also in bioorganisms, including DNA,
tobacco mosaic virus, and some bacteria.” Surfactants, block copoly-
mers, drugs, and dyes can form lyotropic LCs.

The phase transition of lyotropic LCs from the isotropic fluid to
the nematic LC phase can be explained by Onsager’s theory.”® It
assumes that individual anisotropic “colloids” (rod-like or plate-like par-
ticles) occupy different spaces, and all interactions between “colloids” are
repulsive. Taking a rigid rod with length L and diameter D as an exam-
ple, when the rod concentration reaches a certain level, the excluded vol-
ume of individual rods will overlap and reduce the degree of freedom,
and thus, the mixing entropy decreases. To maximize the total entropy,
the rods start to form orientational order to compensate for the mixing
entropy loss, thus increasing the translational entropy. Therefore, the
gain in orientational order above a critical concentration will lead to the
formation of nematic LC phase of rigid rods, and the critical volume
fraction F for nematic phase formation can be expressed by’

4L
F~—. 4
D (4)

Although Onsager’s theory is originally brought up for rod-shaped par-
ticles, the concept of excluded volume and maximizing translational
entropy can be applied to plate-like ones such as graphene oxide’ and
titanium carbide Ti;C,T,,” as well as surfactants,” and dyes."’

B. Liquid crystal elastomers

LCEs are lightly cross-linked polymer networks containing main-
chain or side-chain LC mesogens that couple the elasticity of rubber
with the anisotropic properties of LCs. Compared to isotropic hydro-
gels and conventional shape memory polymers (SMPs), the internal
orientation of LC mesogens allows for the programmable mechanical
response of LCEs by alignment control. LCEs generally have low
cross-linking density and flexible polymer backbones, relatively fast
stimuli-response (~100 ms)'" with large anisotropic, and local defor-
mations (up to 500% strain)'* and soft elasticity'” (ie., non-linear
response to mechanical force). The stimuli-responsive mechanical
properties of LCEs can be dated back to several decades ago, when de
Gennes first predicted the possibility for polymers coupled with LC to
exhibit macroscopic actuation from the shape change of individually
aligned polymer chains, and their ability to convert different types of
energy to mechanical motion just like muscles.”* Owing to recent
advances in material chemistry and alignment techniques, LCEs have

scitation.org/journal/are

been prepared with spatial control of director fields and manipulated
toward complex deformation on demand, which broadens their appli-
cations in soft robotics, photonic devices, and tissue engineering.

1. Mechanical responses of liquid crystal elastomers

LCEs undergo spontaneous and monolithic shape change driven
by re-orientation of the local director field and decrease in order
parameter S when transitioning from the LC phase (usually nematic
phase) to the isotropic phase; that is, the network contracts along the
local director and expands in the perpendicular direction, and the
polymer chains adopt isotropic, spherical conformations driven by
entropy. When returning to the LC phase, the polymer chains return
to the elongated and aligned state, and LCEs recover to their original
shapes [Fig. 2(a)]."”

Usually, the phase transition is triggered by temperature when
LCE is heated above the nematic-to-isotropic phase transition temper-
ature (Tyy). The deformation of LCE networks is highly dependent on
the molecular alignment of LC molecules within the structures, allow-
ing for anisotropy in mechanical deformation, which can further
amplify the deformation in-plane and induce directional shape trans-
formation. If the LC alignment is uniform throughout the film (ie.,
monodomain), shrinking occurs along the alignment direction of the
LC mesogens. Hybrid alignment such as splay, twist, and cholesteric,
or even more complex configurations can be applied to introduce
inhomogeneity in LCEs using different alignment methods.' "’

In addition to the stimuli-responsive mechanical deformation of
LCEs, their intrinsic anisotropy also leads to non-linear response to
mechanical force, often denoted as soft elasticity.'”*** For a polydo-
main LCE, that is, the macroscopic alignment of polymer chains is
random [Fig. 2(b)], it shows a linear stress-strain relationship (elastic

a Stimulus on
—_—
>z — (U ¢
( = Stimulus off .~ i
= gy
LC phase Isotropic phase
b c — (]
/SN ¢ ==
N )0 gz e —
JISNIANLDN £
d e I
n
O O
@ @ Ln
o o
s =
7] _ » ~
strain (o) strain ()

FIG. 2. (a) Schematic illustration of reversible and anisotropic shape deformation in
LCE networks. (b)-(e) Polydomain and monodomain LCEs and their non-linear
response (soft elasticity) subjected to mechanical stretching. (b) A polydomain
LCE. (c) A monodomain LCE. Corresponding mechanical responses in (d) a poly-
domain LCE and (e) a monodomain LCE, where the loading direction is parallel
and perpendicular to the director field, respectively.
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regime) until reaching a threshold strain, where a small increase in the
applied stress can lead to a large change in strain. In the plateau, the
non-aligned domains will cooperatively orient along the direction of
the mechanical stretching. The director field reorientation in these
domains contributes to the non-linearity in the stress—strain curve.
When all the domains are macroscopically aligned along the mechani-
cal loading direction, the non-linear plateau will end. Further increase
in the strain leads to strain-hardening [Fig. 2(d)]. For a monodomain
LCE, that is, polymer chains align along a certain direction macroscop-
ically [Fig. 2(c)], the stress—strain behavior is linear when the loading
direction is parallel to the director field, whereas the stress—strain curve
shows soft elasticity in all directions perpendicular to the director field
[Fig. 2(e)].

2. Structure and chemistry of liquid crystal elastomers

LCEs can be synthesized via chemically cross-linking LC meso-
gens with functional groups such as thiols, acrylate, or epoxides while
maintaining the liquid crystallinity. The LC mesogens can be directly
attached to the polymer main chains (referred to as the main-chain
LCEs) or connected to the polymer backbone via flexible spacers
(referred to as the side-chain LCEs). Main-chain LCEs have stronger
coupling between LC mesogens and polymer backbones; therefore,
they generally exhibit superior mechanical responses compared to the
side chain LCEs (Fig. 3).

The fabrication of aligned side chain LCEs was first reported by
Finkelmann et al. [Fig. 4(a)],”"** where a flexible silicone-based poly-
mer such as polymethylhydrosiloxane (PMHS) was used as the back-
bone, followed by hydrosilylation to incorporate reactive mesogenic
monomers (RMs) and cross-linkers with vinyl groups on to the back-
bone. Then, the partially crosslinked soft gel was stretched uniaxially
to align the polymer chains. After the residual solvent was evaporated,
a second cross-linking reaction between the unreacted vinyl groups
and backbone was carried out to fix the alignment. This two-step
cross-linking method to achieve monodomain LCEs is based on the
reaction kinetic differences between different vinyl cross-linkers. Later,
polysiloxane chemistry is modified to fabricate the main-chain
LCEs,”** allowing for fabrication of both films and micropillars.28

Two-step cross-linking method has been widely adopted to pre-
pare side chain LCEs because various LC mesogens can be chosen to
react with polysiloxane. However, the difficulty to control the degree
of cross-linking in different steps, the small actuation strain, and weak
mechanical property compared with main-chain LCEs impedes the
broader applications of this chemistry. In the past decade, two popular
LCE chemistries were brought up based on chain-extension reactions
with commercially available diacrylate-based RMs such as RM82 and
RM257. One is the thiol-Michael addition between RMs and dithiol,
multi-functional thiols, or thiol-terminated oligomers [Fig. 4(b)],” '

scitation.org/journal/are

and the other is the aza-Michael addition between RM and the pri-
mary amine as the chain extender [Fig. 4(c)].""*

The LCE chemistry from aza-Michael addition and thiol-Michael
addition starts from a low viscosity mixture of diacrylate-based RMs
and the chain extender. The low viscosity is important to ensure the
effective alignment of the mixtures, which are typically infiltrated into
the LC cells sandwiched between two-surface treated glass slides by
capillary force. The mixture first undergoes a chain-extension reaction
with amine (aza-Michael addition) or thiols (thiol-Michael addition),
forming an LC oligomer. The oligomerization can also be carried out
before the infiltration as long as the viscosity is low enough. Finally,
the mixture is photopolymerized to fix the alignment within the cell.
By adjusting the type and the ratio between the chain extender and the
diacrylate mesogens, we can tune the molecular weight of the oligom-
ers and degree of cross-linking, and hence the elasticity of LCE. The
ability to synthesize and fabricate LCEs from commercially available
chemicals makes it very attractive for researchers from different disci-
plines to manipulate LCEs for different applications.'”**%**
However, the obtained LCEs tend to crystallize during photopolymeri-
zation of the diacrylate, which tends to homopolymerize, thus increas-
ing viscosity and decreasing the elasticity of LCE. Therefore, efforts
have been made to suppress the homopolymerization. Xia et al.”
design a highly efficient LCE chemistry based on an oxygen-mediated
thiol-acrylate click reaction. Thiol-terminated LC oligomers are first
synthesized and then photopolymerized with diacrylate RM at a 1:1
molar ratio. In other cases, monofunctional thiols or dithiols, which
act as chain transfer agents, are introduced.”*** The addition of non-
reactive or low reactivity small-molecule thiols can also lower the vis-
cosity. Thus, the mixture can be aligned by the surface alignment
method with actuation strain up to 50% and a low glass transition
temperature (T, < 20°C). In the above LCE chemistry, the alignment
and actuation mode of an obtained LCE is fixed during fabrication
and cannot be reprogrammed. Therefore, there has been a growing
interest in introducing dynamic covalent bonds in LCEs, where the
alignment of LC mesogens can be varied after the formation of cross-
linked networks, rendering LCE reprogrammable. Transesterification
reaction,”’ boronic-ester exchange reaction,”” transcarbamoylationf ?
photoexchange reactions of allyl sulfide,’ and disulfide’’ have been
introduced in LCEs. More details on LCEs with dynamic bonds or
other type of backbones can be referred to the recent review articles
focusing on LCE chemistry.** **

3. Alignment control of the liquid crystal elastomers

To control the mechanical responses (both the magnitude and
direction of the local strain), it is important to align LC molecules in
local domains within the network films. There are four commonly
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FIG. 3. Geometries for LCEs. (a) Main chain, (b) side-on side chain, and (c) end-on side chain.
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RM and LC oligomer. (c) Aza-Michael addition between diacrylate-based RM and primary amine.

used alignment methods: (1) mechanical stretching, (2) surface align-
ment, (3) field-assisted alignment, and (4) shear alignment.
Mechanical stretching is a facile and common method to fabri-
cate monodomain LCEs in two steps [Fig. 5(a)], where a mechanical
force is applied to a partially cross-linked LCE network in the LC
phase to align polymer chains along the stretching direction, followed

by cross-linking under the force to lock the alignment. It has been
adopted for polysiloxane based side-chain LCEs and later acrylate-
based main-chain LCE thin films.”**> Recently, mechanical stretch-
ing is applied to partially cured 3D printed objects.”’ The obtained 3D
actuators can exhibit a global 3D to 3D shape change rather than the
uniaxial shrinkage in 2D. Since the partially cured LCEs do not have
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FIG. 5. Schematics of different alignment methods. (a) Mechanical stretching. (b

to be aligned in the first step, that is, low viscosity is no longer a pre-
requisite for alignment of RM or oligomer mixtures, mechanical
stretching method is the most common method to fabricate free-
standing LCE composite films, consisting of gold NPs (AuNPs),”’ >
magnetic NPs,” > LM,” and CNTs,””” which often possess high
viscosity. It can also help to align the nanofillers, thus enhancing anisot-
ropy of the LCE composites. However, it is difficult to spatially control
LC alignment with micrometer-scale resolution using this method.
Surface alignment is based on the interactions between LC meso-
gens and the substrates to minimize surface energy [Fig. 5(b)].%°
Rubbing is the standard technique in LC display industry to control
alignment in a large surface area, where rubbing generates micro-
grooves on glass substrates coated with planar anchoring polyimide
(PI) or polyvinyl alcohol (PVA). However, it is difficult to spatially
control LC orientation with micrometer-scale resolution by rubbing.
To realize more complex and monolithic shape change, in recent
years, photoalignment and micropatterning of microchannels have
been developed. In the photoalignment approach, a light-responsive
material such as azobenzene-derivative is often coated on glass slides
as the photoalignment layer, since azobenzene molecules exhibit
angular-dependent absorption of incident light around 450 nm
according to Weigert effect and can be aligned by polarized light.”’
Ware et al."” have reported voxelated local alignment in LCE films,
where the topological defects guide the folding of LCE films.
Photoalignment allows for alignment control within the resolution of
optics, yet it is restricted to aligning LCEs in 2D films and the film
thickness cannot exceed 50 um due to finite surface anchoring energy.
Because of the nature of azobenzene molecules, which gradually revert
back to the trans-configuration under ambient light, photoalignment
needs to be carried out in each new sample fabrication. Xia et al.”®
have used top-down techniques to fabricate microchannels to guide
the alignment of LC molecules. In this approach, the dimension and
orientation of channels can be arbitrarily controlled via photolithogra-
phy or direct laser writing with (sub)micron resolution to minimize
azimuthal angle of the LC director vs the surface, which is highly
dependent on surface topography. Meanwhile, by replica molding the
pattern to another material, for example, bisphenol A epoxy, which
has good affinity with LCE, we minimize the zenith angle of LC direc-
tor, which is highly dependent on surface chemistry. The top-down
approach allows demonstration of kirigami folding of LCE films and
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realization of complex,”’ and arbitrary geometries such as a face
though inverse design.”” Surface alignment has also been applied to
create LCE composites consisting of AuNPs,”>*" magnetic par-
ticles,””* and CNTs.”” A special case of CNT/LCE composite is
reported by Kim et al,”® where nanogrooves resulted from highly
aligned CNTs arrays are used as the alignment layer. Although the sur-
face alignment can spatially control LC orientations, the film thickness
is usually less than 50 yim due to finite surface anchoring energy’” and
high viscosity of the composite mixture.

External fields such as electric field and magnetic field can be
used to direct the LC alignment based on the anisotropic diamagnetic
susceptibility and the anisotropic dielectric constant of LCs
[Fig. 5(c)].”” Compared to mechanical stretching, LC materials should
have low viscosity to be aligned under an external field. Since the
dielectric constant of RMs is greater along the lateral axis (negative
dielectric anisotropy),”" applying an electric field across the mesogens
will induce a planar alignment. Therefore, electric field is often used
together with the surface alignment to strengthen the planar anchor-
ing.”® However, by changing the polarity of the LCE monomers, for
example, by introducing polar groups such as nitriles or esters that
exhibit a positive dielectric anisotropy, it is possible to induce homeo-
tropic anchoring.”>”* Because of their positive diamagnetic anisotropy
resulted from the aromatic rings, most RMs orient their long-axis in
parallel to the applied magnetic field. Aligned micropillars that dem-
onstrate reversible and uniaxial expansion and contraction can be
obtained by applying magnetic field during soft lithography.”*”
When the applied magnetic field is spatially oriented, more complex
alignment within micropillar arrays is achieved by Yao et al,”® where
they control the LC orientation in a honeycomb microstructure to
realize geometry reconfiguration from buckling, shear, and transfor-
mation into a brick-wall structure. Since the dielectric anisotropy and
magnetic anisotropy are typically small, a strong field is required to
overcome chain mobility. In the case of LCE composites, only LCE
pillars consisting of AuNPs’” and graphene oxide® are reported.

3D printing techniques have been rapidly developed in recent
years to fabricate delicate structures and realize shape transformation
from 3D to 3D in LCEs. Photopolymerization-based 3D printing such
as digital projection lithography (DLP) and two-photon polymeriza-
tion (TPP) can potentially produce much higher resolution (e.g., less
than 1pum from TPP) features than direct ink writing (DIW)
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techniques.”” However, it is difficult to control LC alignment by these
approaches.”’ Herein, we focus on DIW-based 3D printing of LCEs
and LCE composites [Fig. 5(d)], where LC mesogens can align along
the extrusion path due to the shear-thinning effect. The behavior of
LC inks is well described by the Herschel-Bulkley model”'

t=t,+Kg", (5)

where ¢ is the shear stress, ty is the yield stress, K is the consistency coef-
ficient, ¢ is the shear rate, and # is the flow index (n <1 for shear-
thinning inks). When extruded through a cylindrical nozzle, the ink
experiences three zones, including an unyielded core moving with con-
stant speed, a yielded shell with laminar flow and a thin slip layer near
the nozzle wall.”” Therefore, the ink rheology and printing conditions
such as flow rate (extrusion pressure), temperature, and nozzle radius
need to be fine-tuned, so that the LCs are aligned along the extrusion
pathway, followed by photopolymerization to fix the alignment. LCE
chemistry from both aza-Michael addition and thiol-Michael addition
has been applied to DIW to realize multiple actuatable structures,
including cones, helical ribbons, and grids.”” *° When printed from
multiple LCE inks, each with a characteristic Ty, the obtained LCE 3D
structure can demonstrate multiple and sequential folding.*®
Furthermore, the combination of LCE hinges with different Ty leads to
an untethered soft robot that can self-propel and shape-morph.””
However, the alignment of each printing line is always along the print-
ing path with relatively low resolution (the smallest width or thickness
reported in literature, ~150 um™). The feature size of DIW printed fila-
ment is limited by the nozzle diameter. When the nozzle diameter is

TABLE I. Summary of different LCE alignment methods.
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greater than 1 mm, the LC alignment will be deteriorated, reducing
the actuation strain almost by half.”” Recently, 3D printing with
gradient alignment within each printing line has been reported
by adjusting the printing parameters such as printing at a higher
temperature (>Ty;), or using a cold stage as the printing plane.”*"
When 3D printing the LCE composite, the ink composition and printing
parameters need to be adjusted accordingly, as the nanofillers can greatly
alter the rheology of the ink. Currently, only 3D printing of LM/LCE has
been reported.”””!

Depending on the target applications, we need to carefully choose
the alignment method, LCE chemistry, sample dimension, and fine-
tune the ink rheology. A comparison of different alignment methods
is summarized in Table I.

lll. LIQUID CRYSTAL ELASTOMER COMPOSITES

To improve the physical properties of the LCE such as the
mechanical strength, thermal, and electrical conductivity, and promote
the actuation properties such as faster speed and responses to multiple
stimuli, fillers with unique optical, electrical, or magnetic properties
are introduced. To obtain a robust composite, homogeneous mixing
between the fillers and the LCEs is preferred. However, nanofillers are
prone to aggregate due to their large surface area. In general, there are
two common strategies to improve fillers’ distribution in the LCE
matrix. One is to chemically cross-link the fillers with the LCEs, the
other is to modify the fillers with proper surface chemistry. In this sec-
tion, we will discuss different strategies to embed various fillers into
LCEs and the resulting properties of the composites.

Alignment methods Materials Advantages Limitations
Mechanical stretching”****** m Two-step m Facile m Not capable of local alignment
cross-linking m Scalable with micrometer-scale
resolution
m Electric field””* ® Low viscosity m Applicable for m Difficult for large-scale
side-chain RMs homeotropic fabrications
) ] and oligomers alignment
Fl'eld—asswted ® Magnetic field”*7%">* m Applicable for 3D
alignment microstructures
such as
micropillars
[ ] Rubbing% ® Low viscosity m Facile m Not capable of local alignment
side-chain RMs; with micrometer-scale
resolution
Surface | Photoalignmentl‘)’g7 ® main-chain RMs m Spatial control of m Relatively low viscosity of resin
alignment and oligomers, the alignment required;
® Patterned based on with micrometer- ® Film thickness < 100 um
microchannels®"°>”* chain-extension scale resolution
reactions
Shear alignment ® Main-chain m Facile alignment m Alignment along the printing
(e.g., Direct-ink-writing)***’ RMs, based on along the printing path;
chain-extension path in arbitrary m Need to consider ink rheology;
reactions shapes

m Feature size limited by the
nozzle size
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A. LCE composites with fillers

1. Photothermal metallic nanoparticles

Photothermal metallic NPs, such as gold and silver, have been of
great interest due to their unique optical properties resulted from the
localized surface plasmon resonance (LSPR). Metals are known to
have a sea of electrons. When the particle size is at the same length
order of magnitude of the incoming electromagnetic wavelength, the
electric field can cause the electrons to oscillate coherently. The resul-
tant oscillation can generate a huge amount of heat due to mass colli-
sion between the electrons and phonons. This is known as the
photothermal effect. Thus, metallic NPs can be the fillers to not only
enhance the mechanical property of the LCEs, but also provide LCEs
with the remote and localized light response, where the actuation light
wavelength can be well controlled by the size and the shape of the pho-
tothermal metallic NPs.

Great efforts have been made in fabricating AuNP/LCE compo-
sites, due to chemical stability and a wide variety of morphologies of
AuNPs that can be achieved. Montazami et al.”’ fabricate AuNP/LCE
and find that both Young’s modulus, thermal conductivity, and
response speed of the composites are greatly improved with only
0.096 mol. % AuNP embedded. Sun et al.”” fabricate AuNP/LCE pillars
using a molding technique under a strong magnetic field. The resulting
AuNP/LCE actuators can be spatially translated, aligned, and rotated by
polarized-light optical tweezers. Liu et al.’”” incorporate both gold nano-
sphere (AuNS) and gold nanorod (AuNR) into LCEs, and the AuNR/
LCE composites achieve 30% actuation strain upon irradiation of a
635nm laser with less than 1wt. % AuNRs. However, aggregation of
the AuNPs weakens the performance of the composites.

Therefore, proper LCE chemistry, fabrication method, and sur-
face modification of the AuNPs should be considered. Strong Au-S
bonds can be utilized to improve the compatibility between the
AuNPs and LCE.'" Yang et al.” successfully fabricate AuNR/LCE
fibers via three-step thiol-ene click chemistry. First, ~70mol. % thiol
groups from poly(3-mercaptopropylmethylsiloxane) (PMMS) react
with mesogenic alkene, forming PMMS-¢-LC. When mixing with
AuNRs, the unreacted thiol groups bond with AuNRs. In the third
step, the remaining thiols on PMMS-g-AuNRs are mixed with triallyl
cyanurate and pulled to create aligned AuNR/LCE fibers, followed by
UV exposure to lock the alignment [Fig. 6(a)]. With 0.09 wt. % loading
of AuNRs, the AuNR/LCE fibers shrink ~30% under 808 nm laser.
Wojcik et al.”" also cross-link AuNPs with LCE by modifying AuNPs
with thiol-terminated mesogenic olefin ligands, followed by cross-
linking with PMHS through the C=C bond on the ligand.

AuNPs with proper surface modification can be also directly
mixed with LCEs. For example, Xu et al.”’ modify AuNPs and fabri-
cate side-chain AuNP/LCE by immersing the partially cross-linked
LCE into a AuNP/toluene solution. The resulting composites show
30% actuation upon irradiation with a solar light source
(4.0 x 10°lux). We functionalize AuNRs with thiol-terminated poly
(ethylene glycol) (PEG-SH) and successfully fabricate AuNR/LCE film
with excellent photothermal performance.”” In this case, LC oligomers
are first synthesized through thiol-Michael addition using 1,3-pro-
panedithiol and RM82 at 2:1 molar ratio. The oligomerization process
significantly reduces the reactivity of the thiol groups on the oligomers
for Au surface, but making the PEG-modified AuNRs compatible
with the LCE precursor consists of oligomers and monomers RM82

scitation.org/journal/are

[Fig. 6(b)]. The resulting AuNR/LCE films with 0.20 wt. % AuNRs
show a better mechanical property and can reach 149.5°C under the
exposure of 800 nm light within 5 s, at 784 mW c¢m ™. This method
offers an effective and convenient approach to combine AuNPs with
thiol-acrylate LCE chemistry. In addition, it is also possible to fabricate
AuNP/LCE by in situ reduction of Au salt. For example, Kuenstler
et al.'’" swell LCE films in a toluene solution containing HAuCl, and
a reducing agent. When exposed to light, AuNPs are formed and can
be locally patterned within the LCE [Fig. 6(c)].

In addition to AuNPs, other metallic NPs such as silver, cop-
per, and nickel also have photothermal effects. However, most
types of literature are reported from AuNPs, possibly due to the
incompatibility and instability of other NPs in the LCEs.'’*'"
Meanwhile, compared with the isotopic nanospheres, anisotropic NPs
offer higher photothermal efficiency and better LSPR tunability, although
they may suffer from both aggregations and reshaping, especially when
operating at high temperatures. Therefore, increasing the compatibility
between the metallic NPs and LCE is still a major challenge.

2. Magnetic particles

Magnetic NPs and microparticles have also been introduced to
endow LCEs with magnetic responses. Magnetic NPs are also known
to generate heat under the alternating electromagnetic field through
the hysteresis loss and relaxation processes.'”* Similar to metallic NPs,
chemical cross-linking of the particles within the LCEs can offer stable
and robust composites. Song et al.'’” fabricate side-chain Fe,O5/LCE
composites by covalent attachment of the LC molecules to oxide surfa-
ces. In a typical procedure, Fe,O; NPs are first functionalized with
dopamine. Then, the dopamine-modified Fe,O3 nanoparticles and LC
mesogens are bonded to the siloxane backbones [Fig. 7(a)]. Garcia-
Marquez et al.'” fabricate main-chain Fe,O3/LCE composites by
modifying the Fe,O; NPs with 4-undec-10-enoxybenzoic acid. Then,
the double bonds on the Fe,O3 NPs are further cross-linked with the
LC monomers. Haberl et al.”>'"” synthesize o-Fe,0;-based ellipsoidal
core-shell NPs, where the silica shell is functionalized with amine
groups. The hydroxyl groups from the LCE and amino groups from
the NPs can be cross-linked with tri-functional isocyanate. The result-
ing composite show magnetic memory that can be reversibly stored by
mechanical deformation and erased by heating to moderate tempera-
tures (80°C) [Fig. 7(b)]. Cmok et al.'”® attach methacrylic anhydride
to ricinoleic acid on the surface of the barium hexaferrite (BaFe;,O;9)
and then cross-link BaFe;,0,9 with the LC oligomer synthesized by
aza-Michael addition.

Magnetic NPs can be also directly mixed with LCEs. For exam-
ple, Kaiser et al>* and Winkler et al.” successfully fabricate side-chain
Fe;04/LCE composites using N-oleoylsarcosine as the ligand to stabi-
lize Fe;0,, achieving up to 30% reversible contraction under the mag-
netic field. Other ligands, such as lauric acid and oleic acid, modified
Fes0, NPs, and cobalt nanorods LCE composites are also
reported.'””''" Recently, Ditter et al''' modify Fe;O0, NPs with
poly(methyl ~methacrylate-b-dopamine acrylamide) P(MMA-b-
DOPA) block copolymers through strong bonds between the catechol
groups on the dopamine and the oxidic surfaces. The resulting main-
chain Fe;0,/LCE composites show 30% reversible actuation under
ambient heat and 20% reversible actuation under light when
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FIG. 6. Fabrication of AUNP/LCE composites. (a) Schematic of a three-step sequential thiol-click chemistry approach to prepare AUNR/LCE composites.”” Reproduced with
permission from Yang et al., Chem. Commun. 51, 12126 (2015). Copyright 2015 RSC. (b) Schematic of the steps to fabricate AuNR/LCE films.** Reproduced with permission
from Wang et al., Adv. Mater. 32, 2004270 (2020). Copyright 2020 Wiley-VCH. (c) Photopatterning of AuNP/LCE. AuNPs are spatially incorporated into LCEs via photoreduc-
tion of gold salt with UV light."" Reproduced with permission from Kuenstler et al., Adv. Mater. 32, 2000609 (2020). Copyright 2020 Wiley-VCH.
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FIG. 7. Fabrication of magnetically responsive LCE composites. (a) Schematic illustration of the ferrite/LCE composites. Nematic LCs and dopamine-modified Fe4,O3 nanopar-

ticles are covalently bonded to the siloxane network.'®> Reproduced with permission from Song
Solution casting of LCE composite consisting of the magnetic core-shell ellipsoidal nanoparticles. ™

et al., Adv. Funct. Mater. 17, 2070 (2007). Copyright 2007 Wiley-VCH. (b)
' 1: cross-linker and 2: LCE. Reproduced with permission from Haberl et al.,

Nanoscale 5, 5539 (2013). Copyright 2013 RSC. (c) Magnetic LCE composite film embedded with magnetic microparticles for programmable and multiple degree-of-freedom
shape-morphing.”® Reproduced with permission from Zhang et al., Adv. Mater. 33, 2006191 (2021). Copyright 2021 Wiley-VCH.

azobenzene LCEs are used. They can also be guided to move in water
by external magnetic fields.

Compared with NPs, microparticles are more stable, where a
small degree of aggregation may not affect the overall magnetic

property of the composites. Zhang et al.”” embed up to 24 vol. % 5 um
NdFeB microparticles into the main-chain LCE [Fig. 7(c)] to realize
different locomotion modes. However, the microparticle composites
usually have smaller actuation strains compared with the NP
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composites, because of the increased Young’s modulus (up to ten
times)® resulting from higher loading of microparticles [50wt. %
(Refs. 65 and 66) vs less than 7wt. % NPs”'''] to achieve consistent
and controllable magnetic response.

Although various magnetic LCE composites have been success-
fully fabricated for different applications, compatibility between the
particles and the LCE remains the main challenge and different types
of magnetic particles are needed for specific applications. For example,
for magnetic field-induced heating, magnetic particles with high ther-
mal magnetic efficiency are required. For information storage, mag-
netic particles with precise and fast response to the magnetic field,
high stability after the response, yet rewritable to remove the memory
will be highly desired.

3. Liquid metal

LM is a metal or a metal alloy in the liquid state at room temper-
ature. The alloys of eutectic gallium indium (EGaln) have caught a
great deal of attention because of their low toxicity, low melting point,
and high conductivity. Therefore, they have been widely investigated
for wearable electronics, self-healing devices, and actuators.''” LM can
enhance the electrical and thermal conductivity of the LCEs and offer
LCEs with electrical response through Joule heating. Due to the intrin-
sic soft nature of the LM, the LM/LCE composite can also be compli-
ant and deformable. However, it is challenging to integrate LM within
LCE due to the extremely high surface tension (640 mN m ') of LM,
which forms near-spherical droplets in the polymer matrix.

It is possible to incorporate LM emulsions with LCE. For exam-
ple, Ford et al.”® fabricate LM/LCE with up to 50 vol. % LM micropar-
ticles (~200 to 500 um), demonstrating sensing, actuation, circuitry,
and soft robot locomotion. The LM is first mixed with the RM257,
tetra-functional thiol cross-linker, di-functional thiol spacer. After the
first stage thiol-Michael addition, the LM/LCE is mechanically
stretched and cross-linked [Fig. 8(a)]. Smaller LM particles can
increase the elastic modulus from 0.3 to 4.3 MPa but decrease the actu-
ation strain from 50% to 5% under 70 kPa load.""” Ambulo et al.” 3D
print LM/LCE composite, where the LM/LCE. The ink is obtained by
mixing the LM with LC oligomers prepared through aza-Michael
addition between RM257 and n-butylamine. During the mixing, ace-
tone is added to lower the viscosity of the ink and facilitate LM disper-
sion [Fig. 8(b)]. The 3D printed LM/LCE actuators show reversible
actuation through Joule heating and photothermal heating without
dramatically increasing elastic modulus.

Although successful examples of integration between LM and
LCEs have been reported, advantages of LM such as self-sensing and
self-healing properties are not fully utilized. To address these proper-
ties, Ma et al.''* mix LM with magnetic microparticles and control the
flow of the LM on the LCE by a magnet to form an LM circuit, where
LCE is covered by a channel patterned tape. After encapsulated by sili-
cone, the resulting composite can be utilized as an actuator and a sen-
sory skin to perceive its deformation. Kent et al.""” fabricate LM/LCE
composites with fluidic channels of LM. The LCE layer is first sprayed
with LM microparticles and then ablated into desired channel pattern
by a UV laser, followed by encapsulation with another layer of LCE.
The composite can be used as a heating element and a sensor for
tracking positions. Kotikian et al.”' 3D print core-shell LM/LCE via
co-extrusion of LM and LC oligomers, leading to the formation of
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pure LM core within LCE-based coaxial fibers [Fig. 8(c)].
Programmable actuation, self-sensing, and closed-loop control with
up to 50% strain are demonstrated.

Direct mixing of LM emulsions with LC monomers or LC
oligomers is not preferred for applications such as self-sensing and
self-healing, where connectivity and conductivity of LM/LCE compo-
sites are important to the change of resistance upon deformation.
Unless one can greatly reduce the surface energy of LM, which is
known for the intrinsically high surface energy, it is impossible to
obtain a homogenous mixture of LM and LCE.

4, Carbon nanotubes

CNTs are tubular nanostructures that consist of a hexagonal
arrangement of carbons. Single-wall carbon nanotubes (SWCNTs) can
be ideally regarded as a single sheet of graphene that is rolled up, while
the multi-wall carbon nanotubes (MWCNTS) consist of serval layers
SWCNTs weakly bound together by van der Waals interactions.
CNTs offer high electric (10° S/m)"'® and thermal conductivity
(>3000 W/mK)""” due to a large number of mobile n-electrons along
the long axis, and excellent mechanical properties (Young’s modulus
~1 TPa)'" due to interlocking C-C covalent bonds. They also have
photothermal effects. Importantly, they can be modified by covalent
attachment of chemical groups through reactions on the conjugated
skeleton of CNTs, or by the noncovalent supramolecular adsorption
or wrapping of various functional molecules onto the tubes.'"”
Therefore, CNTs can be coupled with LCEs to improve the mechani-
cal, electrical, and thermal conductivity of the LCEs. CNT/LCE com-
posites can be also actuated by electricity through either Joule
heating®® or unique dielectric responses”” for applications such as soft
robotics.'”” If the alignment of the CNT's can be controlled, the intrin-
sic anisotropy of the CNTs can be couple with LCEs.

Courty et al'”' report the first side-chain polysiloxane-based
CNT/LCE composite fabricated through a two-step method with a
maximum loading of 0.02 wt. % SWCNTs. The SWCNTs are found to
be aligned with LCE during the mechanical stretching process, leading
to an increase in Young’s modulus from 0.75 to 1.2 MPa. Even at such
a low loading, a significant electromechanical effect is observed. The
dielectric torque generated by CNTs can result in uniaxial mechanical
stress of 1kPa under ~1 MV/m of direct current (DC). Ahir et al.”’
demonstrate the infrared actuation behavior of the CNT/LCE compos-
ite later using a similar method. However, the major challenge is to
achieve higher CNTs loading in LCEs without significant aggregation.
Chambers ef al."*>'** swell LCEs using a CN'T/toluene solution, where
CNTs can be absorbed onto LCE through the van der Waals attraction
and form a conducting layer. However, the loading is low and hard to
control. More importantly, CNTs mostly concentrate on the surface of
LCE, forming a 2-3 um CNT layer rather than being incorporated
homogeneously into the LCE matrix.

To tackle this problem, Chen et al.'** propose a noncovalent
functionalization approach to tailor the CNT property without affect-
ing their intrinsic properties. Poly(aryleneethynylene) (PPE) is used to
solubilize the CNTs through n-7 stacking, which allows control over
the distance between functional groups on the CNT surface by varying
the polymer backbone and side chains. Therefore, PPE-modified
SWCNTs have been applied to achieve homogeneous dispersion in
the polymer matrix. Yang et al.”” fabricate a side-chain SWCNT/LCE
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FIG. 8. Fabrication of LM/LCE composites. (a) lllustrations of the molecular, microscale, and mesoscale ordering of LM-LCE composites.” Reproduced with permission from
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terminated LM/LC oligomers.”” Reproduced with permission from Ambulo et al., ACS Appl. Mater. Interfaces 13, 12805 (2021). Copyright 2021 ACS. (c) Schematic
of 3D printing of the innervated LM/LCE fibers composed of LM core surrounded by LCE shell and the corresponding actuation when cycled above and below
Reproduced with permission from Kotikian et al., Adv. Mater. 33, 2101814 (2021). Copyright 2021 Wiley-VCH.

illustration
the TN|-91

composite with 0.2 wt. % SWCNT through a “hot-drawing” technique. stress. The excellent dispersion of PPE-SWCNT in the LCE matrix

The LCE precursor and PPE-SWCNTSs are mixed in chloroform. provides a 30% reversible IR-induced strain with only 0.1 to

0.2wt. %

Then, a film is cast, vacuum-dried, heated on a hot plate, and partially SWCNT loading. Ji et al.'* introduce pyrene moieties at the ends of
polymerized. Finally, the film is photopolymerized under uniaxial the main-chain LCEs to enhance the stability between the CNTs and
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LCE through n-m stacking. Up to 3wt. % CNTs are successfully
loaded into pyrene contained LCE, showing excellent IR actuation and
improvement in dielectric response [Fig. 9(a)]. Li et al.'*° also report
side-chain SWCNT/LCE fabricated by the hot-drawing process. The
resulting SWCNT/LCE nanocomposites can not only be actuated by
IR light but also by a much wider spectrum of light with an intensity
of 100 mW cm 2 Interestingly, adding SWCNTSs can also lower the
Ty of the LCE,#71¢ although the reason remains unclear.

Compared with side-chain chemistry, main-chain mesogenic
monomers are reported to act as mild dispersants to prevent CNTs
from aggregation.'””'*" Guin et al.”” successfully fabricate SWCNT/
LCE composites using thiol-Michael addition chemistry through the
photoalignment. A maximum loading of 0.08 wt. % SWCNTs is
achieved due to the increased viscosity. The resulting composites can
undergo a spontaneous and reversible shape change under DC. They
further fabricate SWCNT/LCE composite with 1wt. % SWCNTs that
can contract over 4% against a 140 kPa load using mechanical stretch-
ing method."”" We fabricate CNT/LCE filaments with up to 2 wt. %
CNTs in the LCE matrix by extrusion.'”’ To increase the shearing
force during the extrusion, up to 4wt. % cellulose nanocrystals are
added. The resulting CN'T/LCE composite filaments exhibit enhanced
mechanical robustness and faster actuation speed with a maximum
work capacity of 38] kg~' [Fig. 9(b)]. Highly aligned CNT arrays
drawn from the CNT forest can also act as the alignment layer for
small LC molecules by the anisotropic nanogrooves. Kim et al.*
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capillary infiltrate the mixture of LC monomers and cross-linkers into
a cell coated with forest-drawn CNTs, followed by cross-linking in the
aligned nematic state. By controlling the orientation, location, and
quantity of layers of CNTs, the resulting film can be actuated by visible
light or electrical current rapidly (within 1.2 s under 280 mW cm >
light) [Fig. 9(c)].

The CNT/LCE composite could become a conductor when the
loading of CNTs is above the percolation threshold (typically 0.03 to
5 wt. %, depending on the size and nature of the CNTs and the type of
the polymer matrix)."”> However, CNT/LCE with 3wt. % CNTs
(diameter 60-100nm, length 5-15um) is not electrically conduc-
tive.'”> Also, due to the high Young’s modulus of CNTSs, one needs to
balance between the light intensity or electrical power needed and the
mobility nature of mesogens in the polymer network. The anisotropic
coupling between the CNTs and LCEs has been demonstrated with
the CNTs aligned along with the LCE directors.”” It will be interesting
to see whether the alignment of CNTs and LCEs can be controlled sep-
arately so that composites with new and controllable anisotropic prop-
erties can be realized to enhance the actuation performance.

5. Graphene and its derivatives

Graphene is another allotrope of carbon consisting of a single
layer of atoms arranged in a two-dimensional honeycomb lattice.
Similar to CNTs, graphene exhibits many superior properties, such as
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FIG. 9. Fabrication of CNT/LCE composites. (a) Chemical structure and components of the pyrene main-chain copolymer to stabilize the CNTs.'** Reproduced with permission
from Ji et al., Adv. Mater. 22, 3436 (2010). Copyright 2010 Wiley-VCH. (b) Fabrication of CNT/LCE composite filaments and their digital images. Inset: a 1.4-m-long filament.'*”
Reproduced with permission from Liu et al., Adv. Intell. Syst. 2, 1900163 (2020). Copyright 2020 Wiley-VCH. (c) Fabrication of CNT/LCE composite films, where the highly
aligned, forest-drawn CNT sheets are used to direct the alignment.”® Reproduced with permission from Kim et al., Adv. Funct. Mater. 29, 1905063 (2019). Copyright 2019

Wiley-VCH.
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its fantastic mechanical strength (Young’s modulus, ~1 TPa),"”

unparalleled thermal conductivity (~5000 W/mK),"** charge carriers
mobility (200000 cm*/V's) properties,””” and superior photothermal
effect."”® However, due to the hydrophobic nature, its derivatives, gra-
phene oxide (GO) and reduced graphene oxide (rGO), are typically
used in polymer composites systems. GO is the oxidized form of gra-
phene with various oxygen-containing functionalities such as epoxide,
carbonyl, carboxyl, and hydroxyl groups, making it less conductive. To
increase thermal and electrical conductivity, GO is typically subjected
to chemical or thermal reduction process to form rGO with less oxy-
gen content.”” The different properties of GO and rGO can be related
to their carbon-oxygen ratio. The smaller the carbon-oxygen ratio,
the better the conductivity, the higher surface area, and the stronger
mechanical strength, although it also reduces hydrophilicity.
Additionally, the richness of chemical groups on GO can be further
utilized for functionalization. It suggests that one can engineer the
structure of the GO to meet the requirement for different applications.

Graphene sheets and LCE mixtures can form stable suspensions
through the 7-7 stacking between graphene and aromatic rings on LC
mesogens. In addition, the hydroxyl and carboxyl groups in GO can
form hydrogen bonding with the ester groups in the mesogens. Li
et al."”" report a GO/LCE with 0.7 wt. % GO loading, showing 33%
reversible contraction under the white light (~100 mW/cm?), a ~50%
increase compared with the pure LCE. Wei et al.”® modify GO with
the mesogenic groups and fabricate GO/LCE micropillars by soft
lithography using magnetic alignment, showing 30% thermal actua-
tion strain and light responses. It would be beneficial if the GO can be
also aligned with the LCE. Yang et al."”” report an aligned rGO/LCE
composite for tunable photomechanical actuation through the hot-
drawing process. Large contraction strain (35.7%), high actuation
stress (240kPa), and fast response (8 s) are achieved with only
0.2 wt. % rGO as the enhanced sp’-hybridization due to reduction and
mechanically induced alignment of rGO in LCEs.

Despite extensive studies, the loading of GO remains low, less
than 1wt. %."">"*” Current research mostly focuses on the mechanical
property and the photothermal actuation, yet the electrical conductiv-
ity and actuation are less studied.

6. Carbon black

Conductive CB particles can be also doped into LCEs for electro-
thermal actuation based on the Joule heating effect. Wang et al.'"’
directly mix 2wt. % CB in toluene with LCE precursors to improve
the thermal conductivity. Chamber et al."*' swell the cross-linked LCE
network with a CB toluene solution, achieving reversible actuation up
to 150%. Agrawal et al.'** introduce CB particles into the LCE network
both before and after the network formation by immersing it into a
CB particle toluene solution for additional doping near the surface. By
this two-step doping method, they realized resistivity lower than
10 Q m with only 6 wt. % CB. In general, increasing CB concentration
can effectively improve the thermal conductivity and electric conduc-
tivity; however, it will compromise LCE actuation strain. "%

7. Other nanoparticles

Other fillers, including ferroelectric ceramic nanoparticle and
conductive molybdenum-oxide nanowires, have also been incorpo-
rated into the LCE matrix. For example, Domenici et al. embed
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5wt. % ferroelectric PbTiO;'** and 1 wt. % molybdenum oxide'* in
the side-chain LCE using the two-step method. The resulting compo-
sites show reversible actuation but smaller actuation strain (~10% less
compared with pure LCEs). In fact, many fillers with special optical,
electrical, or magnetic properties can be introduced into LCEs to pro-
mote response speed and sensitivity to multiple stimuli (see summary
in Table II).

B. LCE composites from LC-phased cellulose
derivatives

Biomass such as cellulose fibrils can be obtained from abundant
natural sources, including plants, bacteria, and fungi [Fig. 10(a)].
Cellulose fibrils consist of both amorphous and crystalline regions,
where the crystalline regions can be separated by acid hydrolysis to
obtain rod-like cellulose nanocrystals (CNCs). Sulfuric acid is com-
monly used to extract CNCs, leaving negatively charged sulfate half
ester surface functional groups on CNCs [Fig. 10(b)] to a stable disper-
sion. The hydrolysis conditions and the source of cellulose fibrils play
important roles in the aspect ratio, polydispersity, and surface charges
of the obtained CNCs, which affect not only the colloidal suspension
stability, but also their ability to self-assemble into the lyotropic LC
phases. The dimensions of CNCs expand from 50 to 1160 nm in
length and from 3 to 50 nm in width, and their chirality originated
from the 1,4-D-glucose units can lead to the formation of helical
superstructures, that is, the cholesteric LC phase”'”” that always has
left-handed helical twist."”” The distance between two layers along the
helical axis where the CNCs adopt the same orientation after a 360°
rotation is usually defined as helical pitch, P. When light propagates
through this birefringent cholesteric phase, it leads to reflection of left-
handed circular polarized light [Fig. 10(c)], and the reflected wave-
length 2 can be approximated by that from Bragg reflection.” Since the
reflected light is always left-handed, the maximum achievable reflec-
tance is 50%. When the reflected wavelength falls into the visible
region, the reflected light can be observed by naked eyes as structural
color. Therefore, CNCs have been extensively explored for their poten-
tials as photonic crystals to reflect light.

The self-assembled helical structures in CNCs can be fixed by
evaporating water to form a solid film."™ At the initial stage of water
evaporation, the CNC suspension undergoes a phase transition into a
biphasic stage of isotropic phase and cholesteric phase, then further
transition into a pure cholesteric phase as described above. As the
CNC concentration increases to ~8wt. %, the movement of CNCs
becomes restricted, kinetic arrest occurs, and the helical structures are
locked in place to form a gel.”” Finally, a dried film with helical struc-
tures is formed upon complete evaporation of water, where the helical
structures can be maintained, presumably because of the chirality
transfer from molecular CNCs to the macroscopic LC order.'””
During this evaporation-induced self-assembly process, the helical
pitch will be significantly reduced from micrometer-sized range to
submicrometer-sized range.

It is crucial to control different parameters in the evaporation
process to obtain desired and uniform pitch of the helical twists and
structural colors in the final dried film. For example, an increase in
ionic strength of the CNC suspension can decrease the helical pitch in
the final film."”” Relative humidity during evaporation,'®’ the initial
CNC concentration and polydispersity,'*" the evaporation rate,'*” and
even the substrate surface chemistry'®’ all play crucial roles in
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TABLE II. Summary of different types of LCE composites.
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Materials Incorporation method Applications References
Photothermal metallic AuNP/LCE Direct mixing NA 63
nanoparticles AuNS/LCE AuNR/LCE Direct mixing Photoresponsive actuator 77
AuNP/LCE Direct mixing Photoresponsive actuator 99
AuNR/LCE Cross-link Photoresponsive actuator 52
AuNP/LCE Cross-link Photoresponsive actuator 50
AuNR/LCE Surface modification Photoresponsive actuator 64, 146
AuNP/LCE In situ reduction Photoresponsive actuator 101
Magnetic particles Fe,O3/LCE Cross-link NA 105 and 106
o-Fe,O3/LCE Cross-link Magnetic memory device 53
y-Fe,O3 NP/LCE Cross-link Photoresponsive actuator, transduction 147
BaFe;,0,4/LCE Cross-link Magnetic responsive actuator 108
Fe;O,/LCE Surface modification Magnetic responsive actuator 54,55,and 111
Fe;O4/LCE Surface modification Cell culture 109
Co nanorod/LCE Surface modification Magnetic memory device 110
NdFeB/LCE Direct mixing Magnetic responsive actuator 65 and 66
Liquid metal LM/LCE Direct mixing Electrical actuator, sensor 56
Direct mixing Electrical, photoresponsive actuator 90
Two phases Electrical actuator, sensor 91,114,115, and 148
Two phases Thermal-responsive electrical switch 149
Carbon nanotubes SWCNT/LCE Direct mixing Electrical actuator 121
SWCNT/LCE Direct mixing Photoresponsive actuator 59 and 150
CNT/LCE Swell NA 122,123
SWCNT/LCE Surface modification Photoresponsive actuator 57
CNT/LCE Surface modification Photoresponsive actuator 125, 151-153
SWCNT/LCE Direct mixing Photoresponsive actuator 126, 154, 155
CNT/LCE Direct mixing Electrical actuator 67
CNT/LCE Direct mixing Electrical, photoresponsive actuator 131
CNT/LCE Two phases Electrical, photoresponsive actuator 68
MWCNT/LCE Direct mixing" Photoresponsive actuator 156
Graphene and its GO/LCE Direct mixing Photoresponsive actuator 138
derivatives GO/LCE Surface modification Photoresponsive actuator 78
rGO/LCE Direct mixing Photoresponsive actuator 139
Carbon black CB/LCE Direct mixing Electrical actuator 140
Swell Electrical actuator 141
Swell Cell Culture 142
Two phases Electrical actuator 143
Other nanoparticles PbTiO3/LCE Direct mixing N.A. 144
MoOs_, /LCE Direct mixing N.A. 145

Using polymer of intrinsically microporous as a dispersant.

controlling the CNC self-assembly process to obtain a uniform chole-
steric phase and pitch. However, pure CNC films are very brittle, so
the helical pitch in dried films is not tunable. It is important to
improve the flexibility of the films while maintaining the helical struc-
tures. One promising approach is to form CNC/polymer composites
with cholesteric LC ordering.

For example, PEG, a water-soluble polymer, is commonly used
to co-assemble with CNCs to improve the flexibility and tune the heli-
cal pitch.'”" " Bardet et al.'* show that the film stretchability can be

doubled by adding 10 wt. % PEG while maintaining the coloration in
the composite film. However, when the PEG loading exceeds 30 wt. %,
PEG and CNCs experience microphase separation, leading to disrup-
tion of the cholesteric LC order in CNCs."” In addition to increasing
the flexibility, PEG can also improve the uniformity of helical pitches
and structural coloration in the resulting films,'*" presumably due to
the entropic depletion interactions between CNCs.'*”**® The separa-
tion distance between CNC rods is smaller than the radius of gyration
of PEG, and PEG molecules are excluded from the regions around the
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FIG. 10. CNCs and the helical superstructures. (a) Schematic illustration of CNC preparation from the wood.” Reproduced with permission from Tran et al., Adv. Mater. 32,
1905876 (2020). Copyright 2020 Wiley-VCH. (b) Chemical structure of CNCs. (c) Helical superstructures in CNCs and selective light reflection from CNCs.

CNC rods, so the osmotic pressure difference on two sides of each
CNC rod will lead to an attractive force between CNC rods and facili-
tate the assembly of helical structures. Similarly, hydrophilic polymers
glycerol'® and polyethylene glycol diacrylate (PEGDA)'"" can be
added in CNCs to improve film flexibility and achieve tunable struc-
tural colors.

External stimuli-responsive CNC/hydrogels can be formed by mix-
ing CNCs with functional monomers such as temperature responsive
N-isopropyl acrylamide (NIPAAm),"”" 2-hydroxyethylmethacrylate
(HEMA), and pH responsive acrylic acid (AAc),"” followed by
evaporation-induced self-assembly and polymerization to lock the heli-
cal structures. Glutaraldehyde has been used as a bridging agent, which
can react with hydroxyl groups from CNCs and amino groups from
polyacrylamide (PAAm)."”

In addition to direct mixing of CNCs with hydrogel precursors,
Boott et al.'” infiltrate hydrogel precursors after forming the dry CNC
film, where glucose is used to promote uniform swelling and increase
the swelling ratio. The glucose-CNC dry film is first treated with
dimethyl sulfoxide (DMSO) and then infiltrated with hydrogel precur-
sors, followed by cross-linking. The obtained film can be stretched up
to 300%, changing color from red to blue.

To increase the compatibility between the aqueous CNC disper-
sion and other non-aqueous polymers, including poly(methyl methac-
rylate) (PMMA), polystyrene (PS) and polycarbonate (PC) to create
photonic films, Cheung et al.'”* neutralize CNCs by strong bases, fol-
lowed by freeze drying and redispersing in polar organic solvents such
as DMSO and dimethylformamide (DMF) with a concentration
~3 wt. %. Further, CNCs can be surface functionalized by acetylation,
desulfation, cationization, or tetramethylpiperidine (TEMPO)-oxida-
tion,"”” allowing for in situ oxidative polymerization of pyrrole to
form conductive CNC/polypyrrole composites.

CNC composites can also be achieved by freeze-casting to form
anisotropic CNC aerogels first, followed by infiltration of poly(oligo
ethylene glycol methacrylate) (POEGMA) and cross-linking.'”® The
anisotropy of the CNC composite can be controlled by the ratio
between CNC and POEGMA, freeze-casting temperature, and the
concentrations of CNCs and POEGMA, resulting in various morphol-
ogies such as columnar, fibrillar, and lamellar. Liu et al."”” report the
fabrication of cellulose-based nematogels, where cellulose nanofibrils
are first physically cross-linked by acid via hydrogen bonds between
the carboxyl groups on cellulose nanofibrils, followed by an exchange
with isopropanol and nematic LC small molecule 5CB.

IV. APPLICATIONS
A. Soft robotic actuators

Owing to the unique anisotropic deformation of LCEs during
phase transition, they are widely used as soft robotic actuators to com-
plete various tasks and work, yet their thermotropic responsiveness
often results in slow actuation speed and low energy conversion effi-
ciency due to the low heat dissipation efficiency. Therefore, LCE com-
posites with different types of functional fillers are extensively studied
to address these challenges over the past years.

AuNPs,” %7 CNTs,””'?"1?° and GO’ are often incorporated
into LCEs to provide photothermal responsiveness to realize the
remote and localized light actuation. For example, we show that
AuNR/LCE composite films can be morphed into different shapes
depending on the choices of photomasks.”* The films can achieve fast
actuation (response time ~5 s and a maximum actuation strain of
56%). Similarly, AuNPs are incorporated into LCEs to form composite
fibers that can exhibit shrinkage under IR light exposure, acting as
photoresponsive muscle-like robots.”””* When the cross-linked LCE is
swelled by HAuCl, solution, which is selectively reduced to AuNPs by
UV light using grayscale photomasks, the patterned AuNPs inside the
LCE can lead to nonuniform photothermal heating and further pro-
grammable actuation upon IR light irradiation [Fig. 11(a)]."""

Li et al."*®"> show that the actuation of the LCE composite with
SWCNTs can be triggered not only by IR light, but also by white light
at an intensity of ~100 mW cm™ 2 for potential applications such as
artificial heliotropism. The LCE composite is integrated with solar
cells, with the composite actuator facing sunlight to contract and tilt
the solar cell toward the sun. As a result, they observe a significant
improvement in the output photocurrent of the solar cells. LCE/CNT
composite filaments can function as artificial muscles for actuation.
We fabricate meter-long LCE composite filaments as muscle-like
actuators by extrusion, showing greatly improved mechanical property
and IR light and electric field responsiveness.'”’ The composite fila-
ment with 2wt. % CNT loading can generate work within a certain
period of time that is comparable to the value of mammal muscular
skeleton systems, that is, possessing a maximum work capacity of
38]/kg. They can be integrated into several soft robotic systems,
including a swing set that can swing to either front or top and a hop-
ping unicorn. Kohlmeyer et al.” design a bilayer gripper mimicking
Venus flytrap from the CNT/LCE composite and silicone rubber.
The open and close modes are controlled via IR light irradiation.
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FIG. 11. LCE composites as soft robotic actuators. (a) Localized photothermal effect and shape transformation by patterning AuNPs.°" Reproduced with permission from
Kuenstler et al., Adv. Mater. 32, 2000609 (2020). Copyright 2020 Wiley-VCH. (b) Digital images of an inchworm walker made from CNT/LCE composite climbing on a tilted sub-
strate.”® Reproduced with permission from Kohimeyer et al., Angew. Chem. Int. Ed. 52, 9234 (2013). Copyright 2013 Wiley-VCH. (c) Top: schematic illustration of plasma-
patterning CNT sheets onto the LCE film. Bottom: localized photothermal origami actuation of the CNT/LCE composite film.® Reproduced with ?ermission from Kim et al., Adv.
Funct. Mater. 29, 1905063 (2019). Copyright 2019 Wiley-VCH. (d) Digital images of an artificial flytrap gripping a cherry tomato autonomously."* Reproduced with permission
from Ma et al., ACS Appl. Mater. Interfaces 13, 5574 (2021). Copyright 2021 ACS. (e) Digital images of a soft miniature robot walking on a substrate and swimming in a vis-
cous liquid.” Reproduced with permission from Zhang et al., Adv. Mater. 33, 2006191 (2021). Copyright 2021 Wiley-VCH.
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An inchworm walker from the same composite film with polycarbonate
caps at two ends to prevent sliding is also demonstrated [Fig. 11(b)].
The inchworm walker is capable of climbing on a tilted substrate with
50° slope at an average speed of 0.1 mm s~ ', where the moving direc-
tion of the walker is controlled by the direction of IR light. Compared
to dispersing CNTs into the LCE matrix, Kim et al.® report the direct
attachment of continuous CNT sheets on the LCE, where the twisted
nematic LCE with a single layer CNT sheets on both sides can bend to
a maximum angle of around 100° within 1.2 s and recover within 2.2 s
under 287 mW cm ™ visible light. It also allows for actuation by the
lamp of a cellular phone and unconcentrated sunlight. The location of
CNT sheets can be controlled by oxygen plasma to program the pho-
tothermal heating magnitude in the film, such as realizing a folding
actuator [Fig. 11(c)]. When the LCE matrix containing azobenzene
moieties is used, together with the incorporation of the photothermal
fillers, the composite films can realize both UV light and NIR light
responsiveness. " Since most UV light is absorbed by the surface layer
of the film, leading to shrinkage only on the surface, the overall film
will bend toward the UV light. On the contrary, the irradiation of NIR
light will heat the entire film and cause uniform shrinkage of the film.
Moreover, photothermal fillers can be also utilized to improve the pro-
gramming and reprogramming of LCEs when embedded into LCE
with dynamic covalent bonds. Yang et al."*° fabricate CNT/LCE com-
posites with transesterification dynamic bonds, where the Ty (120 °C)
is lower than the reaction temperature of the dynamic bonds (160 °C).
The resulting composites can not only be actuated by the NIR light,
but also can be easily erased and reprogrammed to generate various
structures without a mold when further heating to 160 °C by increas-
ing the light power. As a result, a single six-petal “flower” can be
reconfigured into more than 20 different actuation modes through
light-induced transesterification.

In addition to the photothermal responsiveness, CNTs""** and
LM are introduced to endow LCE composites with electrical
responsiveness. Guin et al.”” report the electrical actuation of the LCE
composite film with 0.02 wt. % SWCNTSs. They observe 18% contrac-
tion of the composite film at 100 °C within 1 s at 5V/um as well as a
rapid recovery in less than 1 s after removing the electric field. They
claim that the deformation is not caused by the electrothermal effect;
since the film is only heated by 3 °C in 60 s, rather, this electromechan-
ical response can be attributed to the SWCNT rotation arising from
the dielectric mismatch between the LCE matrix and SWCNTs. When
the CNT/LCE composite film with CNT sheets attached to the LCE is
twisted into a fiber, it exhibits a maximum work capacity of 97 k] m >
by a DC voltage of 15.1 V cm ™2 through the Joule heating,**

Taking advantage of the high conductivity, intrinsic soft nature
of the LM, Ambulo et al” 3D print LCE composite containing of
88 wt. % LM, where LM droplets are percolated with resistivity ranging
from 0.0038 to 0.035 Q cm. The resulting LM/LCE shows reversible
actuation strain of ~12% by an 8.9 W cm ™ electrical power. The actu-
ation strain is much smaller compared to that without LM inclusion,
~45%, which could be due to insufficient cross-linking during 3D
printing arising from LM inhibition and decrease in the nematic order.
Similarly, Ford et al.”® fabricate the LCE composite film with 83 wt. %
LM that becomes electrically conductive after mechanical sintering,
serving as a transducer to sense finger touch, an electrothermally
responsive actuator for weightlifting, and a conductive pathway for
lightening an LED. Sun et al."*’ have also fabricated LM/LCE fibers
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with large contraction ratios and electrical responsiveness, where the
contraction ratio and rate can be programmed by adjusting voltage
and pulse time. The fibers can produce over 40% contraction ratio at a
rate of 280% s ' under 1.25V cm ™', They further use the fibers to
mimic human triceps muscle for ball shooting, Kotikian et al.”' design
innervated LCE actuators with the LM core and the LCE shell that can
self-sense and realize closed-loop control even with large bias weights.
Because the resistance is closely related to the contractile strain and
temperature during Joule heating, they set a target normalized resis-
tance (R/Ry), which can automatically regulate the resistance feedback
of the innervated LCE actuator, where the actuator can track self-
sensing actuation while omitting perturbation up to 4.2 grams in 20 s.
Based on the similar mechanism, Ma et al.''* realize an artificial fly-
trap that can autonomously grip an object by sensing the contact pres-
sure and redistributing the current in the conductive loop. The gripper
can grab a cherry tomato with a weight of 7.2 g that is ten times larger
than the mass of the gripper itself [Fig. 11(d)].

Although the magnetic particles also exhibit a magnetic heating
effect that can be used to trigger the phase transition of LCE,” the
magnetic field responsiveness is more attractive, as it provides an addi-
tional degree of freedom to control the composite actuator indepen-
dently and wirelessly, which is especially beneficial for soft miniature
robots. Ditter et al.''" fabricate Fe;O,/LCE composite microparticles,
which can be guided by an external magnetic field to move and trans-
port goods including textiles, plastic, and copper. Zhang et al.”” embed
magnetic microparticles inside the LCE containing azobenzene moie-
ties to realize multi-responsiveness. For example, the soft robot can
walk forward on the substrate by controlling the external magnetic
field. After the soft robot falls into a 70 °C liquid, the shape morphing
behavior is triggered to transfer the robot into a helical structure
according to the preprogrammed LC director field, while the robot is
manipulated to rotate in the liquid controlled by the rotatory magnetic
field [Fig. 11(e)]. Similarly, Li et al.”° design a biomimetic “bug” robot
from magnetic particle/LCE composites that can jump, roll across an
obstacle, and pass through a crack activated by either a magnetic field
or temperature variation.

B. Photonic displays

Compared to pigment colors, structural colors are environmen-
tally more stable since they are generated from reflection, diffraction,
and scattering of interference light from photonic crystals consisting
of quasi-amorphous structures or periodic structures.’”® For example,
cholesteric LCs with helical pitch in the visible wavelength are of great
interest for photonic displays. In CNC hydrogel composites, CNCs
with helical superstructures provide photonic crystal properties,
whereas the water absorption nature of hydrogels introduces humidity
responsiveness to the composites.

Lu et al'”” design a stable photonic humidity sensor by cova-
lently bonding PAAm with CNCs, where humidity change is indicated
by the swelling ratio of PAAm hydrogel and thus shift of the structure
color of the composite color, for example, from green to red as relative
humidity increased from 11% to 97%, corresponding to a wavelength
change of 92nm. Yao et al.'®* co-assemble CNCs with PEG under
slow drying conditions [Fig. 12(a)]. The resulting film shows uniform
helical pitches with a reversible structural color transformation
between transparent and green when the humidity changes between
100% and 50%, which is attributed to the swelling and deswelling of
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FIG. 12. Tunable structural colors in CNC composites as photonic devices. (a) Digital images showing structural color variation in a CNC/PEG composite film in response to
relative humidity change.'®* Reproduced with permission from Yao et al., Adv. Mater. 29, 1701323 (2017). Copyright 2017 Wiley-VCH. (b) Digital image showing a blue shift of
color in a CNC elastomer film by stretching up to 300%.'”° Reproduced with permission from Boott et al., Angew. Chem. Int. Ed. 59, 226 (2020). Copyright 2020 Wiley-VCH.
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the film. Similarly, glycero polyethylene glycol diacrylate studying dynamic cell culture, issues such as cell adhesion and viability

(PEGDA),"”” and AAc'"” are also added in CNCs to realize the struc-
tural color change in response to the humidity change.

Boott et al'”” integrate CNCs with ethyl acrylate and 2-
hydroxyethyl acrylate hydrogels to realize a stretchable CNC elastomer
with a maximum strain of 300%. During the mechanical stretching
process, the structural color shifts from red to blue [Fig. 12(b)] due to
the helical pitch compression. Although the mechanical stress causes
unwinding of chiral twist into small domains of pseudo-nematic struc-
tures, the overall helical structures are preserved to exhibit structural
color. In addition, Chen et al'®" introduce boronic esters as the
dynamic covalent bond such that the resulting CNC/PVA-PAAm
composite hydrogels exhibit self-healing property.

C. Cell culture and tissue engineering

LCEs with reversible and anisotropic shape deformation are ben-
eficial for biomedical applications such as tissue engineering and cell
culture. By programming the molecular orientation of LC mesogens
inside LCEs, cell alignment can be potentially guided and oriented
along the LC alignment direction. Instead of controlling cellular
behavior on LCE surfaces by heat, the introduction of nanoparticles
allows for remote control of cell culture.

For example, Herrera-Posada et al.'”” fabricate Fe;0,/LCE nano-
composite films, where the mechanical deformation can be remotely
manipulated by a magnetic field based on heat generation from iron
oxide. To improve the biocompatibility of Fe;0,/LCE nanocomposite
with cells, the nanocomposite is surface treated with collagen and the
resulting film can attach and proliferate NTH-3T3 fibroblasts. Fe;O./
LCE nanocomposite films with tunable deformation offer a platform
for studying the effect of dynamic mechanical properties on fibroblast
cell culture. Similarly, Agrawal et al.'* introduce CB nanoparticles to
trigger electromechanical deformation of the LCE composite based on
Joule heating effect. After surface functionalized with collagen to
improve cell attachment, the CB/LCE composite film, which exhibits a
maximum contraction of up to 30% with a response time of 0.6 s over
5000 cycles, is used for dynamic cell culture of neonatal rat ventricular
myocytes (NRVM). Due to faster heat dissipation in the water envi-
ronment and thus lower film surface temperature during LCE phase
transition, NRVM remains viable when the electromechanical
response of the LCE composite is triggered. Although the unique
property of molecular anisotropy in LCE composites is promising for

on LCE composites need to be addressed in the future.

D. Other applications

Tactile sensors with realistic haptic feedback play an important
role in the development of virtual reality technologies,®" where LCE
composites with controllable actuation and multi-responsiveness are
beneficial. For instance, Camargo et al.'”"'** design a light-responsive
tactile device from the CNT/LCE composite. They couple thermal
cross-linking with mechanical stretching during the molding process
to obtain monodomain LC mesogens along the side walls in the mold.
As a result, the “bubble-like” patterns can contract upon light irradia-
tion with 10.22% shrinkage. The integration of LM and magnetic par-
ticles adds additional functionality and responsiveness, potentially
providing locally controllable haptic sensing.

Magnetic particles can also be used to store anisotropic informa-
tion in LCEs. For example, Haberl et al.'"” introduce anisotropic y-
Fe,0; nanospindles in LCEs with both magnetic and optical
responses. Owing to the high absorption coefficient of y-Fe,O; nano-
spindles at 532 nm, the LCE composite can be deformed by green light
irradiation. The y-Fe,O; nanospindles inside the composite exhibit
continuous reorientation during the light-triggered actuation, which
can be monitored by a vibrating sample magnetometer, so that the
light signal is converted into magnetic readout and potentially used as
transducers.

V. CONCLUDING REMARKS AND OUTLOOK

In this review, we overview recent advances in LCE composites
from a broad perspective, where LCE composites are defined as elasto-
meric composites with embedded liquid crystallinity from either ther-
motropic or lyotropic LC phases. Due to their embedded anisotropy,
the responsiveness can be manipulated over multiple length scales
with programmability, efficiency, and spatially adaptable controllabil-
ity. For LCE composites made from thermotropic LCEs with fillers
including metallic nanoparticles, magnetic particles, LM, CNTs, gra-
phene derivatives, and CB, the coupling between the functionality of fill-
ers and the anisotropic shape deformation from LCEs leads to improved
mechanical, thermal, optical, and electrical properties. The interaction
between fillers and the LCE matrix, strategies to improve their compati-
bility via chemical synthesis and surface modification, have been thor-
oughly discussed. Meanwhile, LCE composites from lyotropic LC phases
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such as CNC hydrogels can form helical twists, often with photonic crys-
tal structures and structural color. Methods to integrate CNC self-
assembly with hydrogels have been overviewed, with an emphasis on the
tunability of helical structures and structural color. Finally, various appli-
cations of LCE composites including soft robotics, photonic displays, tis-
sue engineering, and other applications are highlighted.

Currently, the design of the LCE composite is mainly considered
from the aspects of enhancing or endows extra properties and func-
tionalities of the LCE by embedding fillers. However, can the LCE also
benefit the fillers we choose, especially when the fillers are also aniso-
tropic? For example, we have seen the CNTs and AuNRs can be
aligned with the LCE director, where the anisotropy can be coupled in
their mechanical performance. Whether the aligned fillers in the LCE
can offer composites with unique nonlinear optical, acoustical proper-
ties, or increase the energy conversion efficiency during the reversible
actuation? Meanwhile, it is challenging to increase the loading of the
fillers into LCEs without significant aggregation. For example, CNT's
and graphene are highly conductive materials. However, even at the
highest loading amount reported (3 wt. % for CNTs,'*” less than 1wt.
% for graphene' ) the composites are not electrically conductive due
to poor dispersity, whereas high conductivity is important for soft
robotics and soft electronics. The alignment control is the key parame-
ter to be considered for LCE composite applications. With the fast
development of 3D printing techniques, LCE composites can be
designed to realize 3D shape transformation within micrometer-scaled
resolution via 3D printing, where the material properties and respon-
siveness are tunable depending on the choice of fillers. Despite recent
progress, the printed structures are often limited to relatively simple
geometry such as cones, ribbons, and grids without fully utilizing the
functions of the fillers. By considering the relationship between chem-
istry, structure, and functionality, LCE composites offer opportunities
to embed both chemical and physical intelligence with extra degrees of
controllability via geometries. In turn, it will offer new insights to engi-
neer the next-generation multi-functional materials with unique
acoustical, optical, mechanical, and electrical properties for potential
applications such as flexible circuitry'® that can change shape and
electrical conductivity by harvesting environmental resources, smart
wearables,"*” tunable and packable antenna,'”* and camouflage and
displays.'® Tt will also be intriguing to create biocompatible and sus-
tainable LCE composites from abundant natural biomass materials
such as cellulose nanocrystals” and silk fibers.'*°
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