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Abstract: Liquid crystal elastomers (LCEs) are programmable deformable materials that can respond
to physical fields such as light, heat, and electricity. Photothermal-driven LCE has the advantages of
accuracy and remote control and avoids the requirement of high photon energy for photochemistry.
In this review, we discuss recent advances in photothermal LCE materials and investigate methods
for mechanical alignment, external field alignment, and surface-induced alignment. Advances in
the synthesis and orientation of LCEs have enabled liquid crystal elastomers to meet applications
in optics, robotics, and more. The review concludes with a discussion of current challenges and
research opportunities.

Keywords: liquid crystal elastomer; smart material; soft robot; actuator

1. Introduction

Responsiveness to stimuli is the most attractive property of smart materials. More
than half century ago, Pierre-Gilles de Gennes forecasted that liquid crystal elastomers
(LCEs) exhibit strong stimulus-responsive properties [1]. Later, researchers found that LCEs
obviously deform with various kinds of stimulation (such as light, heat, electricity, etc.),
which was accompanied by a decrease in the order parameter [2–6]. Photo-responsive LCEs
are attractive because properties of light, such as wavelength, intensity, and polarization
direction, are easily modulated [7,8]. Photo-responsive LCEs are mainly based on two
mechanisms, photochemical and photothermal. However, the former utilizes azobenzene
materials that requires drive-light with high photon energy, which is always harmful to
humans [9,10]. Therefore, increasing attention has focused on photothermal-driven LCEs.

The light-responsive properties of LCEs are based on material chemistry, processing,
and alignment. LCEs are typically thermotropic liquid crystals (LCs), and when LCEs
are heated to a temperature beyond the phase transition temperature, the liquid crystal
mesogens lose their previous alignment and become randomly oriented, which results in
macroscopic deformation [2]. To achieve photo-induced temperature changes, photother-
mal materials were added into LCEs. LCEs always contract along the director, and based
on this, complex deformation can be achieved by controlling the alignment of LCEs [3].

This review explores the latest advances in photothermal-driven LCE materials and
processing of LCE and LCE-based composite material. Firstly, the synthesis and basic
properties of the LCEs will be introduced, and then several methods of LCE alignment
(mechanical alignment, external field-induced alignment, surface-induced alignment) will
be discussed, which can achieve alignments from simple to complex. Next, the applications
of photothermally driven LCEs, ranging from optics, robotics, and actuators, will be
demonstrated. At last, this review will conclude with a discussion of issues that need
resolving and potential applications.
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2. LCE and LCE-Based Composite Material
2.1. LCE

Since Finkelmann et al. first reported liquid crystal elastomers in 1981, LCEs have
under-gone tremendous development in both material chemistry and processing, becoming
a class of materials with special properties [11]. Unlike liquid crystal polymers that are
not crosslinked and liquid crystal networks that are highly crosslinked, low-crosslinked
liquid crystal polymer networks (Figure 1a) with anisotropic polymer chains are known as
LCEs [4]. Due to the low degree of crosslinking, anisotropic polymer chains can temporarily
become isotropic when heated beyond the nematic-to-isotropic phase transition tempera-
ture (TNI), resulting in contraction along the alignment (Figure 1b). At the same time, the
degree of order in the LCEs is reduced with the loss of anisotropic chain conformation. The
presence of the polymer network ensures that the LCE can obtain the original orientation
when the temperature is lower than TNI. This determines that the LCE undergoes reversible
anisotropic deformation when the temperature changes. In fact, different application sce-
narios require LCEs that possess different orientations and physical properties, which
are affected by the synthesis and alignment of LCEs. In general, the synthetic routes can
be summarized into two groups: two-step crosslinking and one-step crosslinking. For
the two-step cross-linking route, the LCE can be mechanically oriented because of the
presence of a partially cross-linked polymer network. In the one-step crosslinking route,
low molecular weight monomers are directly polymerized to form LCEs. Due to the low
viscosity of the precursors, the LCEs prepared by one-step cross-linking are suitable for
surface-induced orientation.
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Figure 1. (a) Schematic of liquid crystal polymers, liquid crystal polymer networks and liquid crystal
elastomers; (b) Schematic illustration of the contraction along the alignment of LCEs when heated
beyond TNI.

2.1.1. Two-Step Cross-Linking

The two-step crosslinking method proceeds in two steps, the first step forming a
weakly crosslinked, partially reacted polymer network, whose shape and orientation can
be easily changed. Through mechanical stretching and other methods, monodomain
LCEs with the desired shape can be obtained, and the shape and orientation are fixed by
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the second-step reaction. A typical example of two-step cross-linking was presented by
Finkelmann et al., which was based on liquid crystal polysiloxanes [11]. In the presence
of a platinum catalyst, linear polysiloxane chains are mixed and reacted with vinyl liquid
crystal monomers and multifunctional vinyl crosslinkers (Figure 2a). Taking advantage
of the difference in the reaction rates of the two different cross-linking agents, the first-
step reaction produces weakly cross-linked polymers, and aligns the polymer chains by
mechanical stretching. Under the condition of weight loading, the second part of the
polymerization reaction forms a strong cross-linked polymer network and permanently
maintains a uniform director orientation.
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addition of diacrylate-based RMs and thiols.

The two-step hydrosilylation reaction route relies on non-commercially available
materials. Therefore, the preparation of LCEs based on the chain extension reaction of
diacrylate-based reactive mesogens (RMs) is gaining popularity, including the aza-Michael
addition method [3,12] and thiol-Michael addition method [13]. Because both of the
above mentioned methods are based on purchasable liquid crystal monomers and other
components, the initiation conditions of the two-step polymerization are orthogonal based
on the chain extension reaction, enabling easy access and good controllability. For the
aza-Michael addition (Figure 2b), a classic example is based on the chain extension of
liquid crystal diacrylate monomers via aza-Michael addition with amines [3,14], where the
low viscosity of the reactive precursor and the slow reaction rate can be used for surface
alignment [3,15]. The thiol-Michael addition reaction can be applied to chain extension
to form oligomers (Figure 2c). After the alignment of oligomers, the orientation of the
mesogens is then fixed by photopolymerization [16,17].

2.1.2. One-Step Cross-Linking

Low molar mass liquid crystals have been studied for many years and are frequently
used in daily life due to optical anisotropy and electrical tunability. Alignment techniques
for low molar mass liquid crystals are well developed [18,19], which can also be used
to align low-viscosity precursors of LCEs. Compared with the two-step cross-linking
method, the low molar mass liquid crystal monomers are directly polymerized to form
LCE in the one-step cross-linking method without the process of chain growth and partial
cross-linking, which results in better maintenance of orientation. It is worth noting that
this alignment technique is usually based on a treated surface, which possesses strong
programmability, but the anchoring force weakens with distance. Due to the limitation
of the anchoring force, LCEs fabricated by this alignment method are thin, and the LCE
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precursor is required to have a low viscosity. In the one-step cross-linking method, the
polymerizable liquid crystal monomer, cross-linking agent, and initiator are directly mixed.
Since no pre-polymerization process is required and the viscosity of the precursor is low,
alignment can be induced by a surface to achieve spatially complex orientation. The first
example of a one-step cross-linked LCE was synthesized by free-radical polymerization of
acrylates [2]. Thomsen et al. used acrylate-functionalized LC monomers for crosslinking
to obtain side-chain LCEs. Orientation was based on surface-induced orientation, where
the material was poured into glass cells coated with a rubbed polyvinyl alcohol film, then
cooled from the isotropic phase (95 ◦C) to the nematic phase (85 ◦C) at−1 ◦C/min to obtain
a good orientation. This method only takes a few minutes to obtain LCEs, which saves
time compared to two-step crosslinking.

2.2. LCE-Based Composite Material

An indispensable part of photothermally driven LCEs materials are photothermal
materials. Photothermal materials can absorb light of specific wavelengths, transform
photon energy into heat energy, and transfer the heat to LCEs for driving. The introduction
of some kinds of photothermal materials can enhance the mechanical properties of LCEs as
well. The research on photothermal conversion materials ranges from inorganic to organic,
including carbon-based materials, metal nanomaterials, and organic dyes.

2.2.1. Carbon Based Material (CNT, Graphene, GO)

Carbon-based materials are generally commercially available and generally have
excellent thermal conductivity and mechanical properties. Carbon nanotubes (CNTs) are
cylindrical tubes rolled from graphene sheets. The diameter of the cylinders is generally
nanometers, and the lengths are in the range of several micrometers [20]. CNTs have
the ability to convert luminous energy into heat energy and exhibit high photothermal
conversion efficiency, so they are a commonly used photothermal conversion material
in LCEs [21,22]. As early as 2003, Courty et al. [23] reported a composite of CNT and
LCE. At that time, the mass ratio of CNTs was very low, less than 0.02 wt.%, due to the
incompatibility of nanotubes and polymers, which made it difficult to distribute them
uniformly in the LCE matrix at high concentrations. In order to obtain higher photothermal
conversion efficiency and mechanical properties, increasing the CNT concentration has
become an important proposition. In 2008, Yang et al. [24] changed the surface properties
of carbon nanotubes without changing their intrinsic properties to achieve high dispersion
of single-walled carbon nanotubes (SWCNTs) in an LCE matrix, and achieved reversible
deformation driven by near-infrared light (Figure 3a). In 2010, Ji et al. [21] fabricated
a pyrene-terminated LCE to facilitate the dispersion of carbon nanotubes and the LCE
was then stretched to induce CNT alignment with the orientation of the LCE so that well-
dispersed and aligned CNTs were obtained. Based on the excellent photo-mechanical
properties of LCE-CNT composites, they have potential for applications in various fields.
For example, artificial light-driven Braille displays have been reported [25]. Benefiting
from the strong photothermal conversion efficiency of CNTs, a sun-driven sunflower-like
actuator was fabricated, which can effectively improve the working efficiency of solar
panels [26]. LCE-CNT composites were also applied to fabricate light-weight soft robots to
realize multi-modal movements of crawling, squeezing, and jumping [27].

As one of the most popular materials, graphene has also been incorporated into LCE-
based composites. Like CNTs, graphene exhibits good photothermal properties in the
near-infrared region. Yang et al. [28] reported that by arranging graphene sheets in LCEs,
the graphene sheets can act as nanoheaters and trigger the phase transition of LCEs, thereby
achieving a light-driven macroscopic deformation of up to 35.7% (Figure 3b). Graphene
has a tendency to self-aggregate, resulting in inhomogeneity of the composite. In contrast,
graphene oxide (GO) contains oxygen-containing groups and carbonyl and carboxyl groups
at the edges, so it is attractive for easy modification and dissolution. Li et al. [29] fabricated
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GO-LCE nanocomposite films that exhibited robust photo thermomechanical responses,
reaching 33% uniaxial shrinkage and about 50% increase in payload actuation.
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2.2.2. Metal Nanomaterial (AuNP, AuNR)

Photothermal metal nanomaterials, such as gold and silver, produce strong absorp-
tion when the incident photon frequency matches the overall vibrational frequency of the
metal nanoparticle, generating a large amount of heat. This is a phenomenon produced
by localized surface plasmon resonance (LSPR). The powerful photothermal effect pro-
vides a new approach for photothermally driven LCE. In addition to the photothermal
effect, Montazami et al. [31] found that embedding gold nanoparticles (AuNPs) into LCE
could improve the thermal conductivity, Young’s modulus, and response speed of LCE.
In this study, the response speed could be improved by more than 100%. Sun et al. [32]
infiltrated micrometer-sized LCE cylindrical actuators with gold nanocrystals about 2 nm
in diameter. The spatial translation, alignment, and rotation of the cylindrical microactu-
ator were achieved by optical tweezers, and the bending deformation of the cylindrical
microactuator was excited by a focused near-infrared (NIR) laser beam. Liu et al. [30]
explored photothermal-driven LCE under visible light irradiation by dispersing gold
nanospheres (AuNS) and gold nanorods (AuNR) directly in the LCE monomer (Figure 3c).
The LCE/AuNS and LCE/AuNR composites were accessed by UV curing, achieving a
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driving strain of 30% under 635 nm laser irradiation. Xu et al. [33] fabricated gold nanopar-
ticles/LCE nanocomposites using 5 nm gold nanoparticles. The absorption band of the
gold nanoparticles was about 475 nm to nearly 625 nm, occupying a major part of the
sunlight spectrum, resulting in a photothermal-driven LCE that can be driven by sunlight.
However, gold nanoparticles also have the problem of agglomeration. Wójcik et al. [34]
used nanoparticles as a cross-linking agent for LCE materials to realize uniform dispersion
in the LCE matrix and ensure good orientation of the LCE.

2.2.3. Organic Material (Organic Dye, PDA)

Compared with carbon-based composites and metal nanoparticles, organic materials
are more likely to interact with LCE. Polydopamine (PDA) has attracted increasing attention
because of its outstanding photostability and powerful photothermal effect in the near-
infrared region. Tian et al. [35] used PDA to coat LCE films to fabricate optically responsive
LCE films. By cleverly utilizing the property of PDA that can work in atmospheric and
water environments at the same time, a bionic fish was manufactured that could swim on
the water surface with NIR exposure. Lan et al. [36] made use of the rewritable properties
of polydopamine coating to fabricate an LCE oscillator selectively coated with PDA. The
powerful photothermal conversion ability of PDA allowed the LCE to be driven by sunlight,
realizing the function of converting solar energy into electrical energy. Besides PDA, organic
dyes such as disperse red have been widely used in LCE photothermal actuators and soft
robots [14,15,17,27,37,38].

3. Alignment

To realize the controllable macroscopic deformation of LCE, the orientation design
of the liquid crystal molecules must be carried out. Thus, various methods have been
explored and applied to determine the orientation of the mesogens. Generally, existing
methods for LC molecule alignment can be divided into three categories: mechanical stress
alignment, external field alignment, and surface effect alignment.

3.1. Mechanical Alignment

The application of external stress can cause the long axis of the mesogens to shift
either perpendicular or parallel to the direction of the force. Therefore, several types of
stress are introduced into the preparation of monodomain LCE. For example, tensile stress,
compressive stress, and shear stress are commonly applied to align LCE.

Küpfer and Finkelmann [39] demonstrated that tensile stress could be used to ori-
ented LCE for the preparation of unidirectional liquid crystal polysiloxanes. This method,
also known as the Finkelmann method, is widely used because of its simple operation
and excellent orientation effect. The LCE prepared by this method undergo two-step
crosslinking [40]: the liquid crystal is pre-polymerized first, and then a certain pulling force
is applied in the desired orientation direction (Figure 4a) and fixed by the second-step
reaction, which has been mentioned above. In addition to the Finkelmann method, Jin
et al. [41] designed another way to orientate LCE with a stretching force. They added a
certain proportion of solvent to the liquid crystal precursor to prepare a fully cross-linked
isotropic liquid crystal oil gel; once the solvent evaporates, the liquid crystal oil gels will be
oriented according to the direction of stress applied to it.
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Figure 4. (a) Schematic diagram of LCE alignment by tensile stress. Mesogens will be aligned parallel
to the direction of tensile stress. (b) Schematic diagram of LCE alignment by compressive stress. LC
molecules will be oriented vertically according to the direction of the compressive stress.

The process of preparing LCE by compressive stress is similar to that of tensile stress
(Figure 4b), but the direction of the mesogenic elements of LCE prepared by this method
will be perpendicular to the direction of compressive stress [42,43].

Extrusion orientation of liquid crystal precursors and thermoplastic liquid crystals
by shear stress is also a very promising approach, which is well suited for incorporating
LCE into 3D printing as a fourth dimension. A typical implementation of this method is
direct ink writing (DIW). In DIW (Figure 5), the mixture of prepolymer and photoinitiator
is heated to a temperature slightly beyond the TNI then extruded from a nozzle and
oriented by shear stress in the process, so that the orientation of the mesogens is parallel
to the extrusion direction [44]. The layer-by-layer (row-by-row) fabrication of LCE three-
dimensional structures can be conveniently achieved through the movement of the printing
nozzles. After the mesogens are extruded, their outer regions are rapidly cooled and
polymerized so their orientations are retained, while the inner regions gradually return
to a multi-domain state. Therefore, the outer structure has a consistent orientation that is
essential for stimulating deformation of an LCE fabricated by DIW. By changing the key
parameters of printing (temperature, inner diameter of the nozzle, etc.), the volume ratio of
the monodomain outer layer to the multidomain inner layer can be changed, thus changing
the thermomechanical properties of the fibers [45].
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aligned parallel to the direction of shear stress.

3.2. External Field-Induced Alignment

Due to the special molecular structure of liquid crystal, its physical constants (such
as refractive index, dielectric constant, diamagnetic elastic modulus, etc.) are typically
anisotropic [46,47]. Liquid crystal molecules are endowed by this property with the ability
to respond to stimuli from electric and magnetic fields. The responsiveness of liquid crystals
to an external field is commonly used in the display field to control the direction of the
liquid crystal and modulate light by changing the applied field [48]. This ability is now also
being introduced for alignment and actuation of LCEs. External field-induced alignment
is attractive because it can affect liquid crystal alignment in a non-contact way, which is
accomplished by programming the field strength and direction.

3.2.1. Electric Field

Mesogens will deflect when in an appropriate electric field. The dielectric anisotropy of
the LCE affects the deflection direction, and the electric field intensity affects the deflection
degree [49]. When the dielectric anisotropy is positive, the dielectric constant of the liquid
crystal along the long axis ε‖ is greater than the dielectric constant along the short axis
ε⊥ [50] and the liquid crystal will align along the direction of the applied electric field
(Figure 6a) [51]. For liquid crystals with negative dielectric anisotropy, such as most
diacrylate liquid crystal monomers [52,53], the monomer will be deflected in a direction
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perpendicular to the external electric field. The strength of the electric field determines
the degree of deflection of the mesogens. When the LCE is oriented by an applied electric
field, the electric field strength of its aligned region must be higher than the threshold field
strength Ec, which is given by

Ec =
π

d

√
Ki

ε0∆ε
, (1)

where Ki is the Frank elastic coefficient, ε0 is the permittivity of free space, ∆ε = ε‖ − ε⊥ is
the anisotropy of the dielectric susceptibility, and d is the cell thickness [54,55].
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You et al. [56] used striated indium–tin oxide (ITO) electrodes with different widths
and distances on glass substrates to design cells that could align liquid crystal monomers by
an electric field. Electrodes with pattern information made it possible to induce a periodic
arrangement of the liquid crystal elastomer, which in turn changed the specific mechanical
properties of the LCE such as surface friction coefficient, toughness, and ductility.

3.2.2. Magnetic Field

The liquid crystal materials commonly used for the preparation of LCE basically have
a benzene ring structure, and the strong diamagnetism [57] of this structure gives the liquid
crystal molecules the possibility of being oriented by a magnetic field. For rod-shaped
liquid crystal molecules, the magnetic susceptibility χ‖ parallel to the long axis of the
monomers is not the same as the magnetic susceptibility χ⊥ vertical to the long axis of the
mesogens (generally, χ‖, χ⊥ < 0,

∣∣∣χ‖∣∣∣ < |χ⊥|). Similar to electric field-induced alignment,
liquid crystal materials with positive (or negative) anisotropic diamagnetism will tend to
align their long axis parallel (or perpendicular) to the direction of the applied magnetic field
(Figure 6b). To achieve effective orientation of the mesogens, the intensity of the applied
external magnetic field needs to be greater than the threshold field strength Hc, which is
given by

Hc =
π

d

√
Ki

µ0χα
, (2)

where Ki is the Frank elastic coefficient, µ0 is the free space permittivity, χα is the diamag-
netic susceptibility, and d is the cell thickness [55].

Li et al. [58] achieved the encoding and local deformation of region-specific molec-
ular anisotropy by introducing a magnetic field during the fabrication of liquid crystal
elastomers. They poured LC blends into poly(dimethylsiloxane) (PDMS) molds with
the desired microstructure and heated the LC mixtures above TNI. This strategy decou-
ples the anisotropy of orientation from the directionality of the structure at the material
level, providing the opportunity for a programmable dynamic equilibrium. Compared
to mechanical stress alignment and surface alignment, the use of magnetic field orienta-
tion can provide region-separable, uniform orientation for large thicknesses or precision
construction [58–61].



Molecules 2022, 27, 4330 10 of 24

3.3. Surface-Induced Alignment

The practical application of LCE places a demand on the complex and high-resolution
spatial alignment of liquid crystal monomers, which can be achieved by surface-induced
alignment. There are various methods for achieving surface-patterned orientation, such
as local friction [62], photolithographic patterning [63], and optical alignment, etc. The
common strategy of these techniques is to create surfaces that induce the alignment of
liquid crystal monomers.

3.3.1. Alignment Layer

The alignment layer technology that is used extensively in the field of liquid crystal
display can also be used in the alignment design of LCE [64]. There are two mechanisms
contributing to the alignment (Figure 7a). On the one hand, the intermolecular force
between the liquid crystal monomers and the alignment layer material is able to induce
the alignment of the liquid crystal molecules. On the other hand, the orientation of the
mesogens is further enhanced by creating tunnels in the alignment layer. A common
method for creating microscale to nanoscale microchannels on the surface is to rub the
alignment layer with a velvet cloth (Figure 7b). These microstructures will help aligning the
long axis of the liquid crystal molecules with the microchannels. This phenomenon can be
characterized by the anchoring energy density according to Berreman’s elastic deformation
energy model for LCs aligned in one-dimensional grooves [63], which is given by

ρmax =
π2KA2

λ3 , (3)

where K is the average elastic constant of the LCs, A and λ and are the amplitude and
wavelength of the surface topography, respectively. ρmax is the anchoring strength of the
LC on the one-dimensional channel, which characterizes the ability of the liquid crystal
molecules to twist from other directions to the microchannel direction.
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Figure 7. Schematic diagram of making an oriented substrate and surface-induced orientation of
LCE. (a) Liquid crystal molecules aligned by layer; (b) fabrication of oriented substrates by friction;
(c) production of oriented substrates by photosensitive materials and light sources with pattern
information; (d) microchannels are formed on the substrate surface by lithography.
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To solve the problem of generating a large amount of electrostatic charge dust and
mechanical stress in the alignment layer during the rubbing process, a non-contact photo-
alignment method can be used (Figure 7c). A common approach is spin-coating light-
sensitive materials (such as azobenzene dyes [18,65], cinnamate [66], coumarin [67,68],
etc.) on the substrate to align the liquid crystal molecules. Among the light-sensitive
materials, azobenzene dyes are widely used due to their high photochemical reaction
rate and strong alignment retention. The azobenzene dyes can be reversibly converted
from trans isomers to cis isomers by irradiation with linearly polarized UV light, and then
converted to trans isomers by heat or visible light irradiation. During this process, the long
axis of the azobenzene dyes will tend to be perpendicular to the polarization direction of
the UV light [69], and subsequently induce the alignment of the mesogens.

3.3.2. Lithographic Patterns

The introduction of photolithography into the fabrication of alignment substrates can
enable the orientation of liquid crystal molecules with arbitrary programmable (sub)micron
resolution [63]. Microchannels can be selectively etched by photolithography on SU-
8 photoresist with light irradiation, and then inverted to epoxy resin to produce alignment
substrates with complex geometric patterns without the problems caused by charge and
mechanical stress (Figure 7d).

In addition, another benefit of lithographic patterning used on oriented substrates for
fabricating LCE is the ability to enhance the deformation complexity of the LCE. Aharoni
et al. [70] demonstrated extraordinary pre-programming and control of LCE by combining
the additive lithography pattern technique with inverse design.

4. Application

As a popular smart material, LCE have attracted widespread attention due to their
stimulus responsiveness and programmability [4,32,69,71–73]. Photothermal-driven LCE
is a competitive strategy because it can achieve remote control, wavelength selection, and
accurate actuation. The powerful designability and controllability of photothermal-driven
LCEs provide a variety of possibilities for applications. In this section, we will provide an
overview of representative applications such as optical devices, soft robots, and actuators.

4.1. Optical Devices

The main characteristic of photothermal-driven LCE is that it can generate reversible
large deformation under light stimulation, which can change lattice parameters and order
degree in a photonic crystal structure. Therefore, combining LCE with photonic crys-
tals (PCs) can create a responsive photonic crystal with a tunable photonic band gap
(PBG) [74–82]. Wu et al. [82] created for the first time an LCE film with an inverse opal
structure by infiltrating an opal structure formed by the self-assembly of silica spheres with
a liquid crystal elastomer and then removing the spheres after polymerization (Figure 8a).
The film could change the inverse opal structure under thermal stimulation, achieving a
Bragg peak blue shift (more than 100 nm). Xing et al. [80] developed a SiO2 opal PC/LCE
composite film actuator where macroscopic bending deformation and spectrum were con-
trolled by a thermally induced nematic order change in the LCE molecules. Therefore, with
an increase in temperature, the film showed obvious bending deformation and a PBG blue
shift, which was reversible when the temperature decreased (Figure 8b). In addition to the
inverse opal structure, cholesteric liquid crystal elastomers (CLCEs) can also form photonic
crystals through self-assembly with thermally tunable reflection wavelengths [77]. These
thermochromic optical devices have a prospect in light control. Although the above reports
directly used thermal change to drive the LCEs, an LCE with a photonic crystal structure
has the potential for photo-drive due to the development of photothermal conversion
materials. Wei et al. [83] reported a photo-triggered dual-phase liquid crystal photonic
actuator. Because of the photothermal effect of GO, the membrane has an inverse opal
structure that can be reversibly bent when stimulated by light, and they employed selective
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excitation by photopatterned UV exposure in nematic/isotropic states to achieve complex
shape changes and functions (Figure 8c). These results could provide inspiration for tunable
optical devices and sensors.
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4.2. Soft Robotics

Miniaturization and multiple degrees of freedom (DoF) are becoming the development
trends in the field of smart robotics. A small structure with complex strain is difficult to
achieve with traditional materials and fabrication methods, which can be overcome by the
advantages of LCEs. LCEs can produce complex deformation due to patterned alignment
when heated to phase transition temperature. By designing the alignment of LCE meso-
gens, soft robots with various functions have been developed, such as bionics, crawling,
rolling, and swimming. In addition, the introduction of photothermal dopants enables
the LCE robots to be driven accurately from a distance without being constrained by the
energy source.

4.2.1. Bionic Robots

Animals and plants in nature offer inspiration for designing robots. Sophisticated
structures and intelligent systems enable creatures to perform their corresponding functions
accurately. The stimuli-responsive properties make LCEs a suitable material for mimicking
biological behavior. Wani et al. [5] designed and prepared a photothermal-driven LCE
actuator that simulates a Venus flytrap and can identify and capture small objects (Figure 9a).
When an object is located in the right place, light from the optical fibers connected to the
center of the LCE film will be reflected onto the LCE Venus flytrap leaves. As a result, the
LCE bends and traps the target due to photothermal-induced deformation. At the same
time, the reflected light intensity is affected by the structure, material, and dimensions of
the captured object, which provides information on the captured object for recognition by
the device. When the light source is shut down, the deformation of the LCE recovers and
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the object is released. In addition to imitating plants, Zeng et al. [37] also used an LCE
to design a structure inspired by iris tissue in the human eye that can adjust the power
density of transmitted light by varying the degrees of deformation to adapt to the change
in the power density of incident light. When the incident light intensity increases, the
LCE curves inward and blocks the light, then returns to its initial state when the light
intensity decreases (Figure 9b). This kind of negative feedback regulation is similar to the
principle that adjusts pupil size to maintain a comfortable light intensity for the eyes. Rogóż
et al. [84] designed a soft robot driven by a scanning laser beam and assisted by mucus
(glycerin) based on studying and observing the movement mode of snails (Figure 9d). They
combined the continuous deformation caused by a photothermal-induced phase change
with the fluid properties of mucus to generate thrust and forward displacement, enabling
the robot to achieve movement in horizontal, vertical, and obstacle conditions. Although
this motion method was slow and environment dependent, it provides a unique vision for
the study of LCE soft robots. Guo et al. [85] reported a latching and launching scheme for
soft robots inspired by gall midges (Asphondylia). They used a photo-responsive LCE as
an energy storage, storing elastic energy under blue light, and a liquid crystal adhesive as
an energy latch. The adhesive produced a reversible photothermal crystal-liquid transition
under the stimulation of green light, and then released the elastic energy instantaneously,
enabling the soft robot to jump (Figure 9c). This brings new inspiration to the motion
modes of bionic robots under light control.
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Figure 9. (a) Bionic light-powered artificial Venus flytrap robot and its working principle (Reprinted
with permission from Ref. [5]. Copyright 2017, Springer Nature). (b) Light-driven LCE device
simulating human iris structure and its negative feedback mechanism schematic (Reprinted with
permission from Ref. [37]. Copyright 2017, John Wiley and Sons). (c) A light-controlled robot that can
simulate the jumping of gall midge larvae and its energy storage and release mechanism (Reprinted
with permission from Ref. [85]. Copyright 2021, John Wiley and Sons). (d) A snail-inspired LCE robot
and its movement principle (Reprinted with permission from Ref. [84]. Copyright 2019, John Wiley
and Sons).
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4.2.2. Crawling Soft Robots

Crawling is one of the simplest modes of movement. Photothermal-driven LCE
soft robots can crawl in complex and extreme environments because of the softness of
the body [7,27,86–96]. In addition, the robots can be made smaller because they do not
need to carry a power source like traditional robots, as light can provide energy remotely.
Anisotropic force is the basic requirement to realize crawling, and usually, this uneven
force is achieved through special structural or surface designs. Zeng et al. [87] prepared a
crawling robot based on a single-layered liquid crystal elastomer that can move on different
kinds of surfaces under the stimulation of visible light. Since the movement is stimulated
by low-intensity visible light, the soft robot has high safety and can be operated on human
skin (Figure 10a), which is not possible with photochemical-driven LCE (because azo-LCE
requires high photon energy). Yu et al. [93] constructed a soft robot from liquid crystal
elastomers, phase change polymers, and carbon nanotubes that could be driven by infrared
light. This composite material had good optical drive performance and could deform and
recover fast. They also designed a soft robot with a trapezoidal structure (Figure 10b);
because the two edges of the trapezoid had different contact areas, the soft robot could
move in two directions on a straight line through the control of light. Ahn et al. [27]
designed a multimodal soft robot based on composites of LCE and CNT. The robot could
crawl, jump, and squeeze driven by a light bulb used in daily life (Figure 10c). The addition
of CNT not only contributes to photothermal conversion, but also enhances the mechanical
properties of materials, which provides support for expanding the potential application
scenarios for photothermal-driven LCEs. Cheng et al. [89] reported a light-driven LCE
film that could crawl along a hair (Figure 10d). The micro-structure of the hair’s surface
provided different friction coefficients in different directions, allowing the soft robot to
move along the hair in a single direction when stimulated by a manual scanning light beam.
They also explored other patterns of motion on human hair, such as vertical crawling with
light switchable friction and self-oscillating motion, providing more new ideas for soft
robot control in restricted environments.

Multi-directional crawling has also been explored by researchers. Rogóż et al. [86]
reported an LCE soft robot that could achieve one-dimensional bidirectional locomotion
under the control of a scanning continuous wave green laser beam. The robot was made
from a liquid crystal cell with alternating alignment layers that was able to create a traveling
wave deformation under the photothermal effect. When the laser beam scanned along the
robot, the robot moved in the direction of the scan, thus, by controlling the scanning path
of the laser beam, they could make the soft robot move forward or backward (Figure 11a).
This kind of driving mode endows LCE soft robots with better freedom of locomotion and
reduces the demands of the working environment. Zuo et al. [7] prepared three kinds of
LCE actuators that responded to different wavelengths of light and assembled them into a
soft robot that could locomote in multiple directions. These LCE actuators were driven by
980 nm, 808 nm, and 520 nm lasers; thus, the robot could move forward and backward, and
turn left and right by using muti-wavelength light (Figure 11b). This multi-wavelength
modulation enhances the flexibility of LCE soft robot locomotion and make it possible to
drive like a car. Cunha et al. [91] designed a multi-functional robot driven by blue light.
The robot could move independently in four directions without turning (Figure 11c) and
had the ability to carry and release objects. It had four symmetrically distributed legs and a
set of arms. The initial state of these legs and arms was bent, so when they were illuminated
by blue light, they straightened to achieve the stride or release. The structural design of
this soft robot combined multi-directional movement and transportation functions together
for the first time, which further improved locomotion mobility and opened the door for the
practical application of crawling liquid crystal polymer soft robots.
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Figure 11. (a) A soft robot moving forward and backward under a continuous wave green laser
(Reprinted with permission from Ref. [86]. Copyright 2016, John Wiley and Sons). (b) Schematic
diagram of a multi-directional soft robot, and images of it crawling under three wavelengths of
light (Reprinted with permission from Ref. [7]. Copyright 2019, Springer Nature). (c) A light-driven
soft robot moving around (multi-directional) a palm tree (Reprinted with permission from Ref. [91].
Copyright 2020, John Wiley and Sons).
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4.2.3. Rolling Soft Robots

Rolling is a very common form of motion due to its low friction. Generally speaking,
rolling has higher speed and lower complexity than most of motion modes, which is suitable
for completing simple transportation work. Wang et al. [96] designed a photo-responsive
tensegrity robot that was ultra-light and impact resistant with a high load capacity, and
was able to accurately move in multiple directions in various terrain (Figure 12a). They
used LCE-CNT composite fibers for the robot’s muscles and rigid rods as bones, forming
an icosahedron. When one of the fibers was stimulated with near-infrared light, the robot’s
center of gravity shifted, resulting in the whole structure rolling. The rolling robot could
carry 7.5 times its own weight without affecting the photothermal-driven motion. In
addition, the robot could successfully roll down from a height with the structure intact
while carrying an egg and could roll on sand and gravel surfaces at a normal speed.
Kirigami has received extensive attention in the field of soft robot research in the last
few years. Cheng et al. [97] designed a kind of kirigami-based photothermal-driven
rolling robot with a strong locomotion ability from a rolling gait. It generated intermittent
2D movement under the control of light and could roll up a 6◦ slope (Figure 12b). The
combination of kirigami and photothermal-activated materials provides new inspiration
for exploring the design of photothermal-driven soft robots.
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Figure 12. (a) Light-induced deformation schematic diagram of a tensegrity robot and demonstration
of zigzag and gyro rolling of the robot under irradiation with a NIR laser (Reprinted with permission
from Ref. [96]. Copyright 2019, John Wiley and Sons). (b) Design of a light-driven rolling robot, and
images of the robot climbing a 6◦ hill (Reprinted with permission from Ref. [97]. Copyright 2020,
John Wiley and Sons).

4.2.4. Swimming Soft Robots

As a variety of soft robots that can move on land are designed, researchers have
gradually turned their attention to swimming soft robots that can shift freely in water. The
cordless drive and material stability provide the possibility of working in extreme under-
water conditions, such as deep sea or corrosive solutions. Palagi et al. [98] demonstrated
a miniature LCE swimming soft robot that can perform complex locomotion driven by
structured light. The scanning of structured light causes the micro-robot to periodically
deform locally, thus generating self-propulsion. They created a long cylinder and a flat disk
LCE soft robot capable of translating and rotating, respectively, in a liquid environment.
This kind of structured light field use enables simple robots to achieve complex functions,
which is an important step in the research of micro-robot control methods. Generally
speaking, the low driving force generated by photothermal-driven LCE and the rapid heat
dissipation in water have always been important factors limiting their application in water.
Tian et al. [35] prepared a polydopamine (PDA) coated LCE and designed a soft swimming



Molecules 2022, 27, 4330 17 of 24

robot that could be driven by near-infrared light. The PDA-coated LCE film was used
as the swimmer’s tail fin. Due to the strong cooling capacity of water, the tail fin bent
relatively slowly under NIR light and recovered quickly after the light was turned off. The
elastic force of recovery pushed the water back, causing the swimmer to move forward
(Figure 13a). Restricted by the absorption of heat of LCE in the water environment, there
are few studies on LCE swimming robots. However, with the development of photothermal
materials, there will be more and more research related to LCE swimming robots. Shahsa-
van et al. [99] demonstrated a miniature underwater soft robot, which had low stiffness,
density, and TNI, and could swim under the irradiation of light (Figure 13b). When exposed
to light, the robot bent and produced a downward stroke, while its density also decreased,
thereby increasing its buoyancy. A soft robot made of this material successfully achieved
vertical movement in water, which is an important step for the underwater application of
LCE soft robots.
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Figure 13. (a) Light-driven swimming of a soft robot based on an LCE film coated with PDA, and the
schematic diagram of its actuation principle (Reprinted with permission from Ref. [35]. Copyright
2018, American Chemical Society). (b) Vertical locomotion of a soft robot underwater reported
by Hamed Shahsavan et al. (Reprinted with permission from Ref. [99]. Copyright 2020,National
Academy of Sciences).

4.3. Actuator

In recent years, many kinds of photothermal-driven LCE actuators have been reported.
Among them, an oscillator can generate periodic actuation under constant light stimulation,
and an artificial muscle can be excited by light to generate large force. Therefore, in this
section, we will examine these two interesting actuators with potential applications.

4.3.1. Oscillator

The self-oscillating behavior of actuators has attracted great attention in last few years
because of the periodic motion generated by a constant stimulus. Although most reports
have been concerned with azobenzene-based liquid crystal polymers, self-oscillators based
on photothermal effects have also been demonstrated. Broer et al. [100] developed an
LCE film doped with light stabilizers that can be driven by sunlight to oscillate based on a
self-shading effect with the addition of indigo dye (Figure 14a). This research is the first
report of a photothermal-driven LCE oscillator driven by sunlight. Li et al. [8] prepared
a linearly polarization-dependent photothermal-driven soft actuator based on dichroic
dye-doped LCEs, and further demonstrated its properties as an oscillator. The frequency of
this oscillator was determined by the polarization of light. When laser power is constant,



Molecules 2022, 27, 4330 18 of 24

the frequency of oscillation increases as the deflection angle decreases (Figure 14b). At a
laser power of 43 mW cm−2 and θ = 0◦, this oscillator achieved a maximum frequency of
16.7 Hz. Lan et al. [36] designed and fabricated a novel photothermal-driven oscillator
based on a PDA-coated liquid crystal polymer (Figure 14c). The PDA coating has good light
absorption and stability and can enhance the frequency of the oscillator. Compared to other
methods, PDA coatings are easier to remove, allowing for recoating and patterning. The
same team also created a simple solar generator with a PDA-coated oscillator (Figure 14e).
By slapping a copper coil to cut the magnetic induction line, it succeeded in generating a
tiny voltage. In another example, a graphene Oxide (GO)/liquid crystal network actuator
with multiple modes of oscillation was reported by Wang et al. [101]. This actuator can
produce an oscillation mode coupled with bending and torsional oscillations under near-
infrared light, providing another possibility for the oscillating behavior of a light-driven
self-oscillator (Figure 14d).
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Figure 14. (a) Schematic diagram of an indigo dye-doped LCE film self-oscillating in sunlight
(Reprinted with permission from Ref. [100]. Copyright 2017, John Wiley and Sons). (b) Oscillation
images of dichromatic dye-doped LCE films at different θ (0◦, 30◦, 60◦, and 90◦) and a fixed laser
power density (40 mW cm−2) (Reprinted with permission from Ref. [8]. Copyright 2020, John Wiley
and Sons). (c) Schematic diagram of self-masking oscillation of a PDA-coated liquid crystal polymer
film (Reprinted with permission from Ref. [36]. Copyright 2020, John Wiley and Sons). (d) The
process of light-driven motion and deformation of a composites film under the irradiation of a NIR
laser (Reprinted with permission from Ref. [101]. Copyright 2022, American Chemical Society).
(e) Schematic diagram of a miniature solar generator (Reprinted with permission from Ref. [36].
Copyright 2020, John Wiley and Sons).

4.3.2. Artificial Muscles

Artificial muscles that can assist or replace biological tissue are becoming a research
hotspot. As early as 1975, Pierre-Gilles de Gennes proposed that LCE, a material capable
of producing large stresses and strains under a variety of external stimuli, as one of the
most suitable candidates for the manufacture of artificial muscles [102]. At present, many
actuation modes have been constructed to actuate LCE artificial muscles, such as direct-
heated [103–105], electrothermal [106,107] and photothermal [108–110].

Compared with other driving methods, photothermal-driving is safer because it can
use visible light or NIR light that is harmless to the human body, and it is non-electric.
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Liu et al. [107] developed a NIR dye-doped liquid crystal elastomer actuator based on the
two-step crosslinking method. The actuator can respond quickly to NIR light and lift up to
5680-times its own weight (Figure 15a). Its excellent mechanical properties demonstrate
its potential for artificial muscles. Ferrantini et al. [108] prepared and characterized a
biocompatible light-responsive acrylate-based LCE. The material can be activated at very
low light intensity and the contraction kinetics do not change for nearly a month. In
addition, by mounting LCE strips in parallel with a mouse cardiac trabecula, they showed
that it was effective in helping the heart contract, developing a contractile force three times
higher than that of human myocardium. Zhang et al. [109] synthesized a photothermal-
driven CNT/LCE elastomer. This material can be driven by light in the 200–1200 nm region,
and has satisfactory mechanical toughness, drive performance, deformation amplitude,
and stability. It can produce a maximum actuation stress of 1.66 MPa and a strain of 400%,
which satisfies both the actuation stress (>0.35 MPa) and strain (>40%) requirements of
artificial skeletal muscles. In addition, they further prepared a bionic hand with CNT/LCE
actuators as tendons in which each actuator can be independently controlled with high
precision by near-infrared laser irradiation. These studies on artificial muscles have played
a powerful part in promoting the progress and application of photothermal-driven LCE
materials in the medical field. He et al. [110] used electrospin technology to fabricate an
LCE microfiber and enabled it with the response ability to near-infrared light by coating it
with PDA. They also used this fiber to simulate the process of lifting a heavy object like
the human arm (Figure 15b), demonstrating that it could perform very similarly to human
muscle. The fast responsiveness and large strain amplitude of this microfiber actuator
opens up new possibilities in the field of artificial muscles.
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Figure 15. (a) Images of an LCE film lifting up a binder clip and load under NIR light illumination
(left) and the preparation process of the film (right) (Reprinted with permission from Ref. [107].
Copyright 2017, American Chemical Society). (b) Schematic and image of an LCE fiber arm lifting a
heavy object (Reprinted with permission from Ref. [110]. Copyright 2021, the American Association
for the Advancement of Science).
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5. Conclusions

In conclusion, the mechanical and response properties of LCEs can be controlled by the
synthesis method and material composition. A properly cross-linked liquid crystal polymer
network is the key for a strong stimulus response. For photothermal-driven liquid crystal
elastomers, appropriate photothermal materials can not only obtain good photothermal
conversion efficiency, but also increase the mechanical properties of LCEs. New synthetic
methods and composite materials can bring new applications and functions to LCEs.

The deformation behavior of LCEs is usually controlled by orientation, and mechanical
orientation is the most common method used to fabricate uniaxially oriented LCEs. Other
orientation methods, such as surface-induced orientation, allow LCEs to generate complex
alignment in three-dimensional space for adapting to various applications in optical devices,
soft robots, and actuators.

Advances in synthesis methods, material processing, and orientation technologies
have greatly promoted the development of photothermal-driven LCEs. However, ultra-
fast response speed and great strain are still challenges. Stronger mechanical properties
enable LCE to crawl, swim, jump, and even fly, giving LCE soft robots powerful movement
abilities and provide LCE actuators with a stronger load capacity and working speed. At
present, the accurate deformation control of LCEs is still a problem, and it is believed that
advanced control strategies [111–114] can solve this problem in the future, making LCEs
competent for more precise work, such as surgical robots and micro/nano manipulation.

Author Contributions: Conceptualization, W.Z. and D.L.; writing—original draft preparation, W.Z.,
Y.N. and Z.W.; writing—review and editing, W.Z., Y.N., Z.W. and D.L.; validation, W.Z., Y.N., Z.W.,
Y.S. and D.L.; resources, W.Z., Y.N. and Z.W.; data curation, W.Z., Y.N. and Z.W.; supervision, Y.S.
and D.L.; project administration, W.Z. and D.L.; software, W.Z., Y.N. and Z.W.; funding acquisition,
D.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (NSFC)
(62175098 and 61875081), and Guangdong Basic and Applied Basic Research Foundation
(2021B1515020097).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. De Gennes, P.G. Possibilites Offertes par la Reticulation de Polymeres en Presence D’un Cristal Liquide. Phys. Lett. A 1969, 28,

725–726. [CrossRef]
2. Thomsen, D.L.; Keller, P.; Naciri, J.; Pink, R.; Jeon, H.; Shenoy, D.; Ratna, B.R. Liquid Crystal Elastomers with Mechanical

Properties of a Muscle. Macromolecules 2001, 34, 5868–5875. [CrossRef]
3. Ware, T.H.; McConney, M.E.; Wie, J.J.; Tondiglia, V.P.; White, T.J. Voxelated Liquid Crystal Elastomers. Science 2015, 347, 982–984.

[CrossRef] [PubMed]
4. White, T.J.; Broer, D.J. Programmable and Adaptive Mechanics with Liquid Crystal Polymer Networks and Elastomers. Nat.

Mater. 2015, 14, 1087–1098. [CrossRef]
5. Wani, O.M.; Zeng, H.; Priimagi, A. A Light-driven Artificial Flytrap. Nat. Commun. 2017, 8, 15546. [CrossRef]
6. Wang, M.; Cheng, Z.; Zuo, B.; Chen, X.; Huang, S.; Yang, H. Liquid Crystal Elastomer Electric Locomotives. ACS Macro Lett. 2020,

9, 860–865. [CrossRef]
7. Zuo, B.; Wang, M.; Lin, B.P.; Yang, H. Visible and Infrared Three-wavelength Modulated Multi-directional Actuators. Nat.

Commun. 2019, 10, 4539. [CrossRef]
8. Li, Y.; Liu, Y.; Luo, D. Polarization Dependent Light-Driven Liquid Crystal Elastomer Actuators Based on Photothermal Effect.

Adv. Opt. Mater. 2020, 9, 2001861. [CrossRef]
9. Deng, W.; Li, M.-H.; Wang, X.; Keller, P. Light-responsive Wires From Side-on Liquid Crystalline Azo Polymers. Liq. Cryst. 2009,

36, 1023–1029. [CrossRef]
10. Yoshino, T.; Kondo, M.; Mamiya, J.; Kinoshita, M.; Yu, Y.; Ikeda, T. Three-dimensional Photomobility of Crosslinked Azobenzene

Liquid-crystalline Polymer Fibers. Adv. Mater. 2010, 22, 1361–1363. [CrossRef]

http://doi.org/10.1016/0375-9601(69)90584-2
http://doi.org/10.1021/ma001639q
http://doi.org/10.1126/science.1261019
http://www.ncbi.nlm.nih.gov/pubmed/25722408
http://doi.org/10.1038/nmat4433
http://doi.org/10.1038/ncomms15546
http://doi.org/10.1021/acsmacrolett.0c00333
http://doi.org/10.1038/s41467-019-12583-x
http://doi.org/10.1002/adom.202001861
http://doi.org/10.1080/02678290902759251
http://doi.org/10.1002/adma.200902879


Molecules 2022, 27, 4330 21 of 24

11. Finkelmann, H.; Kock, H.-J.; Rehage, G. Liquid Crystalline Elastomers—A New Type of Liquid Crystalline Materia. Makromol.
Chem. 1981, 2, 317–322. [CrossRef]

12. Ware, T.H.; White, T.J. Programmed Liquid Crystal Elastomers with Tunable Actuation Strain. Polym. Chem. 2015, 6, 4835–4844.
[CrossRef]

13. Xia, Y.; Zhang, X.; Yang, S. Instant Locking of Molecular Ordering in Liquid Crystal Elastomers by Oxygen-Mediated Thiol-
Acrylate Click Reactions. Angew. Chem. Int. Ed. Engl. 2018, 57, 5665–5668. [CrossRef]

14. Ahn, S.K.; Ware, T.H.; Lee, K.M.; Tondiglia, V.P.; White, T.J. Photoinduced Topographical Feature Development in Blueprinted
Azobenzene-Functionalized Liquid Crystalline Elastomers. Adv. Funct. Mater. 2016, 26, 5819–5826. [CrossRef]

15. Guo, H.; Zeng, H.; Priimagi, A. Optically Controlled Grasping-slipping Robot Moving on Tubular Surfaces. Multifunct. Mater.
2022, 5, 024001. [CrossRef]

16. Yu, L.; Shahsavan, H.; Rivers, G.; Zhang, C.; Si, P.; Zhao, B. Programmable 3D Shape Changes in Liquid Crystal Polymer Networks
of Uniaxial Orientation. Adv. Funct. Mater. 2018, 28, 1802809. [CrossRef]

17. Barnes, M.; Sajadi, S.M.; Parekh, S.; Rahman, M.M.; Ajayan, P.M.; Verduzco, R. Reactive 3D Printing of Shape-Programmable
Liquid Crystal Elastomer Actuators. ACS Appl. Mater. Interfaces 2020, 12, 28692–28699. [CrossRef]

18. Ichimura, K. Photoalignment of Liquid-crystal Systems. Chem. Rev. 2000, 100, 1847–1874. [CrossRef]
19. Yaroshchuk, O.; Reznikov, Y. Photoalignment of Liquid Crystals: Basics and Current Trends. J. Mater. Chem. 2012, 22, 286–300.

[CrossRef]
20. Ajayan, P.M.; Tour, J.M. Materials Science: Nanotube Composites. Nature 2007, 447, 1066–1068. [CrossRef]
21. Ji, Y.; Huang, Y.Y.; Rungsawang, R.; Terentjev, E.M. Dispersion and Alignment of Carbon Nanotubes in Liquid Crystalline

Polymers and Elastomers. Adv. Mater. 2010, 22, 3436–3440. [CrossRef]
22. Torras, N.; Zinoviev, K.E.; Marshall, J.E.; Terentjev, E.M.; Esteve, J. Bending Kinetics of a Photo-actuating Nematic Elastomer

cantilever. Appl. Phys. Lett. 2011, 99, 254102. [CrossRef]
23. Courty, S.; Mine, J.; Tajbakhsh, A.R.; Terentjev, E.M. Nematic Elastomers with Aligned Carbon Nanotubes: New Electromechanical

Actuators. EPL 2003, 64, 654–660. [CrossRef]
24. Yang, L.; Setyowati, K.; Li, A.; Gong, S.; Chen, J. Reversible Infrared Actuation of Carbon Nanotube-Liquid Crystalline Elastomer

Nanocomposites. Adv. Mater. 2008, 20, 2271–2275. [CrossRef]
25. Camargo, C.J.; Campanella, H.; Marshall, J.E.; Torras, N.; Zinoviev, K.; Terentjev, E.M.; Esteve, J. Batch Fabrication of Optical

Actuators Using Nanotube–elastomer Composites Towards Refreshable Braille Displays. J. Micromech. Microeng. 2012, 22, 075009.
[CrossRef]

26. Li, C.; Liu, Y.; Huang, X.; Jiang, H. Direct Sun-Driven Artificial Heliotropism for Solar Energy Harvesting Based on a Photo-
Thermomechanical Liquid-Crystal Elastomer Nanocomposite. Adv. Funct. Mater. 2012, 22, 5166–5174. [CrossRef]

27. Ahn, C.; Liang, X.; Cai, S. Bioinspired Design of Light-Powered Crawling, Squeezing, and Jumping Untethered Soft Robot. Adv.
Mater. Technol. 2019, 4, 1900185. [CrossRef]

28. Yang, Y.; Zhan, W.; Peng, R.; He, C.; Pang, X.; Shi, D.; Jiang, T.; Lin, Z. Graphene-Enabled Superior and Tunable Photomechanical
Actuation in Liquid Crystalline Elastomer Nanocomposites. Adv. Mater. 2015, 27, 6376–6381. [CrossRef]

29. Li, C.; Liu, Y.; Huang, X.; Li, C.; Jiang, H. Light Actuation of Graphene-Oxide Incorporated Liquid Crystalline Elastomer
Nanocomposites. Mol. Cryst. Liq. Cryst. 2015, 616, 83–92. [CrossRef]

30. Liu, X.; Wei, R.; Hoang, P.T.; Wang, X.; Liu, T.; Keller, P. Reversible and Rapid Laser Actuation of Liquid Crystalline Elastomer
Micropillars with Inclusion of Gold Nanoparticles. Adv. Funct. Mater. 2015, 25, 3022–3032. [CrossRef]

31. Montazami, R.; Spillmann, C.M.; Naciri, J.; Ratna, B.R. Enhanced Thermomechanical Properties of a Nematic Liquid Crystal
Elastomer Doped with Gold Nanoparticles. Sens. Actuator A Phys. 2012, 178, 175–178. [CrossRef]

32. Ambulo, C.P.; Tasmim, S.; Wang, S.; Abdelrahman, M.K.; Zimmern, P.E.; Ware, T.H. Processing Advances in Liquid Crystal
Elastomers Provide a Path to Biomedical Applications. J. Appl. Phys. 2020, 128, 140901. [CrossRef]

33. Xu, J.; Chen, S.; Yang, W.; Qin, B.; Wang, X.; Wang, Y.; Cao, M.; Gao, Y.; Li, C.; Dong, Y. Photo Actuation of Liquid Crystalline
Elastomer Nanocomposites Incorporated with Gold Nanoparticles Based on Surface Plasmon Resonance. Soft Matter 2019, 15,
6116–6126. [CrossRef]

34. Wojcik, M.M.; Wrobel, J.; Janczuk, Z.Z.; Mieczkowski, J.; Gorecka, E.; Choi, J.; Cho, M.; Pociecha, D. Liquid-Crystalline Elastomers
with Gold Nanoparticle Cross-Linkers. Chemistry 2017, 23, 8912–8920. [CrossRef]

35. Tian, H.; Wang, Z.; Chen, Y.; Shao, J.; Gao, T.; Cai, S. Polydopamine-Coated Main-Chain Liquid Crystal Elastomer as Optically
Driven Artificial Muscle. ACS Appl. Mater. Interfaces 2018, 10, 8307–8316. [CrossRef]

36. Lan, R.; Sun, J.; Shen, C.; Huang, R.; Zhang, Z.; Zhang, L.; Wang, L.; Yang, H. Near-Infrared Photodriven Self-Sustained Oscillation
of Liquid-Crystalline Network Film with Predesignated Polydopamine Coating. Adv. Mater. 2020, 32, e1906319. [CrossRef]

37. Zeng, H.; Wani, O.M.; Wasylczyk, P.; Kaczmarek, R.; Priimagi, A. Self-Regulating Iris Based on Light-Actuated Liquid Crystal
Elastomer. Adv. Mater. 2017, 29, 1701814. [CrossRef]

38. Ge, F.; Yang, R.; Tong, X.; Camerel, F.; Zhao, Y. A Multifunctional Dye-doped Liquid Crystal Polymer Actuator: Light-Guided
Transportation, Turning in Locomotion, and Autonomous Motion. Angew. Chem. Int. Ed. Engl. 2018, 57, 11758–11763. [CrossRef]

39. Küpfer, J.; Finkelmann, H. Nematic Liquid Single Crystal Elastomers. Makromol. Chem. 1991, 12, 717–726. [CrossRef]
40. Küupfer, J.; Finkelmann, H. Liquid crystal elastomers: Influence of the Orientational Distribution of the Crosslinks on the Phase

Behaviour and Reorientation Processes. Macromol. Chem. Phys. 1994, 195, 1353–1367. [CrossRef]

http://doi.org/10.1002/marc.1981.030020413
http://doi.org/10.1039/C5PY00640F
http://doi.org/10.1002/anie.201800366
http://doi.org/10.1002/adfm.201601090
http://doi.org/10.1088/2399-7532/ac55fd
http://doi.org/10.1002/adfm.201802809
http://doi.org/10.1021/acsami.0c07331
http://doi.org/10.1021/cr980079e
http://doi.org/10.1039/C1JM13485J
http://doi.org/10.1038/4471066a
http://doi.org/10.1002/adma.200904103
http://doi.org/10.1063/1.3670502
http://doi.org/10.1209/epl/i2003-00277-9
http://doi.org/10.1002/adma.200702953
http://doi.org/10.1088/0960-1317/22/7/075009
http://doi.org/10.1002/adfm.201202038
http://doi.org/10.1002/admt.201900185
http://doi.org/10.1002/adma.201503680
http://doi.org/10.1080/15421406.2014.990256
http://doi.org/10.1002/adfm.201500443
http://doi.org/10.1016/j.sna.2012.01.026
http://doi.org/10.1063/5.0021143
http://doi.org/10.1039/C9SM00984A
http://doi.org/10.1002/chem.201700723
http://doi.org/10.1021/acsami.8b00639
http://doi.org/10.1002/adma.201906319
http://doi.org/10.1002/adma.201701814
http://doi.org/10.1002/anie.201807495
http://doi.org/10.1002/marc.1991.030121211
http://doi.org/10.1002/macp.1994.021950419


Molecules 2022, 27, 4330 22 of 24

41. Jin, B.; Liu, J.; Shi, Y.; Chen, G.; Zhao, Q.; Yang, S. Solvent-Assisted 4D Programming and Reprogramming of Liquid Crystalline
Organogels. Adv. Mater. 2022, 34, e2107855. [CrossRef]

42. Agrawal, A.; Chipara, A.C.; Shamoo, Y.; Patra, P.K.; Carey, B.J.; Ajayan, P.M.; Chapman, W.G.; Verduzco, R. Dynamic Self-stiffening
in Liquid Crystal Elastomers. Nat. Commun. 2013, 4, 1739. [CrossRef]

43. Schätzle, J.; Kaufhold, W.; Finkelmann, H. Nematic Elastomers: The Influence of External Mechanical Stress on the Liquid-
crystalline Phase Behavior. Makromol. Chem. 1989, 190, 3269–3284. [CrossRef]

44. Mistry, D.; Traugutt, N.A.; Sanborn, B.; Volpe, R.H.; Chatham, L.S.; Zhou, R.; Song, B.; Yu, K.; Long, K.N.; Yakacki, C.M. Soft
Elasticity Optimises Dissipation in 3D-printed Liquid Crystal Elastomers. Nat. Commun. 2021, 12, 6677. [CrossRef]

45. Wang, Z.; Wang, Z.; Zheng, Y.; He, Q.; Wang, Y.; Cai, S. Three-dimensional Printing of Functionally Graded Liquid Crystal
Elastomer. Sci. Adv. 2020, 6, eabc0034. [CrossRef]

46. Stephen, M.J.; Straley, J.P. Physics of Liquid Crystals. Rev. Mod. Phys. 1974, 46, 617–704. [CrossRef]
47. Kelly, S.M. Anisotropic networks. J. Mater. Chem. 1995, 5, 2047–2061. [CrossRef]
48. Heilmeier, G.H.; Zanoni, L.A.; Barton, L.A. Dynamic Scattering in Nematic Liquid Crystals. Appl. Phys. Lett. 1968, 13, 46–47.

[CrossRef]
49. Ishihara, S.; Mizusaki, M. Alignment Control Technology of Liquid Crystal Molecules. J. Soc. Inf. Disp. 2019, 28, 44–74. [CrossRef]
50. Schadt, M. Dielectric Properties of Some Nematic Liquid Crystals with Strong Positive Dielectric Anisotropy. J. Chem. Phys. 1972,

56, 1494–1497. [CrossRef]
51. Fukunaga, A.; Urayama, K.; Takigawa, T.; DeSimone, A.; Teresi, L. Dynamics of Electro-Opto-Mechanical Effects in Swollen

Nematic Elastomers. Macromolecules 2008, 41, 9389–9396. [CrossRef]
52. Kirsch, P.; Reiffenrath, V.; Bremer, M. Nematic Liquid Crystals with Negative Dielectric Anisotropy: Molecular Design and

Synthesis. Synlett 1999, 1999, 389–396. [CrossRef]
53. Kossyrev, P.A.; Qi, J.; Priezjev, N.V.; Pelcovits, R.A.; Crawford, G.P. Virtual Surfaces, Director Domains, and the Fréedericksz

Transition in Polymer-stabilized Nematic Liquid Crystals. Appl. Phys. Lett. 2002, 81, 2986–2988. [CrossRef]
54. Fréedericksz, V.; Zolina, V. Forces Causing the Orientation of an Anisotropic Liquid. Trans. Faraday Soc. 1933, 29, 919–930.

[CrossRef]
55. Herbert, K.M.; Fowler, H.E.; McCracken, J.M.; Schlafmann, K.R.; Koch, J.A.; White, T.J. Synthesis and Alignment of Liquid

Crystalline Elastomers. Nat. Rev. Mater. 2021, 7, 23–38. [CrossRef]
56. You, R.; Kang, S.; Lee, C.; Jeon, J.; Wie, J.J.; Kim, T.S.; Yoon, D.K. Programmable Liquid Crystal Defect Arrays via Electric Field

Modulation for Mechanically Functional Liquid Crystal Networks. ACS Appl. Mater. Interfaces 2021, 13, 36253–36261. [CrossRef]
57. Trevisan, T.V.; Monteiro, G.M.; Caldeira, A.O. Enhancement of Diamagnetism by Momentum-momentum Interaction: Application

to Benzene. Phys. Rev. B 2021, 103, L180402. [CrossRef]
58. Li, S.; Librandi, G.; Yao, Y.; Richard, A.J.; Schneider-Yamamura, A.; Aizenberg, J.; Bertoldi, K. Controlling Liquid Crystal

Orientations for Programmable Anisotropic Transformations in Cellular Microstructures. Adv. Mater. 2021, 33, e2105024.
[CrossRef]

59. Schuhladen, S.; Preller, F.; Rix, R.; Petsch, S.; Zentel, R.; Zappe, H. Iris-like Tunable Aperture Employing Liquid-crystal Elastomers.
Adv. Mater. 2014, 26, 7247–7251. [CrossRef]

60. Buguin, A.; Li, M.H.; Silberzan, P.; Ladoux, B.; Keller, P. Micro-actuators: When Artificial Muscles Made of Nematic Liquid
Crystal Elastomers Meet Soft Lithography. J. Am. Chem. Soc. 2006, 128, 1088–1089. [CrossRef]

61. Tabrizi, M.; Ware, T.H.; Shankar, M.R. Voxelated Molecular Patterning in Three-Dimensional Freeforms. ACS Appl. Mater.
Interfaces 2019, 11, 28236–28245. [CrossRef]

62. Murray, B.S.; Pelcovits, R.A.; Rosenblatt, C. Creating Arbitrary Arrays of Two-dimensional Topological Defects. Phys. Rev. E Stat.
Nonlinear Soft Matter Phys. 2014, 90, 052501. [CrossRef]

63. Xia, Y.; Cedillo-Servin, G.; Kamien, R.D.; Yang, S. Guided Folding of Nematic Liquid Crystal Elastomer Sheets into 3D via
Patterned 1D Microchannels. Adv. Mater. 2016, 28, 9637–9643. [CrossRef]

64. Schadt, M. Liquid Crystal Materials and Liquid Crystal Displays. Annu. Rev. Mater. Sci. 1997, 27, 305–379. [CrossRef]
65. Chen, J.; Akomolafe, O.I.; Jiang, J.; Peng, C. Light-Actuated Liquid Crystal Elastomer Prepared by Projection Display. Materials

2021, 14, 7245. [CrossRef]
66. Yang, R.; Zhao, Y. Non-Uniform Optical Inscription of Actuation Domains in a Liquid Crystal Polymer of Uniaxial Orientation:

An Approach to Complex and Programmable Shape Changes. Angew. Chem. Int. Ed. Engl. 2017, 56, 14202–14206. [CrossRef]
67. Kim, C.; Trajkovska, A.; Wallace, J.U.; Chen, S.H. New Insight into Photoalignment of Liquid Crystals on Coumarin-Containing

Polymer Films. Macromolecules 2006, 39, 3817–3823. [CrossRef]
68. Concellón, A.; Schenning, A.P.H.J.; Romero, P.; Marcos, M.; Serrano, J.L. Size-selective Adsorption in Nanoporous Polymers from

Coumarin Photo-Cross-Linked Columnar Liquid Crystals. Macromolecules 2018, 51, 2349–2358. [CrossRef]
69. Chen, J.; Johnson, A.S.; Weber, J.; Akomolafe, O.I.; Jiang, J.; Peng, C. Programmable Light-driven Liquid Crystal Elastomer

Kirigami with Controlled Molecular Orientations. Adv. Int. Syst. 2022, 2100233. [CrossRef]
70. Aharoni, H.; Xia, Y.; Zhang, X.; Kamien, R.D.; Yang, S. Universal Inverse Design of Surfaces with Thin Nematic Elastomer Sheets.

Proc. Natl. Acad. Sci. USA 2018, 115, 7206–7211. [CrossRef]
71. Ni, B.; Liu, G.; Zhang, M.; Tatoulian, M.; Keller, P.; Li, M.H. Customizable Sophisticated Three-dimensional Shape Changes of

Large-Size Liquid Crystal Elastomer Actuators. ACS Appl. Mater. Interfaces 2021, 13, 54439–54446. [CrossRef]

http://doi.org/10.1002/adma.202107855
http://doi.org/10.1038/ncomms2772
http://doi.org/10.1002/macp.1989.021901224
http://doi.org/10.1038/s41467-021-27013-0
http://doi.org/10.1126/sciadv.abc0034
http://doi.org/10.1103/RevModPhys.46.617
http://doi.org/10.1039/jm9950502047
http://doi.org/10.1063/1.1652453
http://doi.org/10.1002/jsid.825
http://doi.org/10.1063/1.1677396
http://doi.org/10.1021/ma801639j
http://doi.org/10.1055/s-1999-2619
http://doi.org/10.1063/1.1515136
http://doi.org/10.1039/TF9332900919
http://doi.org/10.1038/s41578-021-00359-z
http://doi.org/10.1021/acsami.1c04999
http://doi.org/10.1103/PhysRevB.103.L180402
http://doi.org/10.1002/adma.202105024
http://doi.org/10.1002/adma.201402878
http://doi.org/10.1021/ja0575070
http://doi.org/10.1021/acsami.9b04480
http://doi.org/10.1103/PhysRevE.90.052501
http://doi.org/10.1002/adma.201603751
http://doi.org/10.1146/annurev.matsci.27.1.305
http://doi.org/10.3390/ma14237245
http://doi.org/10.1002/anie.201709528
http://doi.org/10.1021/ma060269o
http://doi.org/10.1021/acs.macromol.8b00067
http://doi.org/10.1002/aisy.202100233
http://doi.org/10.1073/pnas.1804702115
http://doi.org/10.1021/acsami.1c18424


Molecules 2022, 27, 4330 23 of 24

72. Gurboga, B.; Tuncgovde, E.B.; Kemiklioglu, E. Liquid crystal-based elastomers in tissue engineering. Biotechnol. Bioeng. 2022, 119,
1047–1052. [CrossRef]

73. Liang, X.; Li, D. A Programmable Liquid Crystal Elastomer Metamaterials with Soft Elasticity. Front. Robot. AI 2022, 9, 849516.
[CrossRef]

74. Xing, H.; Li, J.; Guo, J.; Wei, J. Bio-Inspired Thermal-responsive Inverse Opal films with Dual Structural Colors Based on Liquid
Crystal Elastomer. J. Mater. Chem. C 2015, 3, 4424–4430. [CrossRef]

75. Kim, S.U.; Lee, Y.J.; Liu, J.; Kim, D.S.; Wang, H.; Yang, S. Broadband and Pixelated Camouflage in Inflating Chiral Nematic Liquid
Crystalline Elastomers. Nat. Mater. 2022, 21, 41–46. [CrossRef] [PubMed]

76. Shi, Y.; Zhu, C.; Li, J.; Wei, J.; Guo, J. A Color-Changing Plasmonic Actuator Based on Silver Nanoparticle Array/Liquid
Crystalline Elastomer Nanocomposites. New J. Chem. 2016, 40, 7311–7319. [CrossRef]

77. Brannum, M.T.; Steele, A.M.; Venetos, M.C.; Korley, L.T.J.; Wnek, G.E.; White, T.J. Light Control with Liquid Crystalline Elastomers.
Adv. Opt. Mater. 2019, 7, 1801683. [CrossRef]

78. Guo, Y.; Shahsavan, H.; Sitti, M. Microscale Polarization Color Pixels from Liquid Crystal Elastomers. Adv. Opt. Mater. 2020, 8,
1902098. [CrossRef]

79. Zhang, Y.S.; Jiang, S.A.; Lin, J.D.; Yang, P.C.; Lee, C.R. Stretchable Freestanding Films of 3D Nanocrystalline Blue Phase Elastomer
and Their Tunable Applications. Adv. Opt. Mater. 2020, 9, 2001427. [CrossRef]

80. Xing, H.; Li, J.; Shi, Y.; Guo, J.; Wei, J. Thermally Driven Photonic Actuator Based on Silica Opal Photonic Crystal with Liquid
Crystal Elastomer. ACS Appl. Mater. Interfaces 2016, 8, 9440–9445. [CrossRef]

81. Akamatsu, N.; Hisano, K.; Tatsumi, R.; Aizawa, M.; Barrett, C.J.; Shishido, A. Thermo-, Photo-, and Mechano-Responsive Liquid
Crystal Networks Enable Tunable Photonic Crystals. Soft Matter 2017, 13, 7486–7491. [CrossRef]

82. Wu, G.; Jiang, Y.; Xu, D.; Tang, H.; Liang, X.; Li, G. Thermoresponsive Inverse Opal Films Fabricated with Liquid-crystal
Elastomers and Nematic Liquid Crystals. Langmuir 2011, 27, 1505–1509. [CrossRef]

83. Wei, W.; Zhang, Z.; Wei, J.; Li, X.; Guo, J. Phototriggered Selective Actuation and Self-Oscillating in Dual-Phase Liquid Crystal
Photonic Actuators. Adv. Opt. Mater. 2018, 6, 1800131. [CrossRef]

84. Rogoz, M.; Dradrach, K.; Xuan, C.; Wasylczyk, P. A Millimeter-Scale Snail Robot Based on a Light-powered Liquid Crystal
Elastomer Continuous Actuator. Macromol. Rapid Commun. 2019, 40, e1900279. [CrossRef]

85. Guo, H.; Priimagi, A.; Zeng, H. Optically Controlled Latching and Launching in Soft Actuators. Adv. Funct. Mater. 2021,
32, 2108919. [CrossRef]
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