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Nature-Inspired Liquid Crystal Polymer Actuators: From
Alignment Regulation to Nano-composition

Xiaoyu Zhang, Ziyue Yang, and Yanlei Yu*

Liquid crystal polymers (LCPs) that possess crosslinked networks and ordered
alignment of mesogens are renowned for their large and reversible anisotropic
deformation in response to external stimuli, which holds great potential in the
burgeoning field of nature-inspired actuators and robots. Continuous efforts
have been made in revealing the interplay between materials chemistry,
processing, and alignment of LCPs, to broaden the actuation modes and
enhance the actuation performance toward practical utilization. In this review,
the advances in nature-inspired LCP actuators is focused with special
attentions devoted in their mesogen alignment and the macroscopic
geometry. Since the mesogen alignment is vital for the attainable actuation
modes, the methods for alignment regulating are detailly combed, including
surface-enforced alignment, field-assisted alignment, mechanical alignment,
rheological alignment, and self-assembly. Subsequently, the composition of
nanomaterials is futher surveyed in LCP actuators with a focus on enhancing
the actuation performance. Finally, perspectives on the current challenges and
potential development trends are discussed, which may shed light on future

investigations.

1. Introduction

Biological muscles have evolved to operate complex actuations in
dynamic environments, which are challenging but still appeal-
ing to replicate in synthetic systems. The artificial muscle made
of intelligent shape-changing polymer is a burgeoning area of re-
search, in particular, for the application in nature-inspired actu-
ators and robotics.['] Beyond the compliance and adaptivity to
surroundings, the intelligent shape-changing polymers also un-
dergo a predetermined geometric change for actuation upon ex-
ternal stimuli, thus intrinsically integrating perception and actu-
ation. This life-like characteristic, along with the stride of struc-
tural and morphological biomimicry,*®! bring artificial actuators
closer to living organisms.

As a competitive kind of stimuli-responsive polymers for ar-
tificial muscles, the crosslinked liquid crystal polymers (CLCPs)
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with ordered mesogen alignment attract
wide research attention due to their sizable
and reversible anisotropic deformation.[*1!
As early as 1969, the potentials of liquid
crystal elastomers to perform expansile-
contractile deformation as muscle fibers
has been predicted by Pierre-Gilles de
Gennes, 'l which sparked a wave of in-
terests in exploiting CLCPs for actuators
(Figure 1). Thereafter, continuous efforts
were devoted to revealing the interplay be-
tween materials chemistry, processing, and
alignment, while attempts were made to
broaden the actuation modes and enhance
the actuation performance accordingly.

A feature of CLCPs is quite conspicu-
ous from the perspective of actuator appli-
cations, that is, the alignment-dependent
deformation.">* In the biological mus-
cles, the spatial arrangement of muscle
fibers has a decisive influence on the
motions of muscles. Similarly, the or-
dered alignment is the prerequisite of the
anisotropic deformation of CLCPs, and
the alignment of mesogens plays a critical role on the attain-
able actuation modes. Therefore, how to effectively regulate the
mesogen alignment as desired while construct bionic struc-
tures and morphologies, remains a common theme for nature-
inspired LCP actuators. Up to date, a variety of alignment
methods have been developed, including surface-enforced align-
ment, field-assisted alignment, rheological alignment, mechani-
cal alignment, and self-assembly. Wherein, the surface-enforced
and field-assisted aligning possess the merits to regulate the
mesogen alignment with higher freedom and accuracy, while the
others hold the precedence in facilitating actuators with more
stereoscopic geometries. Since the LCP actuators featuring 2D
thin films constituted the majority of studies in the past decades,
the design of actuation modes mainly focused on improving
the diversity and complexity of mesogen alignment for better
mimicking their natural counterparts. In this case, the surface-
enforced and field-assisted aligning were preferred because they
allowed manifold mesogen alignments from monodomain to
customized 3D patterns.

The turning point in the research of aligning methods is
partly attributable to the commercialized production of polymer-
izable mesogenic monomers, the new materials chemistry on
the basis of aza/thiol-Michael addition,!'>1] and the application
of 3D printing to LCP actuators.['”-?] Benefiting from the sim-
plification of both synthesis and processing, the threshold to
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Figure 1. The concept illustration. A real swallow, powered by biological muscles, and an artificial swallow powered by liquid crystal polymer (LCP)
actuators jointly hold in their beaks a budding olive wreath symbolizing wisdom, which represents that the development of nature-inspired LCP actuators
appears as a bridge between artificial systems and the natural biological intelligence. Similar to the myofilaments that assemble into orderly arranged
muscle fibers in biological muscles, the mesogens assemble into an ordered LC phase for artificial LCP muscles, with corresponding X-ray diffraction
(XRD) pattern shown in the cross sections. Moreover, the mitochondria and carbon nanotubes (CNTs) serve as the typical representatives of inner
energy conversion systems for biological muscles and LCP actuators, respectively.

utilize CLCPs for actuator applications dramatically decreases,
thus drawing growing interest from researchers beyond LCP
chemists. The interdisciplinary research on LCP actuators has
boosted the predictable and designable actuations that broke tra-
ditional imagination, while its thriving development has also pro-
posed higher requirement to the attainable complexity of macro-
scopic structures. Consequently, the rheological alignment, me-
chanical alignment, and self-assembly have gradually gained
more widespread use, due to their superiority in geometry de-
sign. Currently, the rheological and mechanical alignment ex-
hibit as the most popular methods, since they are compatible
with CLCPs synthesized by commercial mesogenic monomers.
As for the self-assembly, it offers huge freedom to the structure
design of LCP actuators, and pioneer in the fabrication of actu-
ators with microscale complicated 3D structures. Nevertheless,
the high-threshold synthesis of the required materials results in
remarkable obstacles to its promotion.

In addition to the arrangement of muscle fibers which pro-
vides the structural basis of motions, the power density also plays
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a non-negligible role in achieving various activities of biological
muscle, since it directly impacts the maximum force output and
contraction velocity. Similarly, the actual power density of CLCPs
is another critical property for realizing targeted actuations apart
from the mesogen alignment, especially for the motions that re-
quire a sharp increase of energy supply in a short time. The
composition of biological muscles may give some inspirations
on achieving desired power density, that is, they possess inner
energy conversion systems, such as the mitochondria, for high-
efficient energy supply. Given that, the nano-composition ap-
pears as an appealing approach for tuning the power density
of LCP actuators, due to the excellent energy conversion effi-
ciency of certain nanomaterials.[?!?2] Generally, the incorpora-
tions of nanomaterials facilitate the synergistic optimization of
power density and mechanical property, which contribute to the
construction of robust LCP actuators with high actuation perfor-
mance. By further combining with the design of macroscopic
structure, the nanocomposites actuators have achieved a series
of non-trivial actuation modes, such as jumping and high-power
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oscillation. Since the nano-composition enables the CLCPs to ac-
complish actuations that are difficult for pure CLCPs in a conve-
nient way, it is expected to gain more prevalent use in LCP actu-
ators for extending their usage scenarios.

Here, we provide an overview of the development and the cut-
ting edge of nature-inspired LCP actuators. The basic concepts
of CLCPs and the mechanisms of their stimuli-responsive defor-
mation are presented at the beginning. Afterward, we detail the
alignment regulation coupled with the obtained actuators. Espe-
cially, how the mesogen alignment and the macroscopic geom-
etry cooperatively contribute to the final nature-inspired actua-
tions are highlighted throughout the text. Furthermore, the nano-
composition used for enhancing the actuation performance of
LCP actuators is outlined, along with the demonstration of in-
triguing motions that require high power density and mechan-
ical robustness. Within this framework, we provide an outlook
discussing current challenges and emerging research opportuni-
ties of LCP actuators.

2. Mechanism of Reversible Deformation of CLCPs

The initial CLCPs featured monodomain alignment and the ge-
ometry of 2D films, which generally exhibited simple contraction-
expansion or bending-unbending deformation upon external
stimuli. As early as 1991, Finkelmann et al. proposed a two-step
crosslinking method to prepare aligned polysiloxane CLCPs.[?3]
The vinyl groups react two orders of magnitude faster than
methacryloyl groups according to the kinetic studies, thus pro-
viding enough time interval between the two crosslinking re-
actions for mechanical alignment. The lightly-crosslinked solid
mesogenic precursor was created by the first crosslinking, whose
mesogens were uniformly aligned by mechanical stretching and
fixed by the second crosslinking (Figure 2a).12*%] This method
allows convenient fabrication of uniaxially aligned CLCP fibers
and films from the millimeter to centimeter scale.

When discussing the mechanism of mechanical alignment,
a well-known feature of LCPs must be pointed out at first: the
chain conformation spontaneously forms a polydomain struc-
ture at the liquid crystal phase, and demonstrates local anisotropy
even without any alignment treatment. This phenomenon is at-
tributed to the self-organization of mesogens, which directionally
extend their attached polymer chains within a micron-sized do-
main (usually 1-2 um).[2%] The widely-studied nematic LCPs usu-
ally exhibit prolate local domains where the mesogens arrange
along the polymer chains, while the smectic mesogenic poly-
mers and several nematic side-chain end-on LCPs form oblate
local domains with mesogens aligning vertical to the polymer
chains (Figure 2b).[?-?%! The microdomains in the initial polydo-
main LCPs align in disorder, therefore the mesogen alignment
shows isotropy at macroscopic scale. When subjected to exter-
nal force, the long axis of microdomains (the direction of poly-
mer chains) align along the loading direction, thereby the meso-
gens are aligned as well. Generally, the alignment of LCPs fea-
turing prolate domains is parallel to the loading direction, while
the mesogens of LCPs with oblate domains align perpendicu-
lar to the loading direction. Specially, with considerable exter-
nal force that exceeds a threshold stress, the microdomains alter
from the initial oblate conformation to prolate due to the sliding
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between mesogens, thus leading to alignment along the loading
direction.[?7:3]

During the same period, Broer et al. reported a one-step
crosslinking method to prepare aligned acrylate CLCPs.[3! The
low-viscosity precursors containing mesogenic monomers and
crosslinkers were introduced into the LC cell through capil-
lary action, where the mesogens were aligned by surface an-
choring and then fixed by chemical crosslinking (Figure 2c).3]
Generally, the LC cells consist of spacers and two glass sub-
strates coated with alignment layers (Figure 2d), while the sur-
face morphology and physicochemical properties of alignment
layers determine the director orientation. Homogeneous direc-
tor orientation (1D) is available via the anchoring effect of
alignment layers with microgrooves, where the mesogens align
along the direction of the microgrooves to minimize the sur-
face energy.3>*°! Homeotropic director orientation (1D) is at-
tainable with alignment layers featuring low polarity component,
attributed to the strong repulsion between the mesogens and
alignment layers.3¢-38] The geometries of CLCPs aligned by sur-
face anchoring are usually 2D thin films, because the CLCPs
are shaped in the rectangular LC cell, and the finite anchoring
energies restrained the available thickness to a maximum value
of %50 um.*!

Upon external stimuli (heat, light, solvent, electric, etc), the
phase transition of CLCP is induced via the disruption of ordered
mesogen alignment, which is further amplified into macro-
scopic deformation due to the interconnection between the meso-
gen alignment and the conformation of the polymer network.
Figure 2e demonstrates the mechanism of thermal-responsive
deformation, which is ascribed to the phase transition across the
nematic-to-isotropic temperature (Ty;) by heating the LCPs.[2340]
The direct heating has been the most widely used methods
to induce the phase transition, while the local heating based
on photothermal effect has also attracted growing attentions
due to the precise and remote control of light.*=*}] Figure 2f
shows another commonly observed mechanism of typical ather-
mal light-induced deformation, where the photochemical phase
transition is triggered by the trans-cis isomerization of pho-
tochromic mesogens, such as the azobenzene moieties.[2*#+4]
Due to the limited penetration depth of light, only the sur-
face area effectively contracts or expands while the bulk of
the LCPs remains unchanged.[*] Accordingly, the LCP film re-
versibly bends and unbends upon light irradiation with differ-
ent wavelength, attributed to the non-uniform strain along the
thickness.

3. Alignment Regulation toward LCP Actuators

Although monodomain CLCP sheets allow reversible and
anisotropic stimuli-responsive deformations, their capabilities
remain confined to simple shape changes, falling short of repli-
cating the sophisticated bio-inspired movements required for
practical applications. Hence, continuous efforts have been made
to increase the designability of both the mesogen alignment and
macroscopic structure for the achievement of more complex ac-
tuations. The developed alignment methods each exhibit dis-
tinct advantages on the designability of alignment and structure.
Therefore, this section introduces the representative actuators
categorized by the alignment methods.
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Figure 2. Material chemistries, alignment methods, and mechanisms of deformations for monodomain CLCP films. a) Two-step hydrosilylation reac-
tion for the synthesis of the polysiloxane-based side-chain CLCPs. The blue rods represent mesogens, and the gray lines represent the polymer chains.
b) Schematic illustration of the prolate (R > R,) and oblate (R; < R) local domains, with the demonstration of their alignment process upon uniaxial
stretching. R is the radius of gyration parallel to the mesogen director while R, is the radius vertical to the director. The mesogen director is indi-
cated by the red arrow n. c) Synthetic approaches to prepare the acrylate CLCPs via free radical polymerization from low-viscosity starting precursor.
d) Alignment layers with planar microgrooves induce homogeneous alignment in the liquid crystal cell, while alignment layers with low polarity com-
ponent induce homeotropic mesogen alignment. The director of mesogens is further manifested by the azimuthal angle (@) and zenithal angle (6).
e) Thermal-responsive contraction-expansion deformation of monodomain CLCPs. f) Photochemical-responsive bending-unbending deformation, with
the orange rods representing the trans isomers and the red bent-structures representing the cis isomers of azobenzene mesogens.
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Figure 3. Nature-inspired LCP actuators featuring 2D director orientations. a) Schematic of the twisted alignment between two homogeneous alignment
layers with mutually orthogonal anchoring orientations. b) A cucumber tendril-like actuator obtained by cutting a twist-aligned CLCP film. The angular

offset (¢) characterizes the angle between the director of the mesogens at m

id-plane and the cutting direction, and the dotted line represents the cutting

direction of the ribbon. Reproduced with permission.[>2] Copyright 2014, Springer Nature. c) Schematic of splayed alignment between a homogeneous
and a homeotropic alignment layer. d) Chemical structures of two azobenzene derivatives with fast thermal relaxation, and the schematic illustration of

the snake-like wave propagation achieved by a constrained splay-aligned CL

CP film. The purple arrows indicate the irradiation direction of the UV light,

the black ones show the contraction and expansion occurs on opposite sides of the film, the blue ones show the overall deformation of the film, and the
red ones indicate the propagation direction of the wave. Reproduced with permission.>’] Copyright 2017, Springer Nature.

3.1. Surface-Enforced Alignment Toward LCP Actuators

Much efforts have been devoted to diversify the director orienta-
tions (from 1D to 3D) since Broer et al. applied surface-enforced
alignment to the preparation of CLCPs.3!l Homogeneous and
homeotropic alignment (1D) is easily obtained with symmetric
alignment layers, while the twisted and splayed alignment (2D)
were achieved by asymmetric alignment layers.[**8] Specially,
the introduction of chiral dopants enables the twisted alignment
even with symmetric alignment layers.[*]

Figure 3a shows the twisted alignment (2D) where the az-
imuthal angle of mesogens gradually changes along the z
axis.’52] Katsonis et al. made a twist-aligned photoresponsive
CLCP film, and obtained a cucumber tendril-like ribbon by cut-
ting the film according to the route shown in Figure 3b.>?l The
angular offset @, @, and @, respectively led to left-handed he-
lices, achiral kink for connection and right-handed helices. The
mixed-helicity spring exhibited simultaneous winding and un-
winding in different helices upon UV irradiation, just like the
natural cucumber tendril that find a support and lift a plant up-
ward to the sun. Figure 3c demonstrates the splayed alignment
(2D) features changing the zenith angle of mesogens, which fa-
cilitates the large-amplitude bending of CLCP films.>*-5¢] Broer
et al. achieved continuous and directional snake-like waves un-
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der constant light illumination with a splay-aligned CLCP film
(Figure 3d).5”) Azobenzene derivatives with hydrogen bonds or
hydroxyl groups were incorporated to accelerate the cis-to-trans
thermal relaxation of CLCPs, which contributed to the instanta-
neous bending and relaxation of the film once the UV light was
applied and removed. A buckled initial shape was created to con-
struct local exposed areas, where the left of the bump was irradi-
ated while the right part was shadowed due to the self-shadowing
effect of this light-absorbing film. Local curvature was induced
in the exposed area attributed to the asymmetric photodeforma-
tion, which pushed the crest of the bump to move directionally.
Notably, the displacement of the crest also changed the exposed
areas of the film and induced a new curvature, thus constructing
a feedback loop between the dynamically varied location of the
bump and the exposed areas. Accordingly, the snake-like wave
was achieved under constant light illumination due to the con-
tinuous propagation and regeneration of the bump. The use of
splayed alignment gave an extra control to the direction of me-
chanical wave: the induced wave propagated away from the light
source when the planar side was placed upward, while propa-
gated toward the light source when the homeotropic side was up.

Patterned alignment layers were developed to construct
more complex director orientations. Generally, the pat-
terned alignment layers were made by photoalignment or

© 2025 Wiley-VCH GmbH
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Figure 4. Nature-inspired LCP actuators featuring 3D director orientations. a) The typical setup of photoalignment and the actuation of CLCP films
with azimuthal and radial alignments. Reproduced with permission.[®2] Copyright 2012, Wiley-VCH. b) The improved setup of photoalignment for
higher precision, with the demonstration of the complex topographic transformation achieved by the obtained voxelated CLCP film. Reproduced with
permission.[83:64] Copyright 2013, Wiley-VCH; Copyright 2015, American Association for the Advancement of Science (AAAS). c) The process of fabricat-
ing alignment layers with patterned microgrooves through direct laser writing and replica molding. The director field is segmented into a triangulated
mesh and designed by a numerical algorithm. The mesogen director in each triangular domain is precisely achieved in the CLCP film by patterned
microgrooves. Upon heating, the film takes the shape of a face. Reproduced with permission.!5%] Copyright 2018, National Academy of Sciences.

micromanufacturing.8-%! Broer et al. presented a photomask-
dependent photoalignment strategy to pattern the polymer
chains in the alignment layers by tuning the angle between
the wedge-shaped opening of the photomask and the polariza-
tion direction of light (Figure 4a).[%2] The azimuthal and radial
alignment patterns of polymer chains were achieved, and then
replicated to the mesogen alignments via surface anchoring.
The CLCP film with azimuthal alignment adapted the shape of a
cone when heating, while the film with radial alignment showed
a saddle shape.

Subsequently, White et al. enhanced the precision of pho-
toalignment through the improved optical patterning setup. The
sharp laser line (< 50 um width, 1.6 cm length) and the point-by-
point exposure system were used to achieve the precise control
of alignment over an area of 0.01 mm? (Figure 4b).[%3] Even more
accurate control in a local volume as small as 0.0005 mm? was
available through additionally enhanced light sensitivity of the
mesogenic precursors./%! A voxelated CLCP film containing nine
+1 defects in a square array was obtained, which took a shape of
nine cones upon heating due to the azimuthal contraction and
radial expansion around each defect center.

Despite the high efficiency, the photoalignment constrained
the choices of materials for alignment layers, which hinders the
regulation of zenith angle due to its dependency on the polar-
ity component of layers. To solve this problem, Yang et al pro-
posed a strategy to regulate both the azimuthal and zenith an-
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gle for exquisite 3D director orientations via the combination of
micromanufacturing and replica molding.[®°! The patterned mi-
crogrooves were engraved on a rigid mold by direct light writ-
ing first, and transferred to the alignment layers by replica mold-
ing (Figure 4c). The microgrooves with a feature size of 1 um
provided high anchoring strength to guide the azimuthal angle,
while the alignment material was chosen according to the desired
polarity component to tune the zenith angle. These alignment
layers ensured 3D director orientations with sub-10-micron ac-
curacy, and oxygen-mediated thiol-acrylate “‘click”” reaction was
adopted to prevent nonuniform crosslinking density across the
film. Accordingly, both the region-specific alignhments and the
magnitude of local principal strains of the film allowed to be
precisely regulated, which took an intricate face-like shape upon
heating as predicted by numerical algorithm.

Apart from the pursuit to the complexity of alignments, efforts
have been also made to obtain aligned CLCP films with larger
thickness for stronger force output and work capacity.[**-] White
et al. presented a facile approach to create thicker CLCP films
by lamination (Figure 5a).[°¢! The orientation of individual CLCP
films was patterned by photoalignment, and the reactive precur-
sor of the CLCP films acted as the adhesive to bond adjacent
films. The director orientation in the adhesive layer replicated the
alignment of adjacent CLCP films, therefore the consistency of
orientation was kept throughout the laminated films. The thick-
ness of CLCP laminates reached 210 um with this method, which

© 2025 Wiley-VCH GmbH
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Figure 5. Strategies to increase the thickness of CLCP film aligned by surface-enforced alignment. a) The process to prepare thicker CLCP films via
lamination. The alignment patterns and the bearing capacity of a four-layered CLCP laminate. Reproduced with permission under the CC BY 4.0 license.[6®]
Copyright 2018, The Authors, published by Springer Nature. b) A three-layered CLCP laminate prepared by stacking a high-modulus patterned film and
two low-modulus ones, with the experimental results and schematic illustration of the rapid jumping locomotion achieved by the laminate on a hot
plate. Reproduced with permission under the CC BY 4.0 license.l®”] Copyright 2023, The Authors, published by AAAS. c) Mechanism of PET-RAFT
polymerization and the process to prepare thicker CLCP films via PET-RAFT. Reproduced with permission under the CC BY 4.0 license.l%8] Copyright
2024, The Authors, published by American Chemical Society (ACS). d) Schematic of a 32-layered CLCP film embedded with +1 topological defect, with

the images showing its loading capacity and the leaping process. Reproduced with permission.[%°] Copyright 2023, Wiley-VCH.

lifted over 1100 times the weight of the film itself. They further
laminated two softer 30-um CLCP films and a stiffer 30-um CLCP
film into a 90-um film, with identical alignment pattern of +1
topological defect embedded (Figure 5b).[”] When the stiffer side
was placed on a hot surface, only the bottom layer was heated ini-
tially, and the film deformed upward into a cone. Subsequently,
the heat was transferred to the upper layers. The mismatch of
strain between the stiffer layer and the softer layers was created
since the softer layers contracted much faster than the stiffer one,
which tended to bias the curvature in the opposite direction. No-
tably, the conical shape lacked smooth deformation pathways be-
tween the up and down alignments. The initial upward align-
ment was locked in with an energy barrier, thus contributing to
the accumulation and storage of the strain energy. As a result,
the snap-through occurred once there was a sufficient inverting
spontaneous curvature. The stored energy was released instanta-
neously, causing the laminated film to jump to a height over 200
times its own thickness.

In order to reduce the detachment caused by additional ad-
hesives, Gleeson et al. proposed a new chemical bonding strat-
egy and achieved LCP films with thickness up to 250-300 pm. (%]
The photoinduced electron/energy transfer reversible addition-
fragmentation chain transfer (PET-RAFT) polymerization was
used for crosslinking, whose extent of reaction was easy to control
due to its stop-start characteristic (Figure 5c). The previous layer
was partially cured until dimensionally stable, with the residual
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unreacted monomers served as the adhesive to chemically bond
the next layer. Also utilizing a chemical bonding strategy, White
et al. designed an LCE that exhibited adhesive properties when
exposed to water, and achieved a 32-layered film (thickness »~
1 mm) through direct lamination in water.[*”) The +1 topologi-
cal defect was built in the alignment pattern of this thick film,
which took a conical shape upon heating and demonstrated a
considerable load-bearing capability of up to 850 g (Figure 5d).
The actuated film was first constrained in a domed shape un-
der load, contributing to the accumulation and storage of strain
energy. The film with a transient pseudo-bistable state exhibited
snap-through behavior upon load removal, rapidly reverting to its
initial conical shape and triggering a leaping motion due to the
instantaneous release of strain energy.

The surface-enforced alignment frustrates in applications that
require complex 3D functional structures, since it usually re-
strained the geometry of CLCPs in simple 2D films. Neverthe-
less, it still holds a unique advantage in the preparation of CLCPs
featuring patterned alignment, especially for the alignment with
through-thickness variation.

3.2. Field-Assisted Alignment toward LCP Actuators
Field-assisted alignment generally indicates the regulation of

mesogen alignment under an electric field or magnetic field,

© 2025 Wiley-VCH GmbH
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Figure 6. Mechanisms of electric field-assisted alignment and the actuators obtained accordingly. a) Molecular structures of the mesogens compatible
with electric field-assisted alignment, and Ae is the anisotropy of the dielectric susceptibility for the mesogen. b) The typical setup for electric field-
assisted alignment that induces homogeneous alignment. c) A CLCP strip with alternating twisted and homeotropic alignment, which demonstrates
dynamic changes of surface topology upon UV irradiation. Reproduced with permission.[84] Copyright 2012, Wiley-VCH. d) The region-specific alignment
near the top and bottom of the CLCP cilia, the scanning electron microscope (SEM) image of cilia, and the demonstration of their collective motion upon
heat or light. Reproduced with permission under the CC BY 4.0 license.®] Copyright 2022, Eindhoven University of Technology, published by Wiley-VCH.

depending on the dielectric or diamagnetic anisotropy of meso-
gens. Low-viscosity mesogenic precursors are preferred by field-
assisted alignment since they allow efficient alignment with
broadly accessible field strength, while ultra-high field strength
is required to align high-viscosity precursors.”®73 The field-
assisted alignment also enables director orientations from 1D to
3D patterns similar to the surface-enforced alignment, and addi-
tionally facilitates the fabrication of microarrays beyond 2D films
through the combination of replica molding.

3.2.1. Electric Field-Assisted Alignment toward LCP Actuators

The electric field-assisted alignment has been prevalently ap-
plied to liquid crystal display already, and was further expanded
into the preparation of aligned CLCPs in 1990s.7+7¢! The direc-
tion of the electric field and the dielectric anisotropy of meso-
gens determine the alignment of mesogens upon electric field
(Figure 6a).”7°1 The widely-used diacrylate mesogens com-
monly possess negative dielectric anisotropy (Ae < 0) and are
aligned vertical to the direction of electric field,[®) while the
mesogens with polar groups, such as nitriles or esters, exhibit
positive dielectric anisotropy (Ae > 0) and are aligned paral-
lel to the direction of electric field.®1#2] The average dielectric
anisotropy of mesogenic precursors is tunable from negative to
positive according to the proportion of mesogenic monomers
with distinct polarities.”””! Figure 6b demonstrates a typical setup
for electric field-assisted alignment, where the mesogenic pre-
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cursors are aligned upon the electric field generated by the two
electrodes. In most cases, the electric field-assisted alignment is
used along with surface-enforced alignment, with the parallel-
plate electrodes sandwiched between glass substrates and align-
ment layers.[76:33]

To achieve complex alignment, Broer et al. designed stripe-
patterned electrodes coated with planar alignment layers
(Figure 6¢).[B* The chiral mesogenic precursor with positive di-
electric anisotropy exhibited homeotropic alignment upon local
electric fields, while other regions remained the twisted align-
ment. Dynamic surface topology of the CLCP strip was achieved,
where the twist-aligned regions bulged upon UV irradiation
while the homeotropic-aligned regions dented. Later on, they de-
signed interdigitated electrodes coated with planar alignment lay-
ers and achieved splayed alignment in CLCP cilia with the com-
bination of a track-etched template (Figure 6d).®>) The meso-
gens near the tapered pores aligned parallel to their long axis
due to the confinement effect, while the mesogens near the elec-
trodes aligned parallel to the in-plane electric field. CLCP cilia
with dense surface coverage were shaped in the well-defined tem-
plate, which demonstrated collective motion upon heat or light.

3.2.2. Magpnetic Field-Assisted Alignment toward LCP Actuators
The mechanism of magnetic field-assisted alignment is quite

analogous to the electric field-assisted counterpart.®! Generally,
the mesogens with aromatic rings exhibit positive diamagnetic

© 2025 Wiley-VCH GmbH
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Figure 7. Mechanisms of magnetic field-assisted alignment and the actuators obtained accordingly. a) Molecular structures of the mesogens compatible
with magnetic field-assisted alignment, and A y is the anisotropy of the diamagnetic susceptibility for the mesogen. b) The typical setup of magnetic field-
assisted alignment that induces tilting alignment. c) The setup to prepare an array of micropillars with homeotropic alignment in each pillar. Reproduced
with permission.[®®] Copyright 2006, ACS. d) Single CLCP microplates that demonstrate different types of deformation, with the directors of their uniaxial
alignment indicated by double-handed black arrows. The photos below show their original shape and the deformed shapes. Under a patterned magnetic
field generated by the T-shaped magnetic setup, region-specific uniaxial alignment is achieved in the array of CLCP microplates, with the simulation
result of the patterned magnetic field demonstrated. The array shows spatially continuous tilting upon heating, with the red arrows representing the
direction and magnitude of the tilting. Reproduced with permission under the CC BY 4.0 license.[>>] Copyright 2018, The Authors, published by the
National Academy of Sciences. e) Illustration of the underlying opto-chemo-mechanical feedback in an CLCP micropillar with noncollinear geometric
axis (G), mesogen alignment (M), and light direction (L). In the array of micropillars, the string direction of two adjacent micropillars and their interpillar
distance serve as another symmetry axis (Ga). Cooperative movement across the array is achieved by regulating the directional misalignment between
Ga and L. Reproduced with permission.[”] Copyright 2022, Springer Nature.

anisotropy (Ay > 0) and are aligned parallel to the direction of
the magnetic field,®”#8) while the mesogens with cyclohexyl rings
exhibit negative diamagnetic anisotropy (A y < 0) and are aligned
vertical to the direction of magnetic field (Figure 7a).3]

The combination of magnetic field-assisted alignment and
replica molding provides an efficient way to construct aligned
CLCP microarrays (Figure 7b),°*%! which was first exploited
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by Keller et al. They fabricated an array of micropillars with
axial alignment that reversibly contracted in response to a
small change of temperature (Figure 7¢).**%!l Subsequently,
region-specific alignment over single microfeatures was achieved
through the construction of a patterned magnetic field.**! Aizen-
berg et al. utilized a T-shaped magnet setup to build spatially dis-
tinguished uniaxial alignment in the individual microplates of
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the CLCP microarray, which demonstrated region-specific direc-
tion of tilting upon heating (Figure 7d).%!

They further utilized the magnetic field to align the meso-
gens oblique to the geometric axis of an array of photo-responsive
micropillars, which achieved self-regulated cooperative motions
featuring complex trajectories under a stationary light source
through an igneous design of opto-chemo-mechanical feedback
(Figure 7e).””] The single photo-responsive micropillar was de-
signed to possess three linearly independent symmetry axes,
including the geometric axis (G), the mesogen alignment (M)
and the direction of incident light (L). A transient bimorph was
formed in the micropillar upon directional illumination of a sta-
tionary light source, where the order-to-disorder front dynami-
cally propagated due to the photo-induced transparency. Notably,
the order-to-disorder transition also transformed the geometric
axis and exposed areas of the micropillar due to the accompany-
ing alignment-dependent deformation, thus constructing a feed-
back loop between the evolving bimorph and the trajectory of mo-
tion. Another symmetry axis, Ga, was additionally incorporated
in the feedback loop regarding the array of micropillars, which
was defined by the string direction of two adjacent micropillars
and their interpillar distance. With a slight directional misalign-
ment between Ga and L, the single micropillar deformed out of
the string direction, leading to asymmetric exposure of the adja-
cent micropillar and consequently a domino effect of self-sorting
motions across the array.

3.3. Rheological Alignment toward LCP Actuators

The rheological behavior of commercial LCPs was widely-studied
as early as the 1970s, mainly attributed to the research boom of
aramid, which mainly focused on lyotropic systems due to their
great backbone rigidity.[%-1%1 In 1998, Ugaz et al. have made sig-
nificant progress toward the rheological behavior of thermotropic
LCPs, which possessed more flexible backbones as the precur-
sors for CLCP.['% They confirmed that these thermotropic LCPs
exhibited unique flow-alignment behavior, unlike the lyotropic
LCPs whose mesogen directors were dominated by tumbling un-
der shear flow. The recent popularity of direct ink writing (DIW)
3D printing has resurged the research interests on the rheologi-
cal behavior of LCPs, and several works that detailly exanimated
the rheological behavior of mesogenic oligomers/inks have been
reported.[102103]

Noticeable differences exist between rheological alignment
and mechanical alignment, though they both establish on the
force-induced alignment. First, the flowable precursors, such as
the widely-used non-crosslinked oligomers, are preferred by rhe-
ological alignment,1%*1%] while the stretchable precursors re-
quired by mechanical alignment exhibit poor flowability in so-
lution or the melted state. Second, the rheological alignment of
LCPs exhibits pronounced time-dependent characteristics and
complex underlying physics due to the distortional elastic ef-
fect and polydomain nature of LCPs, while the mechanism of
mechanical alignment is comparatively simple. Third, the me-
chanical alignment falls short of patterned programming of
mesogens, while the rheological alignment provides an efficient
way to pattern the alignment through the combination with
DIW.
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The rheological alignment generally includes the alignment
under elongational flow, shear flow, or the mixed elongational-
shear flow.1-151 The pure elongational flow is observed in
thermal-drawing or electrospinning, and the corresponding
mechanism is similar to that of mechanical alignment.[19-110]
As for the pure shear flow, it has been mainly used to in-
vestigate the rheology of LCPs rather than the fabrication of
actuators.[°®113-115] To date, the extrusion has been the most com-
monly used processing method for the fabrication of LCP actua-
tors that obey the mechanism of rheological alignment, where
the mixed elongational-shear flow is responsible for the pro-
gressive alignment. The extrusion facilitates the continuous and
stable production of aligned filaments/fibers within the sub-
millimeter to millimeter range.['1%117] Moreover, its combina-
tion with additive manufacturing (DIW) further enables the con-
venient construction of actuators with diverse 3D geometries.
The DIW was first applied to LCP actuators by Ware et al. and
Sénchez-Somolinos et al. in 2017,['718] and has evoked wide at-
tention from the breakthrough works done by Lewis et al.['l The
DIW pioneers in achieving predictable and designable motions
of LCP actuators, since both their alignment and geometry allow
to be consistently and precisely regulated in a digitally controled
manner. This characteristic has promoted its popularity among
materials chemists, physicists, and engineers recently, thus mo-
tivating the surge of interdisciplinary research for the considera-
tions in soft robotics.

3.3.1. Actuators Aligned under Elongational Flow or Shear Flow

The thermotropic LCPs experience markedly different stress con-
ditions in shear flow versus elongational flow,!!# leading to dis-
tinct differences in their rheological behavior (Figure 8). In elon-
gational flow, the left side of the sample is fixed (velocity = 0),
while the right side experiences the maximum stretching speed.
Consequently, the direction of the velocity gradient aligns paral-
lel to the flow direction. For a small fluid element (the cubic cell
shown in Figure 8a), the stresses act perpendicular to the cell’s
right surface (8,,), which induce axial elongation of the cubic, and
the alignment of microdomains along the flow direction. While
nematic LCPs exhibit flow alignment of mesogens, smectic LCPs
show perpendicular orientation of the smectic layers at low strain
rates, transitioning to director alignment along the flow direc-
tion beyond a critical strain rate, associated with sliding between
mesogens within the smectic layers.

For the shear flow in a pipe, the pseudoplastic LCPs exhibit
a radial gradient of shear stress due to their inherent shear-
thinning properties. Therefore, the higher = near the pipe wall
contributes to better mesogen alignment, while the low = near
the center results in less-oriented mesogens. It’s worth noting
that the shear-thinning behavior of LCPs is dominated by do-
main rearrangement attributed to their unique polydomain na-
ture, which is distinct from the chain disentanglement mecha-
nism widely accepted for isotropic polymers.

The rheological behavior of LCPs under shear flow becomes
much more complicated than under elongational flow. The bot-
tom surface of the sample exhibits zero velocity (assuming no
slip), while the top surface moves at maximum velocity. Conse-
quently, the direction of the velocity gradient is perpendicular to
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Figure 8. Alignment mechanisms and characteristics of LCPs under elongational and shear flows. a) The schematic illustrations of the alignment
process under elongational flow. The length of the blue arrow represents the flow velocity magnitude, and the red arrow represents the tensile stress
5. The neighboring diagram depicts the mechanical response of a fluid element subjected to elongational flow. b) The schematic illustrations of the
alignment process under shear flow, the yellow arrow represents the shear stress 7. The neighboring diagram shows the rheological behavior of nematic
and smectic LCPs under shear flow. ¢) The mechanical response of a fluid element subjected to shear flow. d,e) Schematic of domain state evolution in
d) nematic and e) smectic LCPs under shear flow. The director, defined as the local average mesogen orientation, is indicated by the blue arrow n; the
right panel plots the order parameter versus shear rate.
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the flow direction (Figure 8b,c). For a small fluid element (the cu-
bic cell shown in Figure 8c), the stresses act on the top surface
of the cell (z,,) and induce the hydrodynamic torque of the mi-
crodomains, which are partially responsible for the complicated
rheological behavior featuring three distinct regimes (Figure 8b).

Upon the inception of shear flow, the microdomains break into
smaller ones, concurrently triggering an apparent viscosity over-
shoot (Regime I). Subsequently, these domains continuously ro-
tate since the hydrodynamic torques are unbalanced in this stage
(Regime II), where the alignment behavior of nematic LCPs is
distinct from that of smectic LCPs. The random rotation of pro-
late domains in nematic LCPs leads to director tumbling. Accord-
ingly, a relatively steady viscosity and a tiny increase of order pa-
rameter are observed (Figure 8d). As for the smectic LCPs, the ro-
tation of oblate domains contributes to the log-rolling alignment
(the director aligns perpendicular to the flow direction) since the
domain boundaries align along the flow direction,!!'*12%] leading
to a decrease of viscosity and obvious increase of order parame-
ter (Figure 8e). At high shear rates, domains align parallel to the
flow direction as hydrodynamic torques equilibrate at the charac-
teristic Leslie angle (Regime III). A sharp decrease of viscosity is
observed in this flow alignment regime, accompanied by a notice-
able increase of order parameter. Specially, the transition of LC
phase is additionally observed for smectic LCPs.

Thermal drawing and electrospinning are typical methods for
processing fine fibers, where the rheology of LCPs is often ap-
proximated as pure extensional flow due to the dominant role
of elongational deformation during rapid thinning and the high
surface-area-to-volume ratio of fine fibers. The fibers are drawn
out from the melt of the polymers during thermal-drawing, and
the accompanying elongational flow along the direction of draw-
ing leads to axial mesogen alignment of the fibers.[108121.122]
Broer et al. prepared an array of photo-responsive LCP fibers by
thermal-drawing, which performed concerted motion similar to
the natural cilia upon UV light (Figure 9a).!?!] The droplets of
mesogenic oligomers were casted on a glass substrate in an ar-
ray initially, followed by thermal-drawing and photo-crosslinking.
Upon UV irradiation, the fibers with axial mesogen alignment
simultaneously followed the light source in all directions. The
cooperative motion was further utilized to transport floating ob-
jects by creating flows in the liquid environment. Electrospinning
transforms the solution or melt of polymers into a fluid jet upon
electric fields, which facilitates the fabrication of ultrafine fibers
from the nanometer to micron scale and simultaneously induces
elongational flow along the direction of jet for alignment.[123-125]
Yu et al. prepared photo-responsive LCP nanofibers and subse-
quently processed them into mat via deposition, which featured
superhydrophobicity due to the noticeable roughness of its sur-
face (Figure 9b).['?°] The surface of the mat exhibited reversible
superhydrophobic adhesion upon alternated irradiation of UV-
Vis light attributed to the variation of roughness, thus achieving
the pinning and sliding of discrete water droplets at any desired
position.

Though the shear flow is commonly observed in combination
with elongation flow for alighment, several inspiring works that
utilized the shear flow alone to endow LCP actuators with gra-
dient alignment have also been reported.[1**11>126] For instance,
Shepherd et al. built gradient alignment in a CLCP film through
the combination of digital light processing (DLP) 3D printing
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and shear flow-induced alignment.[°] The resin tray was rotated
cyclically to induce the shear flow for gradient alignment, and the
aligned mesogenic oligomers were cured by digital light source
in a layer-by-layer manner (Figure 9c). The resulted CLCP film
bent upon heating and further achieved quadruped-like crawling
on a corrugated substrate by localized heating.

3.3.2. Actuators Aligned under Mixed Elongational-Shear Flow

The application of 3D printing largely facilitates the fabrication of
LCP actuators that require customizable material properties and
complex architectures. Among various 3D printing techniques,
the DIW has been most extensively investigated since it further
ensures the regulation of mesogen alignment via extrusion be-
yond the construction of 3D structures.

Figure 10a shows the chain extension chemistry for the
preparation of mesogenic inks used in DIW, which are typi-
cally the non-crosslinked flowable oligomers. The reactive meso-
genic monomers and thiol/amine chain extenders are utilized to
synthesize the oligomers via thermal-induced thiol/aza-Michael
addition.!">®] The oligomers are aligned by extrusion under the
mixed elongational-shear flow, with the alignment fixed by sub-
sequently applied photocrosslinking. This newly developed ma-
terials chemistry offers a facile and broadly accessible way for re-
searchers to synthesize CLCPs, and the commercialized produc-
tion of polymerizable mesogenic monomers has further simpli-
fied the synthesis.

Figure 10b demonstrates the extrusion-induced alignment of
nematic oligomers under mixed elongational-shear flow.['16:117]
The polydomain oligomer initially undergoes elongation flow
when passing through a cylindrical nozzle, and the shear flow
gradually spreads inward from both ends as the flow pro-
gresses. The mixed flow eventually aligns both the polymer
chains and mesogens along the flow direction, with better align-
ment achieved near the inner wall of the nozzle.'® Therefore,
the extruded LCP filaments during DIW printing show a core-
shell structure, with better mesogen alignment built in the shell
(Figure 10c).l"?”128] These filaments are deposited on the plat-
form according to the predesigned paths by shifting the nozzle
in X-Y plane, and is cured by photo-crosslinking after one layer is
printed. The next layer is deposited on the previously cured layer
after the Z-axis shift of the platform, and 3D actuators are finally
obtained through the layer-by-layer printing.[201?]

The single extruded CLCP filament performs contractile-
expansive deformation along the axis upon stimuli, because the
mesogen alignment is axially symmetric despite the gradient.
Patterned alignment is further achieved by simply regulating
the printing paths, since they are in accordance with the axis of
the deposited filaments. Figure 11 shows several typical print-
ing patterns, along with their corresponding actuation modes
demonstrated.['1%13%] The uniaxial printing path leads to the lin-
ear contraction of the printed one-layered CLCP film (Figure 11a),
while the azimuthal path enables the shape transformation from
a flat sheet to a cone (Figure 11b). Twisting and bending are
achieved with bilayer CLCP films, where the printing path of the
top layer is perpendicular to that of the bottom layer (Figure 11c).

Numerous bionic LCP actuators have been created by DIW.
Chen et al. printed a flower-shaped bilayer CLCP film.!!3!] The
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Figure 9. LCP actuators are aligned under pure elongational flow or shear flow. a) An array of photo-responsive CLCP fibers fabricated through: i) casting,
ii) thermal drawing, and iii) photo-crosslinking. Demonstrations of the light-tracking behavior of a single fiber and an array of fibers. The collective bending
of the array creates flows and transports floating objects. Reproduced with permission under the CC BY 4.0 license.['2'l Copyright 2016, The Authors,
published by Wiley-VCH. b) A schematic depiction of the electrospinning setup and the SEM image of the mat obtained by depositing the nanofibers.
The photographs show photo-steerable pinning and releasing of water droplets on the superhydrophobic mat: i) water droplets roll smoothly on the
mat, ii-iv) the droplets are pinned at the UV-irradiated circular areas; v, vi) the mat releases a pinned droplet after visible light irradiation. Reproduced
with permission.['%] Copyright 2019, Wiley-VCH. c) A setup that prints aligned CLCP film under shear flow, with schematic illustration and experimental
results of the quadruped-like crawling of the printed film. Reproduced with permission under the CC BY 4.0 license.l'?®! Copyright 2021, The Authors,

published by AAAS.

top and bottom layers were printed at 45°/135° with respect to
the long axis of the pedal, which coiled similar to the helical clo-
sure of a flower upon UV light (Figure 12a). The authors subse-
quently assembled a hybrid butterfly-like actuator with printed
CLCP wings and a passive main body, where the wings flipped
like the movement of a natural butterfly under UV light. Mul-
timodal actuations were further achieved through hybrid de-
sign and selective manipulation of active CLCP components.
Zhao et al. assembled three printed CLCP fibers and a silicone

Adv. Mater. 2025, e09892
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rod into an elephant trunk-like cylindrical actuator, where the
straightly arranged CLCP fiber acted as the longitudinal mus-
cle and the helically arranged CLCP fibers served as oblique
muscles (Figure 12b).1'32] The selective actuation of CLCP fibers
drove the passive deformation of the silicone rod in different
modes, and dexterous motion similar to an actual elephant trunk
was achieved through multi-step actuation of the fibers due
to the continuous switch of deformation modes. More refined
structures of the printed actuators were realized through the

© 2025 Wiley-VCH GmbH
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a) Schematic of chain extension chemistry for the synthesis of mesogenic inks. b) Mechanism of alignment under mixed elongational-shear flow during

extrusion. c) Schematic illustration of the printing process of DIW. The extruded CLCP filaments are aligned under mixed flow and exhibit a core-shell
structure. The filaments are deposited in a layer-wise manner to construct 3D geometries.
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Figure 11. Common printing patterns and their corresponding actuation modes. a) Schematic of uniaxial printing path and images of a uniaxially printed
CLCP film that contracts upon heating. Reproduced with permission.[’] Copyright 2018, Wiley-VCH. b) Schematic of an azimuthal printing path and
images of a disk-shaped film that takes a conical shape upon heating. Reproduced with permission.l'’] Copyright 2017, ACS. c) Schematic of mutually
orthogonal printing paths built in the two-layered CLCP film. The two-layered film twists upon heating when the top and bottom layers are printed at
45°/135° with respect to the long axis. The film printed at 0°/90° bends into a mountain fold, while the film printed at 90°/0° bends into a valley fold. The
red arrows indicate the printing paths, while the black arrows indicate the long axis of the printed film. Reproduced with permission.[':13%] Copyright

2017, ACS. Copyright 2019, AAAS.

incorporation of an electric field, since much slenderer filaments
with diameters from 4.5 to 60 pm were available under electric
field force while the diameter of commonly observed filaments
exceeds 100 um (Figure 12¢).'33] With this strategy, Lu et al.
printed an array of microgrippers along a sinusoidal path, which
alternatively closed and opened to grasp and release tiny objects
just like the flytrap leaves.

Furthermore, the DIW holds noticeable superiority in multi-
material integrated printing, which is particularly intrigu-
ing for the hybrid design of actuators toward predictable
motions.[130134136] For example, Lewis et al. localized the defor-
mation to active CLCP hinges while utilized the stiff passive pla-
nar facets for transmission and supporting with a hybrid design
of origami structure, which allowed to model and predict the mo-
tions of actuators with existing mechanical tools (Figure 13a)./13%!
The CLCP hinges with low Ty, (blue region) bent into valley
folds upon T, for reconfiguration, while the CLCP hinges with
high Ty, (orange region) bent into mountain folds upon Ty, for
propulsion. The printed flat structure precisely reconfigured into
the targeted pentagonal prism when initially heated beyond T, .
Subsequently, the active hinges (orange region) were heated be-
yond Ty, and drove the rotation of their connected rigid facets
(grey region) according to the predesigned angle, which propelled
the prism to continuously roll through the interaction force be-
tween the facets and the hot stage. This work highlighted the
advantages of DIW in achieving predictable and designable mo-
tions of CLCPs, thus attracting wide research interests among
engineers for the considerations in soft robots.

Currently, the attainable geometries of DIW are still restrained
due to the layer-wise deposition, which poses huge challenges to
construct geometries with z-axis discontinuous structural char-
acteristics. Regarding this issue, Qi et al. proposed a strategy that

Adv. Mater. 2025, e09892
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replaced the widely-used flat print platform with customized sol-
uble supporting pillars, where the extruded filaments were de-
posited on the DLP-printed pillars with varied height to construct
ahollow pyramid (Figure 13b).["”] A freestanding CLCP pyramid
was obtained after the removal of soluble pillars, which exhibited
reversible collapsing consistent with the results of FEA simula-
tion. Another reported strategy is to introduce an off-center con-
tinuous aramid fiber during printing (Figure 13c).[38] The hol-
low structures were directly printed without assisted platforms
for deposition, due to the great supporting ability of the aramid
fiber for the extruded filaments. Moreover, the high modulus of
aramid fibers also endowed the printed LCP actuators with out-
standing bearing capacity. A freestanding pyramid and a cubic
truss were printed by this strategy, where each CLCP filament
bent upon heating attributed to the different coefficients of ther-
mal expansion between aramid fiber and CLCP matrix.

The DIW regulates both the mesogen alignment and geometry
with digital control, which provides significant convenience to de-
sign actuation modes through interdisciplinary approaches. On
the other hand, two challenges of DIW should be overcome to fur-
ther expand its application: 1) additionally achieve precise control
over Z-axis mesogen alignment rather than merely that within
the X-Y plane. 2) directly construct targeted exquisite structures
in 3D space. This requires not only advancements in 3D print-
ing equipment but also innovations in the processability of meso-
genic inks.

3.4. Mechanical Alignment
The pursuit of enhanced geometric designability has also re-

vived the enthusiasm for mechanical alignment, since it provides
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Figure 12. Nature-inspired LCP actuators printed by DIW. a) A flower-shaped LCP actuator and a hybrid butterfly-like actuator with polycaprolactone
(PCL) body and CLCP wings. Reproduced with permission under the CC BY 4.0 license.['31] Copyright 2024, The Authors, published by ACS. b) An
artificial elephant trunk consisted of a passive silicone rod (gray), a straight CLCP fiber (blue), and two helical CLCP fibers (yellow and green) with
reverse handedness. The full-trunk bending, twisting, bending + twisting, and distal bending are achieved by driving the blue fiber only, the green fiber
only, the blue and green fibers together, and all the fibers respectively. The simulation and experimental results of the multimodal deformations are
demonstrated. Reproduced with permission.['*2] Copyright 2024, Wiley-VCH. c) DIW printer that enables refined structures of actuators through the
incorporation of an electric field for slenderer filaments. The actuation of the printed array of microgrippers is demonstrated. Reproduced with permission
under the CC BY 4.0 license.['33] Copyright 2024, The Authors, published by AAAS.
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aramid fiber during printing, with the images showing the actuation and bearing capacity of the printed pyramid and cubic truss. Reproduced with
permission under the CC BY 4.0 license.['38] Copyright 2023, The Authors, published by Springer Nature.
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Figure 14. LCP actuators aligned by uniaxial mechanical stretching. a) An actinian-like actuator. Reproduced with permission.[3°] Copyright 2023, Wiley-
VCH. b) The top view and front view of a bilayer CLCP ribbon, with the extent of alignment indicated by the shade of color. The ribbon is processed into
a Mébius strip that exhibits in situ continuous rotation upon light irradiation. Reproduced with permission under the CC BY 4.0 license.['% Copyright
2021, The Authors, published by Springer Nature. c) The CLCP torus with homeotropic alignment undergoes eversion, whereas the homogeneously
aligned torus exhibits inversion upon light irradiation. The steerable locomotion of the torus on a dry surface and in the Stokes regime is demonstrated.
Reproduced with permission under the CC BY 4.0 license.l'>'l Copyright 2024, The Authors, published by Springer Nature.

a broadly available and easy-to-operate way to fabricate aligned
CLCPs with large dimensions and diverse macroscopic struc-
tures from 1D to 3D. Especially, actuators with z-axis discontinu-
ous structural characteristics that are hardly available for DIW
have been achieved with the mechanically-aligned CLCPs, via
simple post-programming or application of a non-uniform force
field during alignment.

Generally, the mechanical alignment requires lightly-
crosslinked or dynamically-crosslinked mesogenic precursors
to ensure the stretchability upon external force. The prepa-
ration of lightly-crosslinked precursors was initially achieved
by hydrosilylation,!?>-»] and then extended to chain extension
chemistry.*¥) The dynamically-crosslinked precursors include
the precursors with dynamic covalent networks and physical
crosslinked networks, which are aligned by external force when
the dynamic bonds are broken, and fully-crosslinked again
through the re-formation of the dynamic bonds.!140-143]

Aligned CLCP 1D fibers and 2D films from millimeter to
centimeter scale are easily available for mechanical alignment,
which allows to be conveniently post-programmed into more
complicated geometries by hand.'*~*] Yu et al. prepared a
monodomain physically-crosslinked LCP film that was dual-
responsive to light and moisture via hot stretching, and then
processed the film into an actinian shape through folding and
cutting.*] Similar to actual actinia, the upper “tentacles” of the
actuator bent upon the exposure of light, and the lower “body”
unfolded in response to humidity (Figure 14a). Yang et al. made
a bi-layer CLCP ribbon and processed it into an authentic M6bius
[#1] strip with a one-sided, defect-free surface through twisting
and adhesive bonding (Figure 14b).[">%l The gradient alignment

Adv. Mater. 2025, e09892
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in each layer with uneven thickness was achieved under uniaxial
stretching, since higher stress was induced in the thinner areas
and resulted in a higher extent of alignment. The photothermal-
induced gradient contraction broke the rotational symmetry of
the strip with light irradiation on the locus of the twisted region,
which contributed to the zero-elastic energy mode (ZEEM) for
continuous anticlockwise/clockwise in situ rotation. Also, on the
basis of ZEEM, Zeng et al. reported a light-steerable CLCP torus
recently, which demonstrated non-trivial self-sustained rotation
with tunable velocity and direction (Figure 14¢).'>! A uniaxially
aligned CLCP fiber was processed into a torus by looping the
thick fiber and gluing its head and tail. Photothermal-induced
gradient contraction was induced due to the thermal gradient
across the thickness upon local light irradiation, which drove the
rotation of the torus, attributed to the break of rotational sym-
metry. The direction of rotation was defined by the alighment-
dependent thermal expansion coefficient (a), while the velocity
was tunable by the light intensity and the radius of the fiber. Fur-
thermore, optically controllable locomotion in various realms, in-
cluding terrestrial, confined, fluidic environments, and even the
Stokes regime, was achieved through the asymmetric friction or
drag forces between the rotational torus and its surroundings.
Compared with uniaxial stretching, non-uniaxial force fields
simultaneously aligns mesogens and induces asymmetric strain
of the mesogenic precursors that facilitates the construction of
3D geometries (Figure 15a—c). The bending/folding, as the most
prevalent operation to induce non-uniaxial force field in 2D
films made of mesogenic precursors, enables origami-structured
LCP actuators with ordered alignment built in the creases
(Figure 14a).121¢] As for the compressing, it is commonly
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Figure 15. LCP actuators aligned by non-uniaxial force fields. Schematic illustration of the a) bending/folding, b) compressing process, and c) twist-
ing/coiling process to simultaneously align the mesogens and program the geometry of LCP actuators. The arrow represents the direction of the induced
local stress for alignment. d) An origami actuator prepared, aligned, and shaped by folding. Reproduced with permission.l’>2] Copyright 2021, Wiley-
VCH. €) A hemisphere-shaped actuator aligned and shaped by compressing. Reproduced with permission under the CC BY 4.0 license.['%4] Copyright
2024, The Authors, published by Wiley-VCH. f) A spiral fiber-shaped actuator aligned and shaped by twisting, with the illustration of an electrical gen-
erator driven by the reversible torsion of the fiber. Reproduced with permission.['®1] Copyright 2022, Wiley-VCH. g) Schematic of a column-ring-shaped
polydomain solid precursor printed by the DLP-based 3D printer. The solid precursor is aligned by the subsequently applied twisting process, and the
obtained actuator undergoes un-twisting upon heating. Reproduced with permission.['%°l Copyright 2021, Wiley-VCH.
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used to fabricate convex actuators by embossing the films with
a punch-pin, where the ordered alignment is distributed on
the walls of the bulge (Figure 15b).[1”) The coiling/twisting
is commonly applied to 1D fibers, which induces a spiral
geometry and rotating alignment along the longitudinal axis
(Figure 15¢).1"%163] The solid mesogenic precursors treated by
non-uniaxial force field mentioned above achieve 3D structures
and region-specific alignment at the same time, which are fixed
by the second crosslinking or re-crosslinking. Accordingly, LCP
actuators with intriguing geometries and actuation modes have
been directly obtained without the post-programming of CLCPs.

Li et al. prepared a photoresponsive origami structure by fold-
ing the film-shaped solid precursor, with the creases served as ac-
tive hinges.['5?] The obtained CLCP film preformed discoloration-
accompanied bending-unbending along the creases upon the
exposure to light at different wavelengths (Figure 15d). Schen-
ning et al. attempted the vacuum thermoforming instead of the
commonly-used embossing to fabricate convex LCP actuators,
which was a mature method used in the industrial manufactur-
ing of commercial polymers.['*4l When the heated, film-shaped
solid precursor was sucked into the hemisphere mold under vac-
uum, an angular-dependent alignment was formed on the hemi-
spherical wall by region-specific stresses (Figure 15e). The pho-
todeformable hemisphere was filled with water initially, which
released the water from the spout upon local UV light irradia-
tion along the lip. Yang et al. established rotating alignhment and
achieved significant thermal-induced torque of the CLCP fiber
through twisting the fiber-shaped solid precursor.['®!] The twisted
fiber served as the driving unit in an electrical generator system,
rotating six magnets and harvesting electrical energy upon alter-
native heating and cooling (Figure 15f).

The shapes of solid precursors were further extended to pre-
formed 3D structures by molding or direct printing.['%-168] For
example, Yang et al. printed a column-ring-shaped polydomain
solid precursor by DLP and aligned it through twisting, which
displayed a reversible un-twisting with a large actuation strain
upon heating (Figure 15g).["! Precursors with various interest-
ing 3D structures, such as the hollow lattice, the Eiffel Tower, and
the mermaid have been attempted.['”18] Through the proper
choice of the subsequently applied external force, ordered align-
ment for anisotropic deformation was built while most of their
original structural characteristics were maintained.

The mechanical alignment is particularly attractive for re-
searchers beyond LCP chemists due to the easy-to-operate and
broadly accessible characteristics. So far, the principal researches
of LCP actuators aligned by mechanical force have focused on
the macroscale structural design, with little attentions paid to the
precise patterning and diversification of mesogen alignment. The
synergistic regulation of the mesogen alignment and geometries
still desires deeper exploration, to unlock the full potential of me-
chanical alignment.

3.5. Self-Assembly for Mesogen Alignment
The annealing-induced self-assembly was used to align the meso-
gens for photodeformable LCP actuators by Yu et al. in 2016.1'7°]

We developed a kind of high-molecular-weight linear LCP (LLCP)
via the ring-opening metathesis polymerization (ROMP), where
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the flexible rubber-like alkyl backbone and long spacers provided
the azobenzene mesogens enough free volume to self-assemble
into a smectic C phase (Figure 16a). The chemical heterogene-
ity between the flexible alkyl backbone and the rigid aromatic
mesogens promoted microphase separation, resulting in nano-
scaled lamellar structure that consists of segregated main-chain
and side-chain sublayers. These sublayers act as a dual physical
crosslinked network of LLCP, ensuring the reversibility of pho-
todeformation. Moreover, the annealing-induced alignment was
observed to vary from in-plane (smectic A phase) to out-of-plane
(smectic C phase) as the spacer length increased, which governed
the bending direction and amplitude of LLCP films upon light
(Figure 16b).1"71]

The annealing-induced self-assembly also occurred in copoly-
merized LLCPs. Other mesogens, such as biphenyl or phenyl
benzoate mesogens, were incorporated into the LLCPs by di-
rect copolymerization and coassembled with azobenzene meso-
gens into the ordered LC phase upon annealing (Figure 16¢,d).
The incorporation of biphenyl mesogens effectively increased
the light penetration depth compared with the homopolymerized
azobenzene-containing LLCP films, contributing to enhanced
photodeformability (Figure 16¢).['”?] The introduction of phenyl
benzoate mesogens promoted the self-assembly via the activation
of chain mobility. Accordingly, a highly ordered smectic B phase
was further observed in this copolymerized LLCP treated with
post-tension annealing (Figure 16d).'?] The tension-induced
strain energy was locked by the smectic B phase, and subse-
quently released by photochemical phase transition that dis-
rupted the ordered alignment. An ultralarge light-driven contrac-
tion rate up to 81% was achieved by the annealed post-tension
LLCP fiber through the release of stored strain energy.

Remarkable chain entanglement, formed in LLCPs due to their
high molecular weight, contributes to robust mechanical proper-
ties, including a moderate elastic modulus (96 + 19 MPa), high
toughness (319 +41M] m™>), high strength (%20 MPa) and a
large fracture strain (2089% + 275%) (Figure 16e). Furthermore,
the thermodynamic and mechanical properties of LLCPs exhibit
abroad tunable range, owing to the excellent designability of their
molecular and phase structures (Figure 16f).

The LLCPs also exhibit great compatibility with existing in-
dustrial processing methods due to the absence of a chemical
crosslinked network. Various geometries from 1D to 3D, includ-
ing fibers, films, and microtubes, have been conveniently shaped
with LLCPs through commonly used melting and solution pro-
cessing methods (Figure 17a), which performed reversible de-
formation by a subsequently applied annealing treatment.[70-175]
The decouple of shaping and alignment largely enriches the
available geometries and dimensions of LCP actuators, which
broaden the potential applications of LCP actuators in diverse us-
age scenarios.

The fiber-shaped LLCPs were prepared into interesting actu-
ators through textile or twisting processing. A string bag was
constructed via the combination of passive sewing threads and
the annealed post-tension LLCP fibers, whose ultralarge light-
driven contraction closed the bag that held two plastic balls
(Figure 17b).'7%] Another kind of multifunctional LLCP was
twisted into a spring-like structure. Upon heating, the spring ex-
hibited a self-propelled rolling along with the fluorescence dim-
ming (Figure 17¢).'7% The film-shaped LLCPs featuring linear

© 2025 Wiley-VCH GmbH

850807 SUOWIWOD A1) 3ol dde ayy Aq peusenoh ae Sspie VO ‘8sn Jo se|n. 10} ArIqiT8uIIUO A8|IM UO (SUORIPUOD-PUB-SWLBI L0 A8 | 1M ARIq 1 BUIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[5202/80/2T] Uo AriqiTauliuo A8 |IM ‘AsIAIUN Uepnd Ad 268605202 BWIPe/Z00T OT/I0P/LLI0o" A3 1M Afe.d 1 jpuluo"peoueApe//sdny Wwouy pepeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED

ADVANCED MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com www.advmat.de
a b
OM ‘(") Smectic C Phase o PC-ABS
etho~)r -
X 19 v S e R={ 0"~"v PC3AB6
O © "_O_y('% ‘" Flexible backbones ! OY\)LR-—< } <\—7 {
NANANRRRN ’ ) i
- l ROMP \- 1 x Smectic A 0' :: Smectic C PN
3 < Layer g e ¥ & Smoctic C
g //////// ol Sxesh] [Mrane I8 T
§ Spa(:oro Azobenzene Mesogen Tail Qh(:é'.‘.ﬁ Qe R ' s (3T
. o
x " e - Ty SO T [
PO ORI o, i ‘ , =
X M_= 3.6 x10* g/mol; PDI = 1.7~1.9 PC11AB6 POIAES ﬁ
Cc Light Penetration Depth Increase d Phenyl Benzoate Mesogen

Azobenzene Mesogen

ot Grg . WA
g s LSS | ©
O ERS (I I cetece

PABBP m:n=1:2

Smectic B Phase

T 35°C

Fracture 279 2060y
Strain 7% 089%

Figure 16. Chemistries of smectic linear LCPs (LLCPs) and their available phase structures via self-assembly. a) Molecular structure of an azobenzene-
containing linear LCP (LLCP) and the schematic illustration of the smectic C phase built in the LLCP via annealing-induced self-assembly. Reproduced
with permission.l'7%l Copyright 2016, Springer Nature. b) Molecular structures of LLCPs with varied spacers, and the corresponding changes in phase
structure and bending behavior. Reproduced with permission under the CC BY 4.0 license.['”"] Copyright 2019, The Authors, published by Wiley-VCH.
c) A copolymerized LLCP that spontaneously self-assembles into the smectic C phase via annealing, with the schematic showing the increased light
penetration depth within the lamellar structure. Reproduced with permission.['2] Copyright 2019, Wiley-VCH. d) Molecular structure of the phenyl
benzoate side-chain within a copolymerized LLCP, with the schematic showing the highly ordered smectic B phase obtained via post-tension annealing.
The images show the ultralarge light-driven contraction up to 81% of the LLCP fiber. Reproduced with permission.['73] Copyright 2020, Wiley-VCH.
e) Images showing the mechanical strength and toughness of LLCP fibers, including a fiber sample supporting iron rings strung by an iron wire, and
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another sample stretched to 22 X its initial length. f) The tunable range of thermodynamic and mechanical properties of LLCPs.

structures enable seamless integration with other polymer mate-
rials, thus facilitating the design of multilayer thin-film devices.
A multilayer, neuron-readable artificial photoreceptor was con-
structed without additional adhesives (Figure 17d).['75] Within
this device, photo-induced stress generated in the LLCP layer is
transferred to the piezoelectric P(VDF-TrFE) layer, inducing elec-
trical signals through changes in dipole density. The large pho-
todeformation of LLCPs promoted the efficiency of light-stress-
electricity conversion, contributing to a 19-fold enhancement in
open-circuit voltage (0.79 = 0.02 V) compared to previous works.
Visual image recognition was further achieved via a 25-unit pix-
elated photoreceptor. We also designed a bionic “flower and but-
terfly” with LLCP films."> The kirigami-structured photode-
formable LLCP film acted as the butterfly, while the LLCP films

Adv. Mater. 2025, e09892
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exhibiting light-induced shape memory effect were welded into a
floral shape (Figure 17e). The “flower” bloomed upon UV light,
and the “butterfly” flapped its wings upon alternative irradiation
of UV and visible light.

In particular, the LLCPs hold noticeable superiority in the
fabrication of microscale 3D actuators. Their great compatibil-
ity with a series of melting/solution processing methods facili-
tate the construction of geometries with exquisite 3D microstruc-
tures. Moreover, the annealing-induced self-assembly strategy
ensures to align mesogens in a non-contact way that avoid the
distortion of the desired geometry. We utilized the azobenzene-
containing LLCPs to fabricate photodeformable tubular microac-
tuators (TMAs) and achieved all-optical microfluidic transporta-
tion for the first time (Figure 17f)."7%1 The LLCP was initially

© 2025 Wiley-VCH GmbH
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Figure 17. LCP actuators aligned via self-assembly. a) LLCP actuators from 1D to 3D. Reproduced with permission.['7%173] Copyright 2020, Wiley-VCH;
Copyright 2016, Springer Nature. b) A string bag composed of LLCP fiber and passive sewing threads, with the dashed green lines outlining the LLCP fiber.
Reproduced with permission.['73] Copyright 2020, Wiley-VCH. c) A spring-shaped LCP actuator. Reproduced with permission.!'7¢l Copyright 2025, Wiley-
VCH. d) Schematics showing the conversion of light-stress-electric signals within the artificial photoreceptor, and the visual image recognition achieved
by pixelated photoreceptor. Under mask-patterned illumination, each irradiated pixel generated a measurable photocurrent, enabling reconstruction
of the optical pattern “F”. Reproduced with permission.['73] Copyright 2023, Wiley-VCH. e) A bionic “flower and butterfly” prepared by LLCP films.
Reproduced with permission.!'>6] Copyright 2022, Wiley-VCH. f) The axial asymmetric deformation of a tubular LLCP microactuator upon attenuated
irradiation, with the cross-sectional schematic showing the alignment change before and upon irradiation. Reproduced with permission.l'7l Copyright
2016, Springer Nature. g) Schematics and 3D reconstruction images showing the hierarchical deformation of the microstructures of the Morpho butterfly
wing driven by photodeformable LLCP coating. Reproduced with permission.l"74] Copyright 2018, Wiley-VCH.
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Figure 18. Chemistries of hemiphasmidic LLCPs and their available phase structures via self-assembly. a) Chemical structures of hemiphasmidic
monomers with different peripheral tails of wedges. As the molar fraction of M-3EO in copolymerized LLCPs increased, the resulted phase structures
experienced diverse variations. Reproduced with permission.l'7’] Copyright 2024, ACS. b) Molecular structure of the hemiphasmidic LLCP containing
rod-like dicyanodistyrylstilbenzene mesogens and bulky fan-like tail groups, which self-assembles into a columnar phase featuring the “core-shell-corona”
structure via post-compression annealing. The core is composed of polymer chains, the shell is the mesogens, and the corona is the fan-like tail groups.
This LLCP film featuring columnar units shows negative thermal expansion upon heating, with its linear elongation behavior demonstrated in the right

panel. Reproduced with permission.l'78] Copyright 2023, Wiley-VCH.

coated in a glass capillary by solution evaporation, and the cap-
illary was etched after the annealing treatment. The obtained
TMA performed asymmetric shape change from cylindrical to
conical upon the irradiation of attenuated 470 nm light, which
induced capillary forces to propel the inner fluid slug toward
the narrower end. We even designed a photodeformable 3D mi-
cro/nanostructure by combining LLCPs and the Morpho but-
terfly wing (MBW) template (Figure 17g).l'’*] The azobenzene-
containing LLCPs was made into microfibers through electro-
spinning and then well-distributed on MBW via fused deposi-
tion. Ordered alignment was built in the resulted LLCP coat-
ing by annealing, which drove the hierarchical deformation of
MBW upon light irradiation. The combined fused deposition and
self-assembly strategies maximized the preservation of 3D mi-
cro/nanostructural integrity by preventing damage from solvent
exposure and mechanical forces to the delicate hierarchical ar-
chitecture of MBW. The hierarchical deformation, including the
structural changes of scales, ridges, and lamella spacing, induced
the blueshift of the reflection peak (69 nm) and the variation of
reflection intensity (40%).

Beyond our efforts, Chen et al. have also explored the phase
structure and actuation characteristics of LLCPs.['7717°] They syn-
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thesized a series of copolymerized LLCPs with two kinds of
hemiphasmidic cyclooctene monomers, whose tail groups dif-
fered in the peripheral tails of the wedges (Figure 18a).1””] Mi-
crophase segregations between main chains and side chains first
occurred in the obtained statistical copolymers, and the sepa-
ration of side chains was further observed due to the genuine
immiscibility between M-3D and M-3EO. This phenomenon
led to a kind of new structural motifs, where the main chain
adopted a tortuous conformation and sandwiched between do-
mains formed by M-3D and M-3EO respectively. The aspects and
curvatures of these motifs varied as the molar fraction of M-
3EO increased, which promoted the formation of diverse unique
phase structures, including hexagonal columnar (Coly,), hexago-
nally packed cylinder (HEX), double gyroid (GYR), lamella (LAM)
and inverted HEX. These unique phase structures may endow
the deformation of LLCPs with some non-trivial properties. For
example, most reported LCP actuators exhibited deformation in
a two-state way rather than continuous multi-state manner, since
their stimuli-responsive deformation were realized via the sharp
phase transition from ordered to disordered. This constraint was
ingeniously circumvented in the LLCP with columnar phase,
which utilized the continuous negative thermal expansion of the
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Figure 19. The cooperative alignment of mesogens and anisotropic nanofillers. a) The coating composed of highly-oriented anisotropic nanomaterials
serves as the alignment layer to anchor the mesogens. The black rods represent the uniaxially aligned nanofillers. Reproduced with permission.[133] Copy-
right 2012, Wiley-VCH. b) An CLCP origami actuator with twisted mesogen alignment built in the creases. Reproduced with permission.!'®*] Copyright
2019, Wiley-VCH. c) The aligned mesogens arrange the anisotropic nanomaterials (yellow rods) along the director of the mesogens. d) The incorporated
unreactive LCs (green rods) form phase-separated domains. Upon stretching, the mesogens and incorporated LCs cooperatively align.

columnar assemblies below Ty; to induce macroscopic defor-
mation (Figure 18b).[78] The microscale columns elongated lin-
early due to the rejections of the surplus molecules with the in-
crease of temperature, thus ensuring the precise control of the
macroscopic continuous expansile-contractive deformation, just
like the actual biological muscles.

The LLCPs simultaneously possess moderate elastic modu-
lus, high toughness, high strength and large elongation at break
due to the high molecular weight and ordered lamellar structure.
Combined with the excellent designability of molecular struc-
tures, tunability of LC phase and processing properties, the LL-
CPs show great potentials in creating high-performance actua-
tors capable of even more complicated bionic motions. However,
the high-threshold synthesis of these LLCPs results in obstacles
to their popularization currently.

4. Nano-Composition Used in LCP Actuators

Apart from the actuation modes, the actuation performances
of the LCP actuators also have a non-negligible influence on
the practical achievable actuations. For example, the rapid large
deformation is essential to achieve explosive actuations, while
the output force and mechanical properties directly determine
the work capacity and bearing capacity of actuators.[>”:180-182]
Various strategies have been reported to regulate the actua-
tion performance for broader usage scenarios, and the nano-
composition is particularly appealing due to its easy operations
and high efficiency.?!! Especially, the incorporation of rod-like
nanomaterials additionally facilitates the mesogen alignment at-
tributed to their anisotropic structures.['$3-185] We proposed the
nanomaterial-assisted alignment approach for the first time. Uni-
axially aligned CNTs were coated on an LC cell, which oriented

Adv. Mater. 2025, e09892
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the mesogens along the CNT alignment axis via the surface an-
choring effect (Figure 192).'%] Furthermore, Ware et al. locally
induced twisted alignment of mesogens by patterning the CNTs,
thus achieving an origami actuator with photodeformable hinges
(Figure 19D).1184

The mutual interactions between anisotropic moieties also
drive the self-organization of nanomaterials surrounded by
aligned mesogens.181%0] Yang et al. uniaxially aligned the
mesogens via the surface-enforced alignment, which arranged
the incorporated gold nanorods (AuNRs) along the director
of the mesogens through the attractive intermolecular forces
(Figure 19¢).") When subjected to external mechanical force,
the mesogens and anisotropic nanomaterials exhibit cooperative
alignment along the loading axis (Figure 19d).['>71%] Shahsa-
van et al. incorporated non-reactive low molecular weight LCs
in CLCPs, inducing phase-separated microdomains at micro- to
nano-scales.['] Upon stretching, the LC/CLCP composite was
aligned while the LC microdomains underwent a phase transi-
tion from disordered to short-range smectic ordering.

Direct mixing of CLCPs with certain nanomaterials, in-
cluding carbon black (CB), graphene, and carbon nanotubes
(CNTs), effectively improves power density and stiffness of
LCP actuators.['7-2%] However, the incorporation of these rigid
nanofillers often results in reduced extensibility and actua-
tion strain of LCP actuators, especially at high loading levels.
Recently, several non-traditional methods of nano-composition
have been developed, which offer potential approaches to bal-
ance mechanical properties and large actuation strain. For ex-
ample, the LC/CLCP composite designed by Shahsavan et al.
achieved the enhancement of stiffness without compromising
thermal-responsive strain, since the LC microdomains acted as
physical crosslinking points and introduced additional smectic

© 2025 Wiley-VCH GmbH
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Figure 20. Mechanical enhancement achieved by nano-composition. a) The schematic shows mesogens maintain ordered alignment despite high
LM droplet content in LM/CLCP film. Photographs demonstrate that the film sustains a blocking stress of ~45 kPa upon heating. Reproduced with
permission.[2011 Copyright 2019, National Academy of Sciences. b) The stress-strain curve of CLCPs before and after crystallization. Reproduced with
permission.[293] Copyright 2017, ACS. c) The load-bearing test of semicrystalline and non-crystalline CLCP films. Reproduced with permission.[204]
Copyright 2022, ACS. d) Uniaxially aligned graphene/CLCP composite fibers with thermodynamic percolated graphene network. The actuator consisted
of a 1000-strand bundle of the composite fibers lifts a 1 kg dumbbell upon heating. Reproduced with permission under the CC BY 4.0 license.[2%%]

Copyright 2022, The Authors, published by Springer Nature.

ordering.'®" Besides the LCs, the microscale liquid metal (LM)
droplets are equally noteworthy. Majidi et al. first introduced LM
droplets (200-500 um in diameter) into CLCPs, establishing the
concept of replacing rigid fillers with soft, deformable alterna-
tives (Figure 20a).12°!) They observed that the incorporation of
LM droplets did not adversely affect the extensibility and actu-
ation strain of CLCPs even at high loading levels. Yang et al. fur-
ther discovered that the incorporation of LM droplets obviously
enhanced the fatigue resistance of CLCPs (>2000 cycles).[2°2] The
ultrahigh fatigue resistance might derive from two aspects: 1) the
fluidic and soft LM droplets serve as stress concentration points.
2) the metal-sulfur interaction affords extra physical associations

Adv. Mater. 2025, e09892
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to reinforce the CLCPs. In addition to novel fillers, Ware et al. ex-
plored an in situ nanocomposite strategy based on crystallization
(Figure 20b).[29%] The resulting hierarchical crystalline domains
enhanced the modulus by 2-fold and toughness by 5-fold, con-
tributing to a remarkable work capacity of 730 k] m~. Under
a load of 0.5 MPa, the semicrystalline CLCP retained complete
structural integrity, whereas its non-crystalline counterpart un-
derwent significant elongation (Figure 20c).[2%4]

Toward practical utilizations, robust mechanical properties be-
yond Ty, are desired by LCP actuators since they decide the ac-
tual output driving force and bearing capacity. However, the me-
chanical properties of LCP actuators dramatically weaken across

© 2025 Wiley-VCH GmbH
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Figure 21. Light-controlled actuators made by CLCP nanocomposites. a) A cross-domain actuator obtained by assembling CB/CLCP film with a magnetic-
responsive module. Reproduced with permission.[20] Copyright 2024, Wiley-VCH. b) A tri-legged water strider robot obtained by assembling the splay-
aligned AuNR/CLCP composite films and the superhydrophobic copper foams. The three legs are responsive to the light at wavelengths of 520, 655,
and 808 nm, respectively, since they are incorporated with AuNRs featuring distinct aspect ratios. The robot demonstrates steerable multi-directional
water walking to transport cargo upon sequential irradiation of light at different wavelengths. Reproduced with permission.[21% Copyright 2022, Elsevier.
c) A graphene-containing catapulting actuator with a constrained fin-array-shaped structure. Reproduced with permission.l2'2] Copyright 2022, Wiley-
VCH. d) The left schematic shows the fabrication process a double-folded CNT/CLCP composite ribbon. The right schematic exhibits the mechanism
of continuous jumping, with images showing the climbing on ladder and jumping on silica sand. Reproduced with permission.[213] Copyright 2023,

Wiley-VCH.

the anisotropic-to-isotropic phase transition in most cases due to
the loss of LC ordering. The helical twisting and coiling of CLCP
fibers are the mainstreamed approaches for this problem, while
the thermodynamic networks that strengthen with the increase
of temperature appear as another intriguing solution. Kim et al.
introduced the thermodynamic percolated graphene network in
LCP actuator, where the graphene platelets were separated at am-
bient temperature and formed a continuous percolated network
beyond Ty, (Figure 20d).[2%] Attributed to the strengthened net-
work, the Young’s modulus and tensile stress of this actuator ex-
hibited an unexpected increase at elevated temperature. The ob-
tained nanocomposite actuator achieved excellent bearing capac-
ity, work capacity (650 ] kg?!), and power density (293 W kg™),
which were robust enough to lift a dumbbell 5000 times heavier
than its bodyweight.

The incorporation of photothermal nanomaterials, such as
MXene, CNTs, and CB, offers a simple approach to design
LCP actuators with non-contact local control capability.!2°6207]
Chen et al. constructed a three-legged bilayer actuator com-
posed of an aligned CB/CLCP layer and a passive polydomain
CLCP layer, which crawled on the sand through localized heat-
ing upon NIR irradiation.l?] They subsequently assembled a
magnetic-responsive module on the actuator, realizing its manip-
ulation on the water surface under directional magnetic fields
(Figure 21a). Actuators capable of explosive motions were fur-
ther achieved by fully utilizing the high actuation performance of
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CLCP nanocomposites.'829 Feng et al. designed a water strider
robot through the assembly of CLCP films and copper foams
(Figure 21b).21% The splay-aligned CLCP films incorporated with
AuNRs were used as the legs of the robot, which propelled the
robot to move unidirectionally on the water surface by rapid large
bending. The superhydrophobic copper foams served as the body
and feet of the robot that were responsible for the weight-bearing
and drag-reducing ability, respectively. Upon selective and se-
quential irradiation on the legs, the robot transported a football
according to the predesigned route.

The catapulting and jumping are also available for CLCP
nanocomposites on the basis of specially designed bistable
structures.[?'!] Ly et al. designed a graphene-containing LCP cat-
apult featuring constrained fin-array structure (Figure 21c).[212]
The temperature-sensitive acrylate adhesive was used to latch
the accordion-like actuator, which suppressed the photothermal-
induced unfolding of the right arched area to accumulate and
store the strain energy. Subsequently, the left latch was unlocked
upon local irradiation, which came along with the instantaneous
release of substantial strain energy and an ultrafast catapulting
motion like the ejection of fern sporangia. The direction of cat-
apulting was controlled by the number and position of the con-
strained fins, which produced inward tension to suspend the fast
opening at a well-defined angle. Similarly, Yang et al. designed a
light-driven jumping robot though shaping the CNT/CLCP rib-
bon into a double-folded structure, where the ordered alignment

© 2025 Wiley-VCH GmbH
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Figure 22. CLCP nanocomposite actuators capable of more complex motions through ingenious structural design. a) A tensegrity robot consisted of
CNT/CLCP composite fibers and passive stiff rods, whose base of support transitions between an open triangle and a (anticlockwise or clockwise) closed
triangle upon single-fiber actuation. The photographs demonstrate a zigzag rolling path of the robot powered by light. Reproduced with permission.[214]
Copyright 2018, Wiley-VCH. b) A light-powered self-oscillator composed of two candle-soot-containing monodomain CLCP layers (LCP1, LCP2) and
a sandwiched PDMS layer, where the CLCP layers exhibit antagonistic contraction/relaxation behavior under constant illumination. The sequential
snapshots illustrate the self-oscillator propelling a sailboat on water. Reproduced with permission.[2'3] Copyright 2024, Springer Nature. c) Schematic
showing the actuation of an individual twisted-aligned CLCP ribbon, with the offset angle 6 denoting the angle between the ribbon’s longitudinal axis
and the orientation director on the top surface. The ribbons with LM-coating transition from an insulating to a conductive state due to the photo-induced
entanglement. Reproduced with permission.[2'®] Copyright 2024, Springer Nature.

was built in the creases (Figure 21d).2!3] The outer crease con-
strained the photothermal-induced unfolding of the inner crease
to accumulate and store the strain energy. Subsequently, the en-
ergy was instantaneously released with the break of the limita-
tion, which drive the ribbon to climb a ladder and jump on silica
sand like the springtail.

Through ingenious structural design, CLCP nanocomposite
actuators capable of more complex motions have been devel-
oped. Cai et al. developed a hybrid light-controlled robot featur-
ing complicated tensegrity structures, where the stiff rods were
compressed while the soft CNT/CLCP composite fibers were ten-
sioned (Figure 22a).2'*] The fibers near the base of support con-
tracted and outputted a strong driving force upon irradiation,
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which led to the displacement of the barycenter and the rolling of
the robot. The direction of rolling was determined by the position
of the irradiated fiber, therefore multidirectional rolling along a
zigzag path was achieved by selective and sequential irradiation.

He et al. designed a high-power oscillator featuring an an-
tagonistic structure, which contained two monodomain CLCP
layers and a sandwiched polydimethylsiloxane (PDMS) layer
(Figure 22b).121) The two CLCP layers incorporated with candle
soot asynchronously contracted and relaxed upon light, similar
to the antagonistic muscle pairs of the flying insects. The PDMS
layer increased the resonate frequency and reduced the oscillator
damping of the oscillator, mainly attributed to its higher modulus
and lower viscoelasticity compared with CLCP layers. A built-in
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self-oscillatory feedback loop was further built on the basis of the
photothermal-induced bending and the self-shadowing-induced
unbending upon constant irradiation. These designs of oscillator
synergistically contributed to a remarkable output power density
(33 W kg™!) comparable to that of insect flight muscles (>29 W
kg™'), which allowed to propel a sailboat on the water.

Ware et al. achieved reversible collective entanglement and dis-
entanglement with twist-aligned CLCP ribbons.[?!®! The initial
flat ribbon took a spiral shape upon heating, which tended to en-
tangle with adjacentribbons. The length, offset angle 0, and pack-
ing density of CLCP ribbons were found to directly affect the me-
chanical interlocking between ribbons, thereby determining the
degree of entanglement (Figure 22c). These ribbons were subse-
quently coated with an LM nanolayer. Under light irradiation, the
photothermal ribbons became entangled, exhibiting enhanced
electrical conductivity. Consequently, their interconnected path-
ways within a circuit conducted electricity to illuminate a bulb.

5. Conclusion and Perspectives

The CLCPs have been regarded as ideal materials for artificial
muscles due to their sizable and highly designable deformation,
but the research in this field has long been confined to a limited
scope due to the complex synthesis and the alignment methods
that are challenging for widespread adoption. Recently, the com-
mercialized production of monomers, new materials chemistry,
and application of 3D printing have significantly simplified the
synthesis of CLCPs, and offered an easy-to-operate method to si-
multaneously regulate the mesogen alignment and geometries
of LCP actuators. Therefore, the research boom of CLCPs toward
nature-inspired actuators is virtually inevitable following these
critical advancements.

The existing alignment methods are detaily combed, including
the historic context, the required molecular structures of materi-
als, the mechanism of alignment, and the representative nature-
inspired actuators aligned by each method. Since the mesogen
alignment and macroscopic structures have a decisive influence
on the final achievable actuations of CLCPs, their synergistic reg-
ulation always remains a vital theme for the construction of actu-
ators closer to natural organisms. Nevertheless, the programma-
bility of mesogen alignment and macroscopic structures is gen-
erally contradictory for the existing alignment methods. For ex-
ample, the surface-enforced alignment pioneers in regulating
the mesogen alignment from 1D to complicated 3D patterns,
but frustrates in the construction of macroscopic structures. The
self-assembly allows to construct various macroscopic structures
from 1D fibers to exquisite 3D structures, whereas suffers from
the difficulty of attaining spatially distinguished mesogen align-
ment.

By comparison, the DIW serves as a viable middle ground that
ensures to simultaneously pattern the mesogen alignment and
construct 3D structures. Nevertheless, constrained by the low vis-
cosity of precursors and the forming principles of deposition,
the DIW still falls short of the regulation over z-axis mesogen
alignment and direct construction of actuators with z-axis dis-
continuous structural characteristics. The magnetic field-assisted
alignment facilitates the regulation of alignment patterns in LCP
actuators with microscale features (10-100 um), but the special-
ized challenges in the design and construction of magnetic field
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systems hinder their broader applications. The mechanical align-
ment is easy to operate and broadly available, but faces challenges
in the precise patterning of alignment. In our opinion, the over-
arching goal for future alignment methods is to achieve desired
alignment at any position within arbitrary 3D structures.

High output force, robust mechanical properties, and fast ac-
tuation speed are preferred by most practical usage scenarios of
soft actuators and robots, which are quite challenging for pure
LCP actuators. The nano-composition offers a convenient and
highly efficient way to noticeably improve the actuation perfor-
mance of LCP actuators, thus facilitating the design of robust
LCP actuators featuring high work capacity. Currently, the stud-
ies of LCP nanocomposite actuators have mainly focused on the
structural engineering and backend functions, while a gap per-
sists in the systematic investigation of some fundamental yet
critical material-related issues inherent to the nano-composition
process, such as the interface issues and the regulation of multi-
phase structures.

Recent researches of LCP actuators have demonstrated a grow-
ing trend of interdisciplinary collaboration, which unlocks path-
ways toward practical deployable systems. We even envision that
the LCPs will bring about new possibilities in next-generation
soft robots with higher adaptability, autonomy, and operational
capabilities in the near future, driven by the advances in mate-
rials engineering, fabrication techniques, robotics, and artificial
intelligence.
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