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Liquid Crystal Elastomers for Solar, Mechanical, Thermal, and
Electrochemical Energy Applications

Meng Zhang,?* Xinxin Lu,>* Tingting Ye,># Haodong Hu,* James P. Scarbrough,? Rui Wang,? Yuxing
Yao,?* Shucong Li,>* Xiaoguang Wang®¢*

Liquid crystal elastomers (LCEs) are a class of soft, stimuli-responsive materials that integrate the orientational order of
liquid crystals with the elasticity of polymer networks. This molecular architecture imparts unique properties, including
anisotropic actuation, reversible shape morphing, and programmable mechanical responses, which position LCEs as
promising candidates for adaptive energy systems. Unlike rigid, static components, LCEs respond dynamically to external
stimuli such as heat, light, and mechanical stress, allowing for autonomous and flexible energy transduction. Recent studies
have highlighted the potential of LCEs in a range of energy applications, including solar energy harvesting and tracking,
mechanical energy conversion, thermal energy regulation, and electrochemical energy storage. This Review examines recent
advances in each of these four domains. Furthermore, key structure—function relationships, materials design strategies, and

opportunities for system-level integration are discussed.

1. Introduction

Liquid crystal elastomers (LCEs) are a distinct class of soft,
anisotropic materials that combine the orientational order of
liquid crystals (LCs) with the elasticity of polymer networks.®
Depending on the symmetry of molecular alignment, LCs can
adopt nematic, smectic, or chiral nematic (cholesteric) phases,!-
11 where molecules align along a common director or form
helical arrangements with periodic twist, as shown in Fig. 1a.
First conceptualized in the late 20th century, LCEs consist of
mesogenic units covalently attached to or pendant from a
crosslinked polymer backbone.''2 These mesogens can
undergo thermotropic or photoinduced transitions between
ordered (e.g., nematic) and disordered (isotropic) states. When
the mesogens are aligned within the polymer network, typically
through external fields317 or templated polymerization,18-22
the material can deform in a programmable and reversible
manner upon stimulation. This unique coupling between
molecular order and macroscopic shape change underpins the
key functionality of LCEs: reversible, stimuli-induced shape
deformation. Upon thermal,?3-33 optical,3*4* or other external
cues,*>%? the mesogens reorient or transition between phases,
driving anisotropic contraction, bending, twisting, or other
complex shape transformations at the macroscale. Unlike
conventional actuators that rely on bulky components or rigid
mechanisms, LCEs allow for untethered, soft actuation driven
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directly by changes in molecular orientation and entropy.

LCEs are typically synthesized through two coupled steps: (i)
preparation of liquid crystalline polymers containing mesogenic
units and (ii) crosslinking to form an elastomeric network.
Depending on molecular architecture, LCEs are generally
categorized as side-chain or main-chain systems (Fig. 1b).5%>1 In
side-chain LCEs, mesogens are attached as pendants to a
flexible backbone via alkyl spacers that decouple local LC order
from the polymer chain motion. Main-chain LCEs, in contrast,
incorporate the mesogenic units directly into the polymer
backbone, which enhances coupling between LC alignment and
mechanical strain. A variety of synthetic routes have been
developed to construct such networks. The classical method
introduced by Finkelmann employs a two-step hydrosilylation
reaction between polyhydrosiloxane, vinyl-functionalized
mesogens, and crosslinkers, allowing initial partial crosslinking
and subsequent mechanical alignment before final curing.>2->®
This the
monodomain LCEs with well-defined orientation. Other routes

approach remains benchmark for achieving
include step-growth polycondensation of mesogenic diols or
diacrylates,>7-%0 click chemistry between thiol and ene groups,®%-
65 and photopolymerization of acrylate-functionalized
mesogens.56-6° The latter techniques allow spatial patterning of
crosslinking density or orientation using light, facilitating
complex or hierarchical director fields.

Over the past decade, the energy materials field has
of LCEs

molecular

recognized the potential beyond
Their

mechanical adaptability, and responsiveness to multiple stimuli

increasingly

actuation.”0-76 anisotropic organization,
make them well-suited for emerging energy applications that
demand dynamic, multifunctional material behaviour. In solar
systems, LCEs allow autonomous light tracking, adaptive
shading, and photothermal harvesting without external power

or feedback control.187477 |n electronics, their deformation-
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coupled conductivity and mechanical-to-electrical conversion
soft generators
devices.’0.73.78 In

open pathways to and

piezoelectric/pyroelectric thermal
management, LCEs provide directional thermal conductivity,
thermally responsive fabrics, and elastocaloric cooling under
low stress.18194854 Finally, in energy storage systems, LCE-based
electrolytes and shape-morphing devices offer promising

solutions for deformable and reconfigurable platforms.4>55-59
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Fig. 1. Molecular order in LC mesophases and LCEs. (a)
Schematic of LC molecular alignment in nematic, smectic, and
cholesteric arrangements. (b) Structural representations of
side-chain and main-chain LCEs.

We acknowledge that several comprehensive reviews have
already addressed liquid crystalline materials in energy
applications, including smart windows,’®83 adaptive solar
unfolding system,®* and radiative-cooling materials.?> In
contrast to these reviews, this Review discusses how the
mesogen alignment, polymer network topology and
macroscopic shape change in LCEs enable their application
across four energy domains (solar, electrical, thermal and
electrochemical). For each area, we highlight material design
strategies, shape deformation mechanisms linking structure
and function, and device-level demonstrations, and identify
current limitations and future directions. Overall, this Review
emphasizes a unified structure—property—function perspective
and aims to provide a roadmap for integrating LCEs into

adaptive, responsive energy systems.

2. LCEs for Solar Energy Applications

Solar energy applications typically refer to technologies that
convert sunlight into usable forms of energy, such as thermal,
electrical, or mechanical energy. This broad category includes
photo-activated actuators,®-88 photovoltaic systems,?-°1 solar
thermal collectors,®?°3 and light-regulating energy-efficient

This journal is © The Royal Society of Chemistry 20xx

architectural elements.94966869 These systems aifp, tq harness
the abundant and renewable energy froWl e 0SGP 1o ApaiveEr
devices, prevent environmental pollution from fossil fuels, and
increase energy efficiency in a variety of applications. LCEs are
increasingly recognized as stimuli-responsive materials for solar
energy systems their photothermal
responsiveness and shape programmability. Understanding of

due to intrinsic
photo-actuation behaviour in LCEs will be helpful for the
comprehension of subsequent applications.

For photo-chemical-mechanical actuation, photo-activated

trans—cis isomerization in azobenzene,®”®® spiropyrans

derivatives, 190101 and donor—acceptor Stenhouse adduct
(DASA)102103 has been widely used to generate local free
volume at molecular level. This isomerization further leads to
mechanical deformation (such as bending, twisting, or
expansion) at the macroscale. These effects ultimately result in
a decrease in density, a softening of the modulus, and the
strain, respectively. Potential
applications actuators,3#76:88,76,62 soft

robotics,1941053rtificial muscles,196-108 gnd smart interfaces,10°-

generation of stress and
include

112 \where precise, remote-controlled deformation is essential
for responsive and adaptive functionality. In photothermal
mechanisms, the absorption of light by the LCEs themselves or
photothermal agents (e.g., gold nanoparticles,*® carbon
nanomaterials,’'* and organic dyes!'®) results in a localized
This
transition (for instance, nematic to isotropic) causing shape
deformation. This mechanism holds promise for use in dynamic

temperature increase. heating then triggers phase

glazing technologies, solar trackers, and other light-responsive
systems that require autonomous adjustment to varying
sunlight conditions. Photonic bandgap shift in cholesteric or
inverse opal LCEs is a light-responsive mechanism where
structural changes in the LCE mesogen lead to dynamic
modulation of optical properties.116-118 After exposure to
external stimuli (such as light or heat), LCEs undergo anisotropic
deformation, which alters the periodicity or pitch of the
photonic structure.11811° This deformation results in a shift of
the photonic bandgap, visibly manifested as a reversible colour
change. Such behaviour opens the door to applications in
tunable photonic devices,12%121 smart windows,122123 and
mechanochromic sensors,’2* where visual feedback or
wavelength control is required. Additionally, electrical energy
can be generated based on photothermal or photomechanical
mechanisms, as seen in solar harvesting. As researchers
continue to explore these functions, LCEs have been proved to
be a powerful platform for developing responsive and
multifunctional solar energy technologies. This section will
discuss applications of photoresponsive LCEs in several
innovative areas, including photo-activated actuators, optical
modulation in solar cells, and smart windows. Notably, several
of the studies rely on UV light as the activation source, owing to
the photochromic (such as

azobenzene) that are primarily UV responsive. We have clarified

conventional molecules

the light source used in these examples to avoid potential
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confusion.

2.1. Solar Energy-Driven LCE Actuators
Conventional solar energy-driven actuation systems often rely on

rigid components,’?* external power sources,'?> or static

geometries!?® that limit their flexibility, responsiveness, and

integration with soft or curved surfaces. Based on light-triggered
mechanisms listed above, LCEs have become one of the most
promising candidate materials to address challenges by combining
light-sensitive molecular alignment with elastic polymer networks.
As photoresponsive actuators, LCEs can convert light into mechanical
motion through two

primary mechanisms: photochemical

conversion, which generates local free volume and induces

macroscopic deformation via molecular isomerization,?-13 and
photothermal conversion, where absorbed solar energy is
transformed into heat.'3113> |n the latter case, this thermal energy
transformation is often enhanced by doping with photothermal
agents such as polydopamine, gold nanorods and carbon nanotubes,
transitions and subsequent mechanical
soft,
actuation in response to light without the need for motors or

electronic controllers. By controlling molecular alignment through

(a)
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techniques such as mechanical rubbing,*® photoalignment,’? or
patterned crosslinking,1° these systemsD@tHieve39ppécisecsand
reversible deformation. Their soft, lightweight, and programmable
nature makes LCEs especially suitable for next-generation solar
energy applications requiring shape adaptability and material
intelligence.

These approaches have permitted the design of programmable,
solar-powered actuators capable of complex motion, making LCEs
attractive for artificial muscles, soft robotics, and biomimetic
devices. Lewis et al. developed a 3D-printable LCE ink with dynamic
covalent bonds that enable reversible, programmable shape
changes.'®! As shown in Fig. 2(a), the printed structures deform upon
heating through the LCE phase transition, and subsequent UV
exposure locks the shape via dynamic bond exchange. This method
supports permanent fixing of temporary shapes and reconfiguration
into complex, heterogeneous 3D architectures.

Furthermore, Chen et al. translated the nanoscale rotation of

molecular motors into macroscopic motion by integrating
unidirectionally rotating photoresponsive moieties into 3D-printed
LCEs.1%* Upon UV irradiation, the embedded motors generate rapid
and directional deformation, allowing for layered assemblies with

preprogrammed, biomimetic functions (Fig. 2(b)).

jomers as ink

Curing
_—
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Molecular motor

LC monomer

3D Printing Liquid Crystal Elastomer Bio-mimetic Functions

|

LCE fibers
’“'9"‘ \

Plastic frame
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Fig. 2. Multifunctional LCE actuators: fabrication strategies, stimuli responses, and programmable deformations. (a) HOT-DIW printing of
reconfigurable LCEs with light-induced shape memory. Top: schematic of LCE networks in the as-printed state, duringU\ 8riggeredldphraniic
bond exchange, and after fixation into a permanent shape. Bottom: optical images showing thermally reversible actuation and shape fixing
after UV exposure, including patterned actuation and localized reconfiguration using photomasks. Reproduced with permission.'*! Copyright
2019, John Wiley and Sons. (b) Photoresponsive biomimetic functions of 3D-printed LCEs with covalently integrated light-driven molecular
motors. Preprogrammed printing paths yield morphologies such as bilayer flowers and butterfly wings, enabling bending, helical coiling, petal
closure, and wing flapping under light. Reproduced with permission.1%* Copyright 2024, American Chemical Society. (c) Preparation and
actuation of PDA@MXene-integrated LCE fibre actuators (top) and NIR-driven muscle-mimetic actuation (bottom). Reproduced with
permission.'#? Copyright 2014, Royal Society of Chemistry. (d) Continuous chaotic oscillations of ortho-fluoroazobenzene polymer film in
sunlight. Right: plot of the bending angle as a function of time when F-azo polymer film exposed to solar simulator.1** Copyright 2016,
Springer Nature. (e) Photoinduced rolling motion of a continuous ring of LCE film. Series of photographs on the left show time profiles of the
photoinduced rolling motion of the LCE ring by simultaneous irradiation with UV and visible light. On the right is the schematic illustration of
the light-driven plastic motor system used in this study.*® Copyright 2008 Johns Wiley and Sons. (f) Schematic illustration of experimental
set-up, showing a polymeric film that is constrained at both extremities under an oblique-incidence light source (left). Blue arrows show the
way the film deforms while the red ones indicate the propagation direction of the wave. Right: the motion of polymer films with the planar
side up fixed to a passive frame. Red arrows here indicate the direction of motions. The dashed line represents the top surface of the glass
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Wei et al. fabricated scalable, multi-responsive LCE fibres by
incorporating a polydopamine-modified MXene (PDA@MXene)
coating.’3® The composite fibres exhibit enhanced photothermal
response and stable electrical conductivity. When actuated by near-
infrared (NIR) light, the fibres generate large, rapid, and reversible
contractions and can lift weights over 1,000 times their own mass
(Fig. 2(c)).

Schenning et al. have reported a LCE polymer film doped with a
fluorinated azobenzene (F-azo) which exhibits continuous chaotic
oscillation under ambient sunlight.'#* Unlike conventional actuators
requiring modulated light, this system self-oscillates under constant
illumination. The motion arises from the simultaneous exposure to
blue and green light, driving reversible photoisomerization of
azobenzene. This polymer film demonstrates reversible, sunlight-
powered actuation without external control, as shown in Fig. 2(d).
lkeda et al. have presented a pioneering study on a light-driven
plastic motor based on azobenzene containing LCEs (shown in Fig.
2(e)), which utilize the reversible trans-cis photoisomerization of
light,
contraction and expansion in polymer layer.1#> By laminating the
LCEs with a flexible polyethylene sheet, the composite layer can

azobenzene under UV and visible inducing localized

achieve photo responsiveness with outstanding mechanical
durability at the same time. When setting up with a belt and
mounted on pulleys, the films rotate continuously under UV and
visible light irradiation, converting light energy into mechanical
motion directly.

Broer et al. reported a LCE polymer film incorporating fast-relaxing
azobenzene derivatives that exhibits continuous mechanical wave
propagation under constant light illumination.3® Different with
conventional photo actuators requiring modulated stimuli, this
system generates directional travelling waves through a self-
shadowing feedback mechanism. In this system, the film features a
splay-aligned molecular configuration, enabling reversible bending
upon UV exposure. When clamped at both ends and illuminated
unidirectionally, the film undergoes perpetual wave motion, for
which direction can be controlled by its planar or homeotropic side

This journal is © The Royal Society of Chemistry 20xx

orientation (Fig. 2(f)).

2.2. LCEs for Solar Tracking and Light Concentration

Optical modulation in solar cells involves dynamically adjusting how
sunlight is directed, focused, or distributed across the photovoltaic
surface to enhance overall energy harvesting efficiency. Traditional
solar systems rely on static optical elements!?® or mechanical
tracking mechanisms to maintain optimal light incidence,*® which
increases cost and limits adaptability. One of the main challenges is
achieving efficient, real-time solar tracking or light shaping without
relying on motors or external control systems. LCEs offer a novel
solution with their ability to autonomously deform toward a solar
light. When
reconfigurable lenses or alignment-based optical layers, LCEs can
bend or reshape to follow the sun’s movement or alter light paths,

source when exposed to engineered into

optimizing illumination on solar cells. In addition, the shape
deformability and anisotropic optical properties of LCEs allow them
to control light polarization and transmission, further enhancing the
performance of advanced photovoltaic architectures.

Inspired by natural plant heliotropism, Jiang et al. reported a novel
LCE nanocomposite system designed to autonomously orient
toward sunlight, mimicking the natural heliotropic behaviour of
plants, as shown in Fig. 3(a).”* This behaviour is achieved by
integrating photothermal nanoparticles (e.g., carbon black and gold
nanorods) into the LCE matrix, which allows for efficient solar light
absorption and localized heating. Upon exposure to sunlight, the
photothermal effect raises the local temperature, inducing the
nematic-to-isotropic phase transition in the LCE and driving
directional bending. As sunlight hits at different angles throughout
the day, differential heating across the LCE structure continuously
reorients the actuator toward the sun without any need for external
sensors, motors, or power inputs, as shown in Fig. 3(b).”* The
system demonstrates high responsiveness, reversible actuation,
and precise sun-tracking capability, and its simplicity and autonomy
make it particularly attractive for use in solar concentrators, light-
redirecting devices, or low-power solar tracking systems.

J. Name., 2013, 00, 1-3 | 4
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Fig. 3. Light-driven LCE actuator system for solar tracki-r;g and optical energy harvesting. (a) Schematic of artificial heliotropism.” (b) Field

demonstration of a dual-LCHC actuator device and photocurrent enhancement from a single unit. Reproduced with permission.” Copyright

2012, John Wiley and Sons. (c) Light-responsive LCE-actuated variable-focus cylindrical lens in initial and illuminated states.!4” (d) Ray diagram
illustrating focal length tuning of the LCE-based lens. Reproduced with permission.’¥” Copyright 2025, Optica Publishing Group. (e)
Photographs of an LCE-actuated passive solar tracking device in its initial and sunlight-tilted states (top) and polar plot of solar cell output

versus elevation angle for flat and tracking configurations, and infrared thermal image showing actuator heating (bottom). Reproduced with

permission.®* Copyright 2021, John Wiley and Sons.

Jiang et al. presented an artificial heliotropism based on LCEs that
enables solar cells to automatically track the light source under NIR
light stimulation without external power, as illustrated in Fig.
3(c).”” The core of this technology is a novel photothermal-
mechanical system, consisting of an LCE matrix integrated with
single-wall carbon nanotubes and reinforced with a polyurethane
fibre-network. When the actuator is exposed to sunlight, single-wall
carbon nanotubes convert light into heat, causing the LCEs to
contract. This contraction pulls on the platform equipped with solar
cells, tilting the system towards the sun and thus enhancing
efficiency. The NIR light serves as a remote, localized stimulus,
making the lens suitable for integration with solar concentrators
and optical tracking systems. The ability to precisely tune the lens’
focus in response to environmental light conditions could improve

energy efficiency in solar panels by optimizing light capture and
distribution, as shown in Fig. 3(d).}*” By programming the LCE’s
molecular alignment, the lens undergoes anisotropic deformation
upon NIR exposure, allowing for real-time and reversible changes in
curvature. This tunable optical behaviour addresses the need for
adaptive light modulation in solar energy systems. The LCE-based
lens offers several advantages over traditional optical elements,
such as being flexible, lightweight, and capable of autonomous
shape adjustment without motors or mechanical parts.

Similar to Jiang et al.’s work, Terentjev et al. have developed a helio-
tracking device that can mimic the phototropism of plants, like
sunflowers, to autonomously track a light source, as shown in Fig.
3(e).?* This device features a freely pivoting platform supported by
linear actuators made from photoresponsive exchangeable LCEs.
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These LCEs, contained
indocyanine green dye, which can absorb broad-spectrum light and

realize a photothermal effect. In experimental tests, the device

synthesized using click chemistry,

achieved a stable 15° tilt and increased total energy output of an
attached solar cell by 10% compared to a fixed one. Overall, these
results highlight how LCEs can be used as highly controllable,
reconfigurable optics in solar energy applications, which provides a

Review

amorphous polymers, shape memory polymer comppsite and

molecular crystals. This table makes aP@omiPaIsoR>ToPoEAER
mechanisms and key metrics in photo-mechanical conversion (such
as mechanical strain, response speed) and highlights the
advantages and limitations for each materials system. LCEs have
been considered as an ideal material due to their fast response,

reversibility and programmability as actuator in many applications

promising step toward fully soft, adaptive solar systems. Here,
Table 1 summarizes the representative materials used in photo-

while other materials cannot maintain these advantages at the
same time.
mechanical materials for actuators, including LCE-based system,
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Cooling
Fig. 4. Thermally and optically responsive LC systems for tunable optics, smart windows, and surface reconfiguration. (a) Reflective smart
window with polarization-selective elements (black arrows: polarization direction; yellow arrows: light path). Reproduced with permission.148

Copyright 2021, John Wiley and Sons. (b) Photothermal dual-passive LC smart window: schematic and experimental demonstration.
Reproduced with permission.?>? Copyright 2022, American Chemical Society. (c) Schematic of the mechanism underlying dynamic surface
wrinkling (top), top-view model and corresponding molecular alignment in wrinkled (UV-exposed) and flat (unexposed) regions (middle), and
polarized light micrographs showing alternating wrinkled and flat regions during heating—cooling cycles (bottom). Reproduced with
permission.'>® Copyright 2024, Springer Nature. (d) Photonic crystal fibre device with microheater and LC-filled core (top) and temperature-
tuned colour changes from photonic bandgap shifts (bottom). Reproduced with permission.'%® Copyright 2003, Optical Society of America.

Table 1. Comparison of photo-responsive material systems for actuation
. Photo-actuation
Photo-actuation

) mechanical
mechanism R
strain

Response

Material system
4 speed

Key advantages of LCEs Limitations and challenges Ref.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06813d

Page 7 of 26

Open Access Article. Published on 28 nuvembre 2025. Downloaded on 29/11/2025 10:09:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal ofcMaterials . Chemistry A

Reversible deformation;
programmability; photo-
chemical: fast response and

A X View Article Online
Photo-chemical: small styain @utputs/ D5TA06813D
limited penetration depth; limited

Photo-chemical; . ) ) 39,160-
LCE-based system oto-cnemica 20-60% ms—s spatiotemporal control; photo-  selection of responsive wavelength;
photo-thermal R . . 162
thermal: large strain output and photochemical fatigue. Photo-
broad selection of responsive thermal: poor spatial control.
wavelength
o . Small strain output; slow response;
Amorphous . . Easy fabrication and processing; ! . !
phou Photo-chemical ~1% s—min i : I p. ing uncontrollable deformation; low 163-166
polymers broad materials selection -
efficiency
Shape-memory Laree strain amplitude: Slow response; limited cycle
polymer Photo-thermal up to > 100% s—min € P R lifetime; low efficiency; poor spatial ~ 167-169
. abundant processing methods
composite control
Molecular Extremely fast response; high Limited strain output; brittle;
crystals Photo-chemical 15-40% ps—ms modulus; outstanding fatigue difficult to process; limited selection  170-173

resistance for specific molecules

of responsive wavelength

2.3. LCEs for Adaptive Smart Window Technologies

Smart windows are glazing systems or coatings that can dynamically
adjust their optical properties such as light transmission, shading,
or transparency in response to environmental stimuli like sunlight,
temperature, or voltage.1?214%-151 Their goal is to control the
amount of solar radiation entering a building to reduce reliance on
heating, cooling, and artificial lighting systems, thereby improving
energy efficiency and indoor comfort. Current challenges in smart
window technologies include limited responsiveness, slow
switching speeds, and high energy consumption in electrically
driven systems.’®?2 Many existing systems also lack autonomous
behaviour and require complex wiring or power supply systems.
LCEs offer an innovative solution due to their ability to deform or
alter optical properties in response to heat or light. When used as
thin films in smart windows, LCEs can change shape, curvature, or
alignment to modulate light scattering, reflection, or transparency
without external input.148153-156  Thejr photothermal

responsiveness permits adaptive control of window function based

power

on solar intensity, and their flexibility allows easy integration into
both flat and non-planar architectural surfaces. Moreover, the
anisotropic optical nature of LCEs allows for precise tuning of
polarization and light direction, supporting multifunctional window
systems.

Schenning et al. introduced a smart window based on twisted
nematic LCE films, which modulate light reflection in response to
ambient temperature changes. The core innovation lies in the use
of a polymer-stabilized twisted nematic LC configuration that can
switch between reflective and transparent states without electrical
input, as shown in Fig. 4(a).’*® As the temperature crosses a
threshold the alignment of the LC moieties shifts, altering the
optical path and reflectivity of the film. As a result, these reflective
LCE windows can autonomously reduce solar heat gain in buildings,
contributing to passive cooling. The optical response is reversible,
fast, require continuous making it
advantageous for sustainable building integration. This work
demonstrates how orientational order of LCEs can be engineered

and does not power,

for climate-responsive architecture, offering pathways for smart
light-regulating window systems.

Recently, there has been growing interest in developing smart
windows that respond to multiple stimuli to improve energy

This journal is © The Royal Society of Chemistry 20xx

efficiency. LC systems have shown notable potential for
applications in energy-efficient buildings. Jiang et al. reported an
innovative LC-based smart window system that autonomously
adjusts its transparency in response to both environmental
temperature and light intensity, as shown in Fig. 4(b)*>’ This system
incorporates isobutyl-substituted diimmonium borate, which is
transparent in the visible spectrum but can convert NIR light into
heat efficiently. When doped in a chiral LC matrix, the system can
dynamically adjust its transparency, reflectivity, and thermal
insulation in response to changing environmental conditions. This
muti-stimuli responsiveness allows the window to switch modes,
such as shading under strong sunlight or light diffusion under
overcast conditions. We comment here that although this system
focuses on LC rather than LCE, the photothermal mechanism is
fundamentally similar: light absorption generates localized heating
that triggers a phase transition and alters optical properties. This
example demonstrates how analogous photothermal processes in
LCEs can drive light-induced phase transitions, achieving adaptive
and responsive behavior in smart window. In contrast to
conventional smart windows that respond to a single stimulus, this
integrated design broadens functional versatility and operational
applicability under diverse environmental conditions.

For LCE systems, Yao et al. developed a method to create dynamic
wrinkled patterns on the surface of LCEs, as seen in Fig. 4(c).1%8
When exposing the anthracene-containing LCE film to UV light, it
forms a stiff, gradient-crosslinked top layer. The subsequent
stretching and releasing cycles induce buckling due to a modulus
mismatch between the stiff surface and soft interior, resulting
stable wrinkles. The ability to switch the surface from a flat,
transparent state to a wrinkled, light-scattering state provides a
mechanism for tunable transparency, which brings the system
potential to be utilized in energy-efficient buildings. In addition to
surface and alignment-based strategies, photonic bandgap
engineering offers another promising pathway for light-regulating
smart windows.

Broeng et al. demonstrated how infiltrating LCs into photonic
crystal fibre structures enables dynamic control over light
transmission, as shown in Fig.4(d).1>3 In this system, external stimuli
such as temperature or light alter the refractive index and
molecular alignment of the LC core, resulting in tunable photonic
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This
modulation of transmitted wavelengths with high optical contrast
and no electrical input. The underlying mechanism highlights how

bandgap behaviour. behaviour allows for reversible

LC-based photonic structures can be adapted into flat or film-based
LCE systems for smart window applications. Such materials could
autonomously regulate solar heat and light transmission through
controlled bandgap shifts, offering a novel strategy for the
development of passive, programmable, and energy-efficient
window technologies.

2.4. Challenges and Opportunities

Although many LCEs reported in this field still rely on UV light as the
emerging strategies shift their
responsiveness toward visible and NIR light, expanding their

activation source, aim to
applicability for solar-driven actuation and energy-harvesting
applications.

The above studies demonstrate that LCEs and LC-hybrid materials
offer distinct advantages for solar applications, including
autonomous actuation, mechanical flexibility, low energy input,
and the ability to harvest energy from light. Despite this promise,
several critical challenges remain. First, the energy conversion
efficiency of both photochemical and photothermal systems
requires further development, particularly in effectively translating
nanoscale molecular motion or localized heat into macroscopic
mechanical work. In addition to the inefficient energy transduction,
conventional photochromic molecules can only adsorb in limited
wavelength range, restricting the solar light utilization. Potential
strategies include designing molecules to extend the adsorption
spectrum to visible light and NIR region by expanding the m-
conjugation of azobenzene groups or incorporating donor-acceptor
substituents.'’* Second, scalable fabrication methods are lacking;
bridging the gap between lab-scale demonstrations and practical
deployment will require new synthetic strategies and efficient,
robust processing techniques for producing photoresponsive LCEs.
Developing suitable LCEs inks offer a promising route towards
continuous and large-area fabrication.?’>177 Third, long-term
durability and fatigue resistance under operational conditions
remain challenging. Photochemical systems are prone to
photodegradation, while photothermal systems may degrade
under sustained thermal cycling or mechanical strain. Incorporating
dynamic covalent chemistry into the LCE network, in which energy
can be dissipated locally and self-repair through reversible bond
exchange, further improve materials lifetime.1’8 In addition, poor
light absorption under low-intensity sunlight can be mitigated by
designing light-trapping microstructures (such as porous
structures) that enhance the optical path length.7® Nevertheless,
difficulties in achieving uniform molecular alignment over large
areas, along with limited stability under prolonged UV exposure and
further  constrain  real-world

temperature  fluctuations

implementation.

3. Electronic Applications in LCEs

In recent years, LCEs have attracted growing attention for their
potential in charge transport and electricity generation applications
due to their well-controlled molecular packing and so-induced

This journal is © The Royal Society of Chemistry 20xx

mechanical properties.’®78180.181 Qwing to their intrinsic anisotropy
in molecular packing,82183 |CEs facilitate! diréttionalAehdrge
transport.'® Moreover, such molecular anisotropy can introduce
mechanical deformations driven by phase transitions. These
deformations can be coupled with mechanical-to-electrical energy
conversion mechanisms to transduce various forms of energy into
electrical energy.’®180184 Sych energy conversion ability of LCEs
offers promising opportunities for energy harvesting and the
development of self-powered systems.

3.1. Charge Transport in LCEs

Efficient and stable charge transport is a key requirement for high-
performance flexible devices.!8¢187 Currently, the development of
most soft materials focuses on molecular design to balance
mechanical compliance and intrinsic charge carrier mobility. The
molecular packing of such charge-transporting molecules is less
studied due to its difficult implementation,818% even though the
conductivity of semiconductive polymers have been demonstrated
to be significantly improved through macroscopic alignment of
LCEs offer
complement platform to achieve such large-scale alignment, with
their ordered mesogenic domains facilitating directional charge

functional molecules. a versatile and easy-to-

transport.
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Fig. 5. Integration of aligned LCE interlayer in perovskite solar cells.
Schematic of device structure with LCE layer formed via
photopolymerization of oriented LC prepolymer. Reproduced with

permission.® Copyright 2023, Springer Nature.

Using the ordered molecular alignment of LCEs, researchers have
integrated them into perovskite solar cells (PSCs) to enhance charge
transport performance. For one example, Song et al. used LCE as
functional interlayer in PSCs, effectively directing the formation of
ordered and efficient charge transport pathways between the
perovskite absorber layer and the electron transport layer (Fig. 5).18
The ordered LCE interlayer enhanced charge transport through
multiple effects: First, its incorporation shifts the conduction band
minimum of the interlayer closer to that of the perovskite, thereby
improving energy level alignment, which in turn facilitates more
efficient electron injection. Second, they induce negligible surface
potential difference, which contributes to the formation of more
uniform charge transport pathways across the interface. Third, the
ordered LCE interlayer significantly reduces the trap-filling limit
voltage, suppressing trap density by nearly an order of magnitude
and simultaneously passivating unsaturated Pb?* sites through
sulfur-lead interactions, which collectively contribute to its
effective surface passivation capability.>® These benefits translated
into substantial device performance improvements: rigid PSCs

J. Name., 2013, 00, 1-3 | 8

Page 8 of 26


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06813d

Open Access Article. Published on 28 nuvembre 2025. Downloaded on 29/11/2025 10:09:08.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

lournal of-Materials' Chemistry A

Journal Name

incorporating LCEs achieved a power conversion efficiency (PCE) of
23.26%, while flexible PSCs reached 22.10%. These findings
demonstrate the broader potential of LCEs in electronics, where

Review

their unique combination of molecular order and mechanical
adaptability can enable the developmen?Coflhigh%erfoypande
energy devices.
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Fig. 6. Pyroelectric and thermomechanical energy harvesting in LCE-based transducers. (a) Pyroelectric enhancement via piezoelectric

coupling in LCE/PZT composites under mechanical stress.'8! (b) Schematic of LCE/PZT harvester. Reproduced with permission.!8! Copyright
2025, The American Association for the Advancement of Science. (c) Thermally activated LCETF generator: open-circuit voltage from 130 °C

to 30 °C and output power versus load resistance. Reproduced with permission.*° Copyright 2022, John Wiley and Sons.

3.2. Electricity Generation in LCEs
earlier, LCEs exhibit
deformation in response to external stimuli such as heat,'?!

As discussed reversible mechanical
light, 192193 or humidity.1* This dynamic behavior can be used to
generate electricity when coupled with piezoelectricl®1% or
electromagnetic induction mechanisms.1?0197-19|n  pjezoelectric
energy harvesting, the stimuli-responsive actuation of LCEs serves
as an internal mechanical stress generator. For example, Yang et al.
demonstrated that thermally triggered mechanical stress in LCEs
can deform piezoelectric materials to generate electric bias.1%
Compared to current thermal-electrical energy conversion based
solely on the pyroelectric effect (where temperature variations
directly modulate polarization, producing electric displacement),1%>
the additional incorporation of the piezoelectric effect in this
system yields significantly improved energy conversion
performance.’8180

Building on this approach, Yang et al. further developed LCE/lead
zirconate titanate (PZT) composites by embedding piezoelectric PZT
nanoparticles into the LCE matrices.!8? As shown in Fig. 6(a) and
6(b),*8! the LCE matrix undergoes thermal expansion or contraction,
transmitting stress to the PZT phase and thereby inducing a strong
piezoelectric response. This synergy between LCE actuation and
piezoelectric transduction led to a total pyroelectric coefficient of p
= -4.01 nC-cm2K!, exceeding the values reported for other
flexible pyroelectric materials (e.g., PDMS/KNbO; nanowire at
-0.80 nC-cm~2:K-1,200 pyA-PAA/PZT at -2.85 nC-cm~2-K1,201 and
even the highest-performing polyvinylidene fluoride (PVDF)
variants at -3.00 nC-cm2-K™1,202204 These results highlight the
potential of LCE-based hybrid systems to advance soft, thermally

This journal is © The Royal Society of Chemistry 20xx

responsive energy generators through mechanically mediated
energy transduction.

The exceptional structural design flexibility of LCEs, combined with
their reversible, stimulus-responsive mechanical properties, allows
for various types of deformations, such as contraction and
bending.?’-20> These dynamic motions can be exploited in
electromagnetic induction systems, where electricity is generated
through relative motion between a magnet and a coil. To leverage
this principle, Yang et al. developed LCE twist fibers (LCETFs) by
chemically crosslinking pre-aligned twisted mesogens.’®® Upon
thermal stimulation, the LCETFs exhibit significant torsional motion,
achieving up to 31% axial contraction (Fig. 6(c)).*® This actuation is
fully reversible, with the fibers returning to their original state upon
cooling, allowing for continuous bidirectional rotation across
heating—cooling cycles. This reversible torsional motion was
harnessed to rotate a magnet around a copper coil, inducing a
voltage output of 9.4V and a peak power of 120 uW via
electromagnetic induction. This corresponds to a power density of
6 W/kg, comparable to the average output of a competitive cyclist.
Beyond power generation, LCETFs demonstrated superior
performance compared to commercial motors and conventional
materials, achieving a specific torque of 10.1 N-m/kg, energy
density of 115.3 kJ/m3, and a torsional strain of 243.6°/mm. These
results highlight LCETFs as a promising platform for soft, thermally
driven energy harvesters and actuators in next-generation robotics
and wearable systems.

3.3. Challenges and Opportunities
Despite the significant potential of LCEs in charge transport and

J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06813d

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 28 nuvembre 2025. Downloaded on 29/11/2025 10:09:08.

lournal ofdMate

Journal Name

electricity generation, several challenges remain. For instance, the
intrinsic charge mobility of LCEs is relatively low and heavily
dependent on molecular order, which is difficult to preserve during
device fabrication. Additionally, current energy conversion
efficiencies require further enhancement. Nevertheless, the unique
flexible architecture, multi-stimuli responsiveness, and integration
potential of LCEs offer valuable opportunities for the development
of next-generation intelligent, self-powered systems, flexible
sensors, and environmental energy harvesters. Future research
may benefit from optimizing molecular design. For example,
introducing highly conjugated aromatic ring units derivatives to
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enhance m-m stacking and promote charge transport, regulating
persistence length and Kuhn length of LOPImM8IE&tRdpSchainklie
enhance chain rigidity, thereby improving stress transfer efficiency
during deformation, and regulating cross-linking density to
optimize LCE’s deformation amplitude and response speed. In
addition, it should focus on regulating multi-field coupling
mechanisms and advancing system-level integration to transition
LCEs from fundamental studies to real-world applications. Table 2
summarizes the reported performance metrics of LCE-based
electronic components.

High thermal conductivity
. I/ " amiotpy 4 >4,
I I - r Electronic device

Polymeric film

A=1.26+0.013Wm 1K1
PIC2-2

A=1.06+0.026 Wm1K!
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Fig. 7. Anisotropic thermal transport in LCN films. (a) Thermal conductivity measurements and TDTR fitting for films polymerized under

parallel and perpendicular magnetic fields. Reproduced with permission.2% Copyright 2016, American Chemical Society. (b) Schematic of
anisotropic thermally conductive polymer films. Reproduced with permission.?1° Copyright 2017, Royal Society of Chemistry. (c) Correlation
between chain rigidity, in-plane orientation, and thermal conductivity (A). Reproduced with permission.?12 Copyright 2025, Springer Nature.

Table 2. Performance of LCE-based electronic components.

Material functions Performance

Limitati
Key advantages of LCEs imitations and Ref.
challenges

Absolute resistance: SnO,/LCE: R = ~10 Q vs. Sn0,/3-

aminopropyl triethoxysilane: R = ~14.3 Q

Anisotropic charge Conductivity: LCE composites

transport (3.1)

. . 18
Directional charge

- Low intrinsic charge
transport, compatibility &

mobility

103-10% S/cm vs. traditional ion-conductive polymer with flexible devices 217-221
composites 1075-10° S/cm
. . . . . o Superior energy
Cecrctyseremion ot ki et oo coo AT cariontoonde  Sopsioned el 151222
e p=-% : Py p= effects (enhanced integration 226

deformations (3.2, 3.3) -0.8 to -3.00 nC:cm=2-K*
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4. LCEs for Thermal Energy Management

Thermal management technology aims to control temperature in
applications such as preventing electronic devices from overheating,
regulating cabin temperature in electric vehicles, managing heat
flow in solar panels, or maintaining optimal temperatures for
biomedical implants.2°® LCEs, with their anisotropic molecular
alignment and stimulus-responsive deformation, offer a unique
platform for active thermal control. Controlled molecular alighment
contributes to their anisotropic thermal conductivity, allowing for
directional heat control (Fig. 7(a)).2%” In addition, micro- and
macroscopic mechanical deformations in LCEs can achieve thermal
regulation in smart textiles.2%820% These properties make LCEs
promising for applications such as directional heat dissipation,
thermally adaptive textiles, and energy conversion.

4.1. LCEs for Anisotropic Thermal Conductivity

Efficient thermal management materials must facilitate directional
and fast heat transfer from heat sources to heat sinks and minimize
interfacial thermal resistance.?? LCEs have recently emerged as a
new class of thermally conductive polymers due to their intrinsic
anisotropy. This molecular-level anisotropy allows heat to be
preferentially conducted along the direction parallel to molecular
alignment and suppress thermal diffusion in perpendicular
directions (Fig. 7(b)).?'* This behavior arises from anisotropic
phonon transport:?!2 the alignment of mesogens facilitates
continuous molecular pathways?'? and reduces phonon scattering
by minimizing chain entanglements and defects.?'42%5 |n particular,
the suppression of grain boundaries, which are common in
disordered polymers, further lowers interfacial phonon scattering
and enhances thermal transport along the alignment direction. In
contrast, perpendicular to the alignment, looser packing and
disrupted molecular continuity introduce more frequent scattering
events, significantly compromising heat transfer efficiency (Fig.
7(c)).222

4.2. Directional Heat Dissipation in High-Frequency Electronics
With the rapid miniaturization and integration of modern electronic
devices such as 5G and wearable systems, efficient thermal
management of high frequency operations has become a
bottleneck limiting device performance and lifespan.?2%:230

Conventional isotropic polymer coatings exhibit intrinsically low

This journal is © The Royal Society of Chemistry 20xx

thermal conductivity due to disordered molecular chain
arrangements.?3! In contrast, LCEs maintain thermal conductivity
anisotropy even under strain, due to collective mesogen alignment
and soft elasticity. Fytas et al. demonstrated that LCEs retain stable
phonon group velocity under deformation, achieving consistent
heat dissipation at GHz frequencies (Fig. 8).228 This capacity to direct
heat along predefined axes without compromising mechanical
LCEs

management in flexible and high-frequency electronics.

compliance makes especially suitable for thermal

4.3. LCE-Based Fabrics for Adaptive Thermal Insulation

Thermally responsive LCEs offer a compelling approach to smart
textiles that interact intuitively with biological systems. By tuning
the phase transition temperature of LCEs to fall within the range of
human physiological conditions, researchers have created
materials that respond directly to body heat.232 These transitions
drive controlled shape morphing or mechanical actuation, enabling
passive yet adaptive thermal regulation without the need for
electronics or external stimuli.

For example, Xiao et al. developed a Diels—Alder LCE doped with
carbon nanotubes, engineered to undergo rapid deformation near
30 °C.233 The material achieves an ultrahigh strain rate of 480%/s
and exhibits self-sustained rolling motion under mild heating from
body temperature or sunlight, demonstrating autonomous kinetic
behavior suitable for wearable or soft robotic applications. Similarly,
Vernerey et al. reported a helical-oriented LCE capable of over
2,500% pre-programmed strain through a two-step synthesis.?3*
With modest thermal inputs, this design supports large-scale,
reversible deformation, emphasizing the versatility of LCEs for
dynamic actuation in thermally responsive systems.

Ishii et al. incorporated LCE fibers into a textile system (FiberRoBra)
designed to dynamically adjust its mechanical properties in
response to body heat (Fig. 9(a)).2°¢ When worn, ambient thermal
input triggers contraction of the aligned mesogens, increasing
compressive support during periods of physical activity. As the body
cools, the fibers relax, returning the textile to its original, less
restrictive state. This reversible response requires no electronics,
batteries, or sensors, allowing for a seamless, material-intrinsic
form of intelligent wear regulated entirely by the user’s body
temperature.
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Beyond actuation, LCEs also offer promising strategies for

regulating fabric porosity through thermally driven shape
change.?3> Ahn et al. demonstrated that smectic-phase LCE fibers
undergo axial elongation upon heating, achieving dynamic pore
expansion perpendicular to the fiber direction when integrated as
weft yarns in woven fabrics.?3¢ Building on this finding, Yang et al.
incorporated LCE fibers into rib and plain stitch knitted structures
(Fig. 9(b)).23” Thermal contraction of the fibers generated torque
that propagated through the textile network, producing saddle-
shaped or helical 3D deformations. By adjusting stitch density and
pattern, they achieved spatially controlled porosity modulation
without requiring external power input.

More recently, Terentjev et al. demonstrated the compatibility of
LCE yarns with conventional textile manufacturing techniques.?38
They successfully wove LCEs into standard architectures, including

plain, satin, twill, and rib fabrics, each showing distinct thermally
induced deformation behaviors. Among these, twill structures
exhibited the greatest pore closure, attributed to their larger
interlacing angles. In hybrid weaves combining LCEs with passive
nylon or linen vyarns, localized heating triggered reversible
transformations from flat sheets to conical geometries, with
porosity reductions exceeding 60% in targeted regions. These
results demonstrate the potential of LCE yarns to act as embedded
“smart hinges,” illustrating their ability to provide precise,
reversible control over ventilation and insulation in adaptive textile
systems. Table 3 provides a concise comparison of LCE-based
thermal management strategies, summarizing their material
functions, performance metrics, key advantages, and current
limitations.

Table 3. LCE-based thermal management strategies.

Material functions Performance

Limitations and

Key advantages of LCEs Ref.

challenges

Anisotropic thermal conductivity ratio: LCE
Ay / Ay =3-16 vs. traditional polymer 1-3 vs.
nanofiller/polymer composite

Axial thermal conductivity: LCE 0.22-1.44
W/mK vs. traditional polymer 0.1-0.5
W/mK vs. nanofiller/polymer composite 6—
14 W/mK vs. metal 200-400 W/mK vs.
carbon 1,000-5,000 W/mK

Anisotropic thermal
conductivity (4.1, 4.2)

Directional thermal management,
tunable thermal conductivity, high-
frequency compatibility

211,216,228,239
Limited long-term -243
cycling stability; hard
processing depending
on the scale of 73,207,209,244-

materials 248

Adaptive thermal
insulation through
mechanical deformation
(4.3)

Porosity change: LCE fabric ~13% (wale) &
~18% (course) vs. composite fabric porosity
increase of 38.3% from RT to 40°C
Response temperature: 25-120°C

Compatibility with weaving and
knitting, passive responsiveness

Durability and high
actuation temperature

234,249

238,250,251

4.4. Elastocaloric Effect in LCEs for Solid-State Cooling

Elastocaloric effect refers to the reversible temperature change in
a material upon mechanical stretching and contraction.?>>2>3 When
a material is stretched or compressed, it may undergo an ordering
transition, reducing its entropy and releasing heat (temperature
increase). As shown in Fig. 10(a),?>* upon unloading, the material

This journal is © The Royal Society of Chemistry 20xx

returns to a more disordered state, absorbing heat from the
surroundings and producing a cooling effect. This behavior follows
classical thermodynamic relations, with key descriptors including
the isothermal entropy change (AS) and adiabatic temperature
change (AT). For polymers, these relationships are governed by the
Maxwell relation:

J. Name., 2013, 00, 1-3 | 12

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06813d

Page 13 of 26

Open Access Article. Published on 28 nuvembre 2025. Downloaded on 29/11/2025 10:09:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal ofcMaterials Chemistry A

Basic Fiber Architecture

View Article Online
DOI: 10.10B9/D5TA06813D

Working Principle

>—. LCE fiber

(b) Course direction

Application

form-fitting sports bra

Course direction

‘ T HMEHEEE
51 Ve *KKKKEK 2
£ NSRS CHEREER 5E |
3 EHEY cRKKKE 2|
£, RRAAN cRHERKE =

1 2 ..W1 W
Course direction

\ T MEEEE
£ PR 2 % % % % % g
s ;r ‘..n"'i’i\:,f:“i"f\\l C'r1|E FKEK ’_f_, E
R 5 otete! CHERBE =

' 1 2 .. wW1w '

Rib knit

WA

‘ j

I A 1
s > I
WLATLAR: SR
(7701 ) DR N o s V)
LA 5 SO0

Fig. 9. LCE-based textile actuators. (a) Architecture and working principle of FibeRobo fibers and application in form-fitting sports bras.
Reproduced with permission.?%® Copyright 2023, Association for Computing Machinery. (b) Thermal deformation of LCE actuators with knit

and rib-knit patterns. Reproduced with permission.23” Copyright 2023, John Wiley and Sons.

(5e),=(57).

and the adiabatic response:
T fcz (as) d (2)
- =] do
Cp oy T/,

where € is strain, o is applied stress, T is temperature, and C; is heat

ATaq=

capacity at constant pressure. LCEs have recently surfaced as a

This journal is © The Royal Society of Chemistry 20xx

promising elastocaloric material class due to their unique LC
mesogen structures, which undergo stress-induced ordering
transitions at relatively low stress levels. Unlike conventional
elastocaloric materials such as shape-memory alloys?>® or natural
rubber?’6  which require large stress or strain to generate
LCEs can trigger phase
transitions and thus heat flow under moderate mechanical input.>”

meaningful temperature changes,
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O Fig. 10. Elastocaloric effect in LCEs: theoretical, computational, and experimental studies. (a) Elastocaloric cycle with temperature variation

under loading and unloading. Reproduced with permission.2>* Copyright 2024, Johns Wiley and Sons. (b) Adiabatic curves and eC responsivity

versus stress for T* = 5.5 (below nematic—isotropic transition temperature). Reproduced with permission.?>* Copyright 2018, Taylor & Francis.
(c) Simulated network topology after negative pressure shock (red: polymer strands; yellow: crosslinks; blue: swelling monomers) and ATec
versus stress change (As) for varying crosslinker content. Reproduced with permission.2°! Copyright 2023, 10P Publishing. (d) Monomer

structures, optical images above/below nematic—isotropic transition temperature, and measured AT and responsivity versus LC or crosslinker
content. Reproduced with permission.?>° Copyright 2024, Johns Wiley and Sons.

Several theoretical and experimental studies have demonstrated
this potential. Skacej et al. employed large-scale molecular
simulations using the Gay-Berne potential to predict the
elastocaloric response of main-chain LCEs (Fig. 10(b)).%* Their
model estimated a temperature rise exceeding 10 K under 100 kPa
of stress, suggesting a high responsivity (>100 K/MPa), although this
value likely overestimates real performance. More refined Monte
Carlo simulations by RoZi¢ et al. investigated how crosslinker
density influences the elastocaloric effect (Fig. 10(c)).2°! Their
results showed that reducing crosslink density sharpens the phase

This journal is © The Royal Society of Chemistry 20xx

transition and enhances responsivity, with simulated AT values up
to 1.6 K at very low stress (As =0.056 MPa; AT/As = 28 K/MPa),
corresponding to a realistic responsivity of ~28 K/MPa. These
findings were validated experimentally, showing comparable values
(24.2 K/MPa).

On the experimental front, White et al. developed isotropic LCEs
(IsoLCEs) with subambient transition temperatures and low
hysteresis using a two-step thiol-ene crosslinking strategy.?>* These
materials exhibit reversible temperature changes exceeding +3°C
under low mechanical stress (<1 MPa), resulting in a total AT of 6°C
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and a responsivity of ~14°C/MPa, over seven times higher than
natural rubber. As shown in Fig. 10(d),?>* these effects arise from
deformation-induced alignment of mesogens and relaxation back
to the isotropic state, permitting practical cooling cycles.

4.5. Challenges and Opportunities

LCEs uniquely combine anisotropic thermal conductivity with
programmable, stimuli-responsive deformation, enabling dynamic
heat dissipation, thermal energy harvesting, adaptive insulation,
and mechanically driven elastocaloric cooling. By coupling thermal
regulation with mechanical actuation in lightweight, flexible
architectures, they shift thermal management from passive control
to actively reconfigurable behavior, positioning LCEs as promising
materials for wearable electronics, soft robots, and high-frequency
devices. As systems capable of autonomously adapting to changing
environmental conditions, they provide a foundational platform for
intelligent thermal management.

LCEs from
demonstrations to practical technologies requires overcoming

Despite this potential, translating laboratory
several key challenges. A central scientific challenge is to decouple
and independently optimize two critical parameters: the thermal
anisotropy ratio and the absolute thermal conductivity. Achieving
this goal will demand advanced molecular design strategies,
combined with the controlled incorporation of anisotropically
aligned fillers to enhance phonon transport within the polymer
network without degrading the material’s actuation response. At
the system level, a major obstacle lies in converting molecular-scale
alignment into reliable macroscopic performance, particularly in
smart textiles. This necessitates precise coordination between fiber
spinning and fabric assembly to preserve orientation across
hierarchical length scales and maintain continuous thermal

pathways.
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5. LCE in Energy Storage and Elei¢trochémical®s*"

Systems
Energy storage and electrochemical systems are technologies that
capture, store and release energy through chemical reactions or
electrical charge accumulation. Common examples include lithium-
jon batteries,259-261

electrolytes.?®425> These technologies are foundational to modern

supercapacitors,262263  and  solid-state

energy infrastructures, powering everything from portable
electronics and electric vehicles to renewable energy systems.
Recent advances in materials science have focused on improving
energy density, flexibility, safety and integration into wearable or
deformable devices.?56268 |n this context, LCEs offer exciting
potential due to their unique combination of mechanical elasticity
and anisotropic molecular ordering. Beyond conventional polymer
electrolytes, LCEs have also been explored as mechanically adaptive
components in lithium-ion and solid-state batteries, where their
aligned mesogenic domains may facilitate directional ion transport
and deformation-tolerant interfaces. LCEs can be engineered to
serve as flexible supercapacitors, solid-state electrolytes, or
stretchable energy storage devices. Their stimuli-responsive shape
deformability also opens new possibilities for self-adaptive, shape-
morphing batteries and capacitors that operate reliably under
strain or movement. Table 4 summarizes representative LCE-based
energy storage and electrochemical systems, including flexible
supercapacitors, solid-state electrolytes, and stretchable energy
storage devices. The table outlines their key performance metrics
and highlights how LCEs compare with conventional electrolytes
and supercapacitors.

Table 4. Comparison of LCE-based energy storage and electrochemical systems with conventional materials.

Material system Capauta.n.ce/ Mec.hanlcal Key advantages Limitations and challenges Ref.

conductivity strain

- Reversible shape morphing, Limited long-term cycling stability;

40-120 F/g; 10— ) . . .

LCE-based 10 S/cm 100-300%  programmable capacitance, incomplete understanding of alignment—  70,269-271
anisotropic ion transport ion coupling

Conductive polymer 100-500 F/g <50% High capacitance, facile processing Mechanical fatigue, poor stretchability 272,273
Carbon-based 50-300 F/g <10% High conductivity, stable cycling Rigid, low conformability 274,275
Gel/polymer electrolyte ~ 10*-102S/cm 50-200% Flexible, safe Limited strength, drying instability 276,277

5.1. LCE-Based Flexible Supercapacitors

LCEs could be employed as stretchable and adaptive platforms for
electrochemical capacitors. Their ability to undergo large reversible
deformations while maintaining conductivity allows for their use as
structural and functional electrodes. Compared to traditional
materials used in energy storage (e.g., rigid carbon-based
electrodes,?’® liquid electrolytes,?’® and polymer electrolytes?8?),
LCE-based electrodes provide not only mechanical flexibility but
also intrinsic shape-memory behavior, which enables adaptive
performance under mechanical strain. While liquid electrolytes
commonly used in lithium-ion batteries under risks of leakage and
flammability, LCE-based solid electrolytes exhibit enhanced safety,
flexibility, and integrated structural support. In contrast to static

This journal is © The Royal Society of Chemistry 20xx

solid polymer electrolytes like polyethylene oxide (PEQ)%81.282 and
poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP),283.284
LCE systems can dynamically tune their mechanical and conductive
properties through molecular alignment and phase transitions.

Ware et al. introduced an innovative platform for creating
reconfigurable, 3D electronics using LCE substrates.?®> As shown in
Fig. 11(a) and 11(b), the key design is the integration of functional
passive components, including flexible capacitors, directly onto the
shape-changing LCE substrate. The LCE-based capacitors are
fabricated by embedding dielectric layers and patterned electrodes
within or on top of the LCE sheet. As LCE deforms, the geometry of
the capacitor (e.g., area and thickness) changes, leading to a
tunable capacitance. This property achieves not only reconfigurable
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circuits but also adaptive electronic behaviors such as variable
filtering, sensing, or energy storage capabilities without requiring
rigid parts or external mechanical adjustment.

Recently, Feng et al. fabricated micro-supercapacitors by combining
direct-ink-writing (DIW) 3D printing with electrothermal LCEs as the
structural substrate (Fig. 11(c-e)). Electrodes and active materials
are printed directly onto the LCE surface, forming integrated micro-
supercapacitor arrays. The resulting devices are shape-
programmable, capable of shape morphing through localized

Chain extender
(RM82) (n-Butylamine}

EMIMTCM  MXene PEDOT:PSS

Review

heating, while maintaining their energy storage fungtionality The
actuation of the LCE does not degradeOtHe lgfectrobh&riéal
performance, permitting conformal, reversible 3D transformation
of energy storage devices in real time. Compared to conventional
supercapacitors, these LCE-based platforms provide an
unprecedented level of mechanical adaptability and
programmability, making them ideal for future applications in soft
robotics, adaptive electronics, and wearable systems.

(b) 2D Process

| -
200 pm

m———— o S— oﬂ—/——h—\
=
=5 oA

Isotropic State

Nematic State

Fig. 11. Electrically actuated LCE-based programmable devices. (a) Molecular structures and fabrication steps.28> (b) 3D pop-up LCE device.

Reproduced with permission.?8> Copyright 2019, American Chemical Society. (c) lonic liquid/ poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS)/MXene inks with interdigital electrodes via DIW.28” (d) Multilayer electrothermal LCE—-micro-supercapacitor
structure.?®’ (e) Folding patterns of LCE—-micro-supercapacitors with varied programmed shapes. Reproduced with permission.'8° Copyright

2025, John Wiley and Sons.

5.2. LCE-Based Solid-State Electrolytes

Solid-state electrolytes are materials that conduct ions while
remaining in a solid phase, presenting a safer and more stable
alternative to liquid electrolytes in batteries.?542%5 Furthermore,
they offer improved thermal stability, non-flammability, and the

This journal is © The Royal Society of Chemistry 20xx

ability to suppress short circuits in conventional batteries. LCEs
offer a unique opportunity to enhance solid-state electrolytes due
to their anisotropic molecular order and tunable mechanical
properties. By incorporating ion-conductive species into the LCE
matrix, researchers can develop materials that maintain ion
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transport capabilities while adapting mechanically to battery Yang et al. reported a class of polymer electrolytes based on LCE
deformation or external stimuli.’0269.28 This adaptability is networks that significantly enhance lithiliR!idA 1&-EHSPOrOTB 1A
particularly valuable in wearable or flexible electronics, where solid shown in Fig. 12(a) and 12(b), the composite solid electrolyte,
electrolytes must remain functional under repeated bending or fabricated via UV-induced polymerization of LC monomers and
stretching. Moreover, LCEs can provide a dynamic, phase- poly(ethylene glycol) diglycidyl ether (PEGDE), forms a semi-
dependent balance between rigidity and flexibility, which can offer interpenetrating network. This structure arises from self-assembly
both structural support and ionic mobility depending on the and microphase separation between the rigid mesogenic units and
operational conditions. In previous reported LCE—polymer flexible polymer segments, producing continuous nano-ion
composite electrolytes, ionic conductivities of 10™-10-3 S/cm have transport channels. The resulting electrolytes exhibit enhanced
been achieved at room temperature, with lithium transference ionic conductivity and high lithium ion transference number,
numbers exceeding 0.6 and stable cycling over 500 hours in Li-Li attributed to a combination of amorphous poly(ethylene glycol)
symmetric cells.’%27t These results suggest that the mesogen (PEG)-rich domains and ordered LCE regions that facilitate rapid ion
orientation and microphase separation in LCE matrices can migration. The system also maintains thermal stability, suppresses
generate  continuous ion-conduction channels, reducing lithium dendrite growth, and enables long-term cycling in lithium
polarization and suppressing dendrite growth. metal batteries.
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Fig. 12. Fabrication and ion transport in LC polymer—ionic liquid composites. (a) Preparation of polymer composite electrolytes (PCREs).267
(b) Schematic of rapid lithium ion transport mechanism in PCREs. Reproduced with permission.26” Copyright 2023, Elsevier. (c) LCE-solid

polymer electrolyte manufacturing route. Reproduced with permission.”® Copyright 2025, Elsevier.

Miao et al. reported another advancement in LCE-based ion- lithium batteries. In the system, the LCE domains serve as dynamic
conducting solid electrolytes.”® As shown in Fig. 12(c), an LCE-based structural frameworks that can reorganize under thermal or
solid electrolyte exhibits tunable mechanical properties of shifting mechanical stimuli, allowing the material to become stiffer during
between rigid and flexible states, depending on operational charging and discharging cycles or more flexible to adapt to
demands to improve the performance and safety of high-energy mechanical deformation in wearable devices. In addition, this
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17
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design avoids the leakage and flammability risks associated with
liquid electrolytes while supporting efficient lithium-ion transport
across the membrane. Beyond lithium systems, emerging work has
applied LCE frameworks to zinc- and sodium-based batteries, where
the elastic networks accommodate large-volume changes and
prevent interfacial cracking during cycling.’%288 QOverall, LCE-based
solid-state electrolytes combine anisotropic ion transport and
mechanical adaptability, offering a promising solution for safe,
flexible, and high-performance lithium metal batteries.

5.3. LCE-Based Stretchable and Shape-Morphing Energy Storage
Devices

Stretchable energy storage batteries,
supercapacitors and hybrid systems that maintain reliable energy

devices  contain
storage and delivery performance while being bent, stretched, or
twisted.?89-291 These devices are essential for the development of
wearable electronics,8266:267 soft robotics,19617% and biomedical
implants,12°2 where conventional rigid energy systems are
unsuitable due to their lack of mechanical compliance. To function
effectively in these dynamic environments, stretchable energy
storage require  soft that
electrochemical performance with high mechanical deformability.
LCEs offer a promising platform for these applications because of

devices materials combine

their inherent elasticity, programmable shape deformability, and
molecular alignment. Furthermore, they can be designed to serve

als'Chemistry)A

Review

as active substrates, electrodes, or even eIectron’(ﬁem%&iecsgm;g
stretchable power systems. The anisotropiciéciaiied behdidrof
LCEs, combined with their ability to respond to external stimuli,
like shape
reconfiguration, strain-adaptive capacitance, or localized
transport. These effects bridge energy conversion and storage,
representing hybrid systems where deformation-driven electrical

support unique functionalities on-demand

ion

generation directly supports or recharges local energy reservoirs
within the same LCE platform. These properties allow LCE-based
devices to actively modulate performance based on deformation
states, providing a new dimension of adaptability for energy
storage technologies in dynamic environments.

Jakli et al. reported a novel coupling mechanism between
mechanical deformation and ionic charge redistribution within
ionic LCEs. These systems exhibit the flexo—ionic effect, where
strain gradients induce directional ion migration, generating a
measurable voltage across the material (Fig. 13(a)).2%° This
mechano—electrochemical interaction allows LCEs to operate as
both actuators and soft energy harvesters. The study demonstrates
that bending the elastomer modulates internal ionic distribution,
leading to voltage generation without external circuitry. Compared
to traditional piezoelectric materials, ionic LCEs provide greater
stretchability, enhanced conformability, and tunable sensitivity via
molecular alignment, with potential use in wearable sensors, soft
robotics, and integrated power systems in stretchable electronics.

( a) iLCE film
IMovin: I
end
Mechanical
vibrator Electrometer
Function
generator
) ©

Hot Side

9PIS 10H

#piS PIOD

Fig. 13. Energy harvesting and actuation in ionic and thermoelectric LCE systems. (a) Experimental circuit and mechanism of the flexo-ionic

effect. Reproduced with permission.?®® Copyright 2021, MDPI. (b) Actuator with LCE layer, embedded semiconductors, and liquid metal
interconnects on 3D-printed substrate.'®* (c) Autonomous bending toward a heat source with simultaneous voltage generation. Reproduced

with permission.!®* Copyright 2022, John Wiley and Sons.

Furthermore, Majidi et al. reported an LCE system that couples
mechanical deformation with thermoelectric conversion, allowing
both energy storage and harvesting.' The LCE serves as a soft,
deformable scaffold with anisotropic alignment that achieves
programmable shape-memory behavior. When combined with

This journal is © The Royal Society of Chemistry 20xx

thermoelectric nanomaterials, such as Bi;Te; particles, the
composite material not only deforms under heat but also generates
electrical output due to the resulting thermal gradients, as shown
in Fig. 13(b) and 13(c). These results demonstrate the potential of

LCEs to serve as active components in stretchable and shape-
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morphing energy storage devices. Coupling such deformation-
driven charge redistribution with embedded electrochemical
electrodes could achieve hybrid LCEs
simultaneously function as mechanical actuators and local energy

systems where

reservoirs, bridging the gap between energy harvesting and storage.

By using LCE elasticity, molecular alignment, and stimulus-
responsiveness, these systems permit both energy delivery and
harvesting, with potential applications for wearable and soft
electronics.

5.4. Challenges and Opportunities

LCE-based energy storage systems offer significant promise as
multifunctional materials that combine mechanical adaptability
with electrochemical performance. However, several key
challenges remain before these systems can achieve practical
implementation.

A major challenge is the limited understanding of the relationship
between molecular alignment and ion transport within anisotropic
LCE matrices. lonic mobility depends strongly on mesogen
orientation, crosslink density, and the morphology of phase-
separated ion-conductive domains. Quantitative insight into how
molecular order governs ion migration along and across the
director remains limited. More systematic studies combining in situ
characterization with modeling are needed to clarify how ion
motion couples with deformation and phase transitions in LCE
networks.

Another important issue is the coupling between mechanical
deformation and electrochemical behavior. Repeated deformation
can disrupt ion transport pathways or change local concentration
distributions, leading to performance loss. Designing crosslinking
structures that maintain conductivity under cyclic strain, such as
dual-network or dynamic bond systems, will be key to improving
reliability.

Long-term durability is also a concern. Repeated actuation and
environmental exposure can cause mechanical fatigue or chemical
degradation of mesogens and ionic components. Strategies
including the use of UV-stable mesogens, oxidation-resistant ionic
liquids, and optimized encapsulation are essential to ensure
durability under continuous operation.

Processing scalability remains a major challenge. Current alignment
methods such as surface rubbing or photoalignment are limited to
small areas. Field-assisted alignment, additive manufacturing, and
self-templating polymerization offer more viable routes toward
uniform, large-scale, defect-free LCE structures suitable for device
integration.

Finally, integrating LCEs into multifunctional energy systems that
couple mechanical adaptability, ion transport, and sensing
functions within a single platform offers a promising direction. Such
integration could permit the design of self-healing supercapacitors,
deformable solid-state batteries, and hybrid systems capable of
energy harvesting and storage. The intrinsic anisotropy and
stimulus-responsiveness of LCEs provide a foundation for
developing adaptive energy materials that can dynamically regulate
electrochemical and mechanical response in real time.

This journal is © The Royal Society of Chemistry 20xx
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LCEs offer a compelling platform for next-generation energy
technologies due to their combination of molecular order,
mechanical flexibility, and stimuli-responsive behavior. Across solar,
electronic, thermal, and electrochemical systems, LCEs exhibit
dynamic functions such as autonomous actuation, directional
conductivity, adaptive thermal insulation, and shape-responsive
energy storage. Furthermore, LCEs play a central role in the
development of intelligent energy systems that can sense, adapt,
and respond to their environment. By bridging soft materials
science with practical device engineering, future research in LCEs
may unlock a new generation of energy devices that are flexible,
efficient, and autonomously reconfigurable.

Despite the broad promise, several technical challenges remain.
These challenges include improving energy conversion efficiency,
maintaining molecular alignment and structural stability during
operation, and scaling fabrication methods suitable for device
integration. For solar energy harvesting systems, limited light-
responsive wavelength, scalable fabrication and long-term
durability are still main challenges. Molecular optimization, for
instance, expanding m-conjugation in azobenzene structure or
incorporating donor—acceptor substituents, offers one promising
strategy to broaden adsorption wavelength. Developing
processable LCEs inks for 3D printing has provided insights for large-
scale fabrication. Additionally, dynamic covalent chemistry is one
potential way to improve photochemical fatigue resistance,
contributed by the energy dissipation mechanism and self-repair
ability in dynamic polymer network. For electrochemical and
energy-storage systems, the main challenges lie in understanding
how mesogen alignment governs ion transport, improving ionic
conductivity while maintaining elasticity, and designing crosslinking
networks that remain stable under repeated deformation. Progress
also requires scalable alignment and fabrication methods, such as
field-assisted polymerization or direct-ink-writing of anisotropic
domains, to build large-area, defect-free devices. Developing these
approaches will be key to translating LCE-based solid-state
electrolytes and supercapacitors into practical soft-energy systems.
Although light, heat, and chemical stimuli remain the dominant
activation modes for LCEs, electrical actuation is more limited. Most
dielectric LCE actuators require kilovolt-level fields to generate
meaningful strains, far higher than the sub-5 V operation typical of
conducting polymers or ionic electroactive systems.??32°7 In many
reported devices, the apparent “electrical actuation” arises
primarily from Joule heating or thermoelectric coupling rather than
direct field-induced reorientation of mesogens.1>184298-300 These
constraints, combined with modest electromechanical efficiency,
have so far restricted electrically driven LCEs from practical low-
voltage applications. Nevertheless, reducing operating voltage
through enhanced dielectric permittivity, composite design, and
nanoscale alignment control represents an important opportunity
for future research, and remains one of the most promising
directions for expanding the functional scope of LCE-based energy
systems.
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