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ABSTRACT: The initial shape of a soft actuator plays a vital role in its functional
performance as it dictates the internal stress distribution and deformation pathway during the
actuation process. Photodeformable liquid-crystal polymers (LCPs) have demonstrated
significant potential in soft actuators due to their fast, localized, precise, and reversible
deformation under light irradiation. However, the initial shape of LCP actuators is generally
nonswitchable once fabricated, limiting them to a single deformation mode and
monofunctionality. Herein, we present a strategy for fabricating shape-switchable LCP
actuators by integrating an athermal light-induced shape memory effect (SME) into
photodeformable LCP systems. The reversible photodimerization of coumarins introduces an
additional crosslinking network that regulates the mobility of molecular chains, enabling LCPs
to exhibit a light-induced SME for shape-switching. Moreover, the photothermal effect of
disperse red 1 acrylate induces mesogen alignment changes under 470 nm light irradiation,
allowing for the independent actuation of each switched shape. Leveraging this unique shape-
switching mechanism, we fabricated a soft actuator capable of transforming among multiple
motion modes, including rolling, crawling, and gripping, for the first time. This study establishes a novel design paradigm for
developing multimorphology and multifunctional soft actuators, advancing the complexity and versatility of LCP-based intelligent
systems.
KEYWORDS: liquid-crystal polymers, photodeformation, soft actuators, photo-crosslinking, shape memory effect

1. INTRODUCTION
Soft actuators, fabricated from soft materials, have emerged as a
highly promising technology in fields such as soft electronics,
biomedical devices, soft robotics, and surgical applications
owing to their stimuli-responsive and programmable shape-
changing capability.1−4 Liquid-crystal polymers (LCPs) have
demonstrated significant potential in soft actuators due to their
programmable and reversible deformation in response to
external stimuli, such as heat, electric fields, light, and magnetic
fields.5−13 Among the diverse external stimuli, light stands out
owing to its advantages of clean energy usage, wireless
manipulation, and spatially localized control.14−20 Recently,
doping photothermal agents such as gold nanorods,21 graphene
oxide,22 organic dyes,23 and polydopamine24 into LCP matrices
has emerged as a promising strategy for designing photo-
deformable LCPs due to their fast response and excellent long-
term stability. Upon irradiation at a specific wavelength, light is
converted into thermal energy, locally heating the LCP beyond
its nematic-to-isotropic phase transition temperature (TNI),
thereby inducing reversible photodeformation. By regulating the
mesogen alignment within LCPs, various photodeformation
modes including bending,25,26 twisting,27 and contracting28 have
been realized under light irradiation. Additionally, the initial
shape of the LCP actuator is a key factor influencing its
functional performance, as it dictates the internal stress

distribution and deformation pathway during the actuation
process.29−31 Even with identical molecular alignment patterns,
variations in the shape lead to distinct actuation behaviors and
functional outputs. Typically, a uniaxially aligned LCP film
doped with photothermal agents exhibits light-induced
reversible contraction owing to mesogen alignment changes.32

Moreover, by twisting the ends of a uniaxially aligned LCP film
clockwise and then gluing them in a head-to-head manner, a
ring-shaped actuator is fabricated. This actuator exhibits
uniform in-plane contraction when irradiated with 808 nm
light at the twist regions, followed by a continuous rotation.33

Researchers have also fabricated a light-induced snapping
actuator by assembling a fin-array structure onto a uniaxially
aligned film using an in situ crosslinking method, followed by
bonding the two sides of the film with acrylate adhesive. Upon
light irradiation, graphene within the LCP converts light into
thermal energy, inducing local contraction due to changes in the
mesogen alignment. Once this contraction releases the
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mechanical constraint imposed by the adhesive, the stored
elastic energy is instantaneously released, resulting in a rapid
jumping behavior.34 However, the initial shape of LCP actuators
is generally nonswitchable once fabricated, limiting them to a
single deformation mode and monofunctionality. Developing
advanced shape-switchable LCP actuators is particularly
attractive as it enables the realization of multifunctionality in
actuation systems by changing the shape of the soft actuator.

Utilizing the shape memory effect (SME), the initial shape of
the polymer can be readily switched into various temporary
shapes, such as three-dimensional (3D) cranes, 3D flowers, and
origami/kirigami structures, which recover upon exposure to
external stimuli.35−40 The essence of the shape-switching in a
typical thermally induced shape memory process originates from
the activation of molecular chain motion by heating the polymer
above its shape memory transition temperature, such as the glass
transition temperature (Tg) or melting temperature (Tm),
thereby enabling shape programming under external force.
Subsequent cooling freezes the molecular chains, storing the
strain energy and fixing the programmed shape. Upon reheating,
the stored strain energy is released, allowing the temporary
shape to recover as the molecular chains unfreeze again.41−43

Incorporating SME into the LCP system holds great potential
for fabricating shape-switchable actuators. However, when
thermally induced SME is integrated into the LCP system, the
shape programming and recovery process may raise the
temperature above the phase transition temperature of the
LCP. This process leads to the simultaneous triggering of strain
energy release and mesogen alignment changes, which presents
a challenge for achieving well-controlled shape-switching and
subsequent reversible actuation. A plausible strategy to address
these problems is to introduce an athermal light-induced SME
into the photodeformable LCP system since the athermal shape-
switching process minimally affects the ordered mesogen
alignment. Incorporating photoreversible covalent bonds into
polymers offers an effective approach to endow the material with
the athermal light-induced SME.44−48 The reversible photo-
dimerization of photoresponsive moieties introduces dynamic
and reversible chemical crosslinks, enabling precise control over
molecular chain motion without thermal interference, thereby
preserving the ordered mesogen alignment and maintaining the
reversible photodeformation capability of the LCP system after
shape switching.

Herein, a crosslinked LCP (CLCP) containing the photo-
thermal agent disperse red 1 acrylate (DR1A) and the reversible
photodimerization moiety coumarin is synthesized, which
demonstrates a reversible photodeformation based on the
photothermal effect and the athermal light-induced SME. The
CLCP exhibits a shape-switching behavior driven by the
athermal light-induced SME, as the reversible photodimeriza-
tion of coumarin moieties forms additional chemical cross-
linking points that regulate molecular chain mobility under
alternating 312 and 254 nm light irradiation. Each switched
shape retains its ability to undergo reversible actuation upon 470
nm irradiation, because the molecular chain motion minimally
affects the ordered mesogen alignment during the shape-
switching process. Moreover, a splay orientation is selected to
enhance the bending deformation due to asymmetric expansion
and contraction on the two opposite surfaces of the CLCP film.
Utilizing the unique shape-switching capability, we fabricate an
actuator capable of transforming among distinct motion modes
including rolling, crawling, and gripping.

2. EXPERIMENTAL SECTION
2.1. Materials. Liquid-crystal (LC) monomers RM82 and RM23

were obtained from JvSheng Chemical (Hubei) Co. Photoinitiator 819,
7-hydroxycoumarin, disperse red 1-D3(DR1-D3), acryloyl chloride, 4-
(6-prop-2-enoyloxyhexoxy)benzoic acid, triethylamine, 4-dimethyla-
minopyridine, and 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide
hydrochloride (EDC) were bought from Adamas (Shanghai, China).
Polyimide (PI) prepolymers for the alignment layer were purchased
from Kelide Optoelectronic Materials Co. Ltd.

2.2. Measurements. 1H NMR spectra of the monomers were
recorded on a Bruker DMX500 NMR spectrometer using tetrame-
thylsilane as the internal standard and CDCl3 as the solvent. The
textures of the LC mixture were evaluated with a polarized optical
microscope (POM, Leika, DM2500p) equipped with a hot stage
(Linkam THMS600). The thermodynamic properties of CLCP were
determined by differential scanning calorimetry (DSC, TA, Q2000) at a
heating and cooling rate of 10 °C min−1. The UV−vis spectra of CLCP
were measured by using a UV−vis spectrometer (PerkinElmer Lambda
650, 200−800 nm) at a resolution of 2 nm. Images and videos of the
deformation behaviors were obtained with a super-resolution digital
microscope (Keyence, VHX-1000C). 312 and 254 nm UV light was
generated by a Zhongke microenergy CME-M500 light source. 470 nm
visible light was generated by a CCS HLV-24GR-3W.

2.3. Synthesis of DR1A. DR1-D3 (6.29 g, 20 mmol) was added
into a 500 mL flask and dissolved in 80 mL of dichloromethane. After
complete dissolution, the flask was placed in an ice-water bath, and then
acryloyl chloride (5.43 g, 60 mmol) was added dropwise into the
mixture and stirred for 5 h. The crude product was filtrated to remove
the precipitates and purified by column chromatography with silica gel
using dichloromethane. Finally, red solid DR1A (1.54 g, yield 21%) is
obtained. The 1H NMR results are shown in Figure S1.

2.4. Synthesis of Coumarin-Containing Acrylate Monomer
(CAM). 4-(6-(Acryloyloxy)hexoxy)benzoic acid (2.93 g, 1 mmol) and
4-dimethylaminopyridine (1.22 g, 10 mmol) were added into a 250 mL
flask and dissolved in 50 mL of dichloromethane. After complete
dissolution, the flask was placed in an ice-water bath, and then 7-
hydroxycoumarin (1.62 g, 1 mmol) and EDC (5.74 g, 30 mmol) were
added dropwise into the mixture and stirred for 30 min. Then, the
system was transferred to room temperature and reacted for 20 h. The
crude product was filtrated to remove the precipitates and purified by
column chromatography with silica gel using dichloromethane. Finally,
the white solid CAM (2.75 g, yield 43%) is obtained. The 1H NMR
results are shown in Figure S2.

2.5. Synthesis of the Crosslinked LCP CLCP-CAM. The
homogeneous LC mixtures (taking CLCP with 20% CAM content as
an example), consisting of 43.3 mol % RM82, 36.4 mol % RM23, 2 mol
% DR1A, 17.3 mol % CAM, and 1 mol % photoinitiator 819, were filled
into homemade LC cells by capillary force on a heating stage at 70 °C.
The LC mixtures formed were splay-aligned and fixed by photo-
polymerization upon exposure to UV light (5 mW cm−2, 10 min) to
obtain red pristine CLCP-CAM20. The polymerization temperatures
of CLCP with different CAM contents are provided in Table S2.

2.6. Fabrication of the LC Cell. First, the glass substrates (5 cm ×
6 cm) were cleaned by sonication in ethanol for 3.5 h and treated with
oxygen plasma for 300 s to activate the glass surfaces. Second, the
bottom glass substrates of the LC cells were spin-coated (3000 rpm, 40
s) with PI prepolymers (KPI-9811) that were subsequently cured by
two-step imidization at 80 °C for 1 h and 240 °C for 2 h. The PI-coated
glass substrates were then mechanically rubbed with a rayon velvet cloth
by a rubbing machine (HOLMARC, HO-IAD-BTR-02), generating the
alignment layer parallel to the rubbing direction. The upper glass
substrates of the LC cells were spin-coated (3000 rpm, 40 s) with PI
prepolymers (KPI-3000) that were subsequently cured by two-step
imidization at 80 °C for 1 h and 240 °C for 2 h, generating the
alignment layer homeotropic to the rubbing direction. Lastly, the 25 μm
spacers were stuck on either side of the bottom glass substrates, which
were bound with the upper glass substrates to fabricate the splay-
aligned LC cells by UV-curable adhesive.
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2.7. Shape-Switching Process of the CLCP-CAM. The initial
shape of CLCP-CAM is programmed by applying an external force,
followed by irradiation with 312 nm UV light (5 mW cm−2) for 1.5 h.
This process induces the coumarin groups to form additional chemical
crosslinks, which store strain energy and fix the temporary shape. The
switched shape 1 is obtained after removal of the external force. Upon
irradiating with 254 nm (2 mW cm−2) UV light for 0.5 h, the switched
shape 2 is obtained owing to the release of strain energy triggered by the
photocleavage of coumarin groups.

3. RESULTS AND DISCUSSION
The key point of our strategy lies in introducing the athermal
light-induced SME to achieve shape-switching without disrupt-
ing the ordered mesogen alignment, thereby ensuring that each
switched shape retains its ability to undergo reversible actuation.
Therefore, two photosensitive monomers with distinct driven
wavelengths, CAM and DR1A, were introduced into the LCP
system to achieve independent control over the molecular chain
motion and mesogen alignment changes. The reversible
photodimerization of CAM, driven by 312 and 254 nm UV
light, introduces additional reversible chemical crosslinks, which
can be harnessed to regulate the molecular chain motion for
strain energy storage and release. Meanwhile, the photothermal
effect of DR1A, driven by 400−600 nm visible light, is
responsible for controlling the mesogen alignment change
(Figure 1a). The detailed synthetic routes and characterizations

of CAM and DR1A are depicted in the Section 2 and Figures S1
and S2. The polymeric films were fabricated using cells with one
rubbed planar polyimide and one homeotropic polyimide-
coated plate, which are glued together using 25 μm spacers and
filled by the LC mixture of RM82, RM23, CAM, DR1A, and
photoinitiator 819. After photopolymerizing the mixture in its
nematic phase under 365 nm UV light irradiation (5 mW cm−2)
for 10 min, the CLCP-CAM films with a thickness of 25 μm were
obtained.

Employing CLCP-CAM20 as the construction material,
shape-switching of the LCP and reversible actuation of each
switched shape is demonstrated in Figure 1b. Initially, the
CLCP-CAM film bent in the direction of the homeotropic
polymer side due to the anisotropic internal stress generated
during photopolymerization.49 In addition, the initial bending
degree of the CLCP-CAM was connected with anisotropic
thermal expansion, which increased with the temperature
difference between the pre- and postpolymerization states.50

The curved sheet was programmed into a stereoscopic pony in a
lying-down posture by applying an external force and then
irradiated with 312 nm UV light to trigger the [2 + 2]
cycloaddition of the coumarin groups. This reaction formed
additional chemical cross links that stored strain energy and
fixed the shape (step (i)). Subsequently, the strain energy was
released after irradiation with 254 nm UV light owing to the
photocleavage of coumarin, causing the lying-down pony to

Figure 1. (a) Chemical structures of the LC monomers RM82 and RM23, the photothermal agent DR1A, the CAM, and the coumarin-based dimer.
(b) Schematic illustration of the shape-switching process and the reversible photodeformation of each switched shape. The associated changes in the
molecular-scale aggregation structure, including mesogen alignment and polymer chain configuration, are also depicted. Step (i): the initial shape of
the CLCP-CAM20 film was programmed into a lying-down pony by applying external force and then fixed under 312 nm UV light irradiation. Step (ii):
upon irradiation of specific regions with 254 nm UV light, the programmed shape transformed into another stereoscopic shape due to the release of
strain energy driven by the photo-de-crosslinking of the CLCP. Scale bar: 2 mm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c12533
ACS Appl. Mater. Interfaces 2025, 17, 48815−48823

48817

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12533/suppl_file/am5c12533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12533/suppl_file/am5c12533_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12533?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12533?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12533?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12533?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gradually stand up (step (ii)). Importantly, each state of the
pony exhibited local and reversible actuation upon 470 nm
visible light irradiation, owing to the order−disorder phase
transition of CLCP-CAM induced by the photothermal effect.
The actuation includes dynamic deformation of the tail and a
biomimetic reaching behavior of the foreleg extending forward
(Movies S1 and S2).

To investigate the effect of CAM content on the aggregation
structure of the CLCP, which influences the photodeformation
and shape-switching behavior, a series of CLCP-CAMx were
synthesized, where x denotes the mole fraction of CAM in the
monomer mixture. First, the composition of the LC mixture
used to prepare CLCP-CAM is presented in Table S1, with a
fixed molar ratio of RM82 to RM23 chosen for optimal
performance.51 After the photopolymerization, the CLCP-CAM
film is obtained, and the basic properties of CLCP-CAM are
summarized in Table 1. The liquid crystalline properties of the

mixture remain largely unaffected by the increased CAM
content, which is attributed to the structural compatibility
between CAM and the host mesogens RM82 and RM23. The
TNI of the LC mixtures, measured by POM, decreased from 86
to 58 °C with an increase in the CAM content from 5 to 50%
(Figure S3). The decrease is due to the lower clearing point of
the CAM, which gradually becomes the main component of the
LC mixture, leading to a synergistic reduction in TNI.
Additionally, the isotropization transition of CLCP-CAM was
not observed in the differential scanning calorimetry (DSC)
curves (Figure S4) owing to the motion of LC molecules being
tightly confined by the polymer network after polymerization.
The Tg of various CLCP-CAMx was around 50 °C, indicating
that the crosslinked network remained the dominant factor
restricting chain mobility, resulting in little change in the Tg.
Furthermore, splay orientation, in which the LC director
gradually transitions from planar alignment at one surface to
homeotropic alignment at the opposite surface across the film
thickness, is employed to enhance the bending deformation due
to the asymmetric expansion and contraction on the two sides of
the CLCP film.

The splay-aligned CLCP-CAMx films bend toward the
planar-aligned side consistently under 470 nm light, regardless
of the illuminated surface. To investigate this deformation
behavior in detail, the CLCP-CAM40 film (3 × 12 × 0.025 mm)
was selected as a representative example. The film was
suspended and fixed at one end between two glass slides and
then irradiated with 470 nm light. As shown in Figure 2a, the film
bent away from the light source when the homeotropic side was
irradiated, which is attributed to surface expansion induced by
mesogen alignment change. In contrast, irradiation of the planar

Table 1. Material Properties of LC Mixtures and the
Corresponding CLCP with Varying Molar Ratios of CAM

sample
CAM

(mol %)
DR1A

(mol %)

phase transition
temperature

(TNI/°C)

glass transition
temperature

(Tg/°C)

CLCP-CAM5 5 2 86 49
CLCP-CAM10 9 2 74 50
CLCP-CAM20 17.3 2 71 50
CLCP-CAM30 23.8 2 66 49
CLCP-CAM40 29.4 2 60 50
CLCP-CAM50 34.2 2 58 50

Figure 2. (a) Images of the reversible bending of the splay-aligned film CLCP-CAM40 in different directions under 470 nm light (180 mW cm−2)
irradiation; scale bar: 2 mm. (b) Real-time surface temperature profiles of the CLCP-CAM40 film irradiated by 470 nm light of various intensities. (c)
Light-intensity-dependent bending angle of CLCP-CAM40. (d) Maximum bending angle of CLCP-CAMx when irradiating with 180 mW cm−2 470
nm light.
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side resulted in surface contraction, causing bending toward the
light source. The CLCP-CAM40 film exhibited a maximum
bending angle of approximately 116° under a light intensity of
180 mW cm−2 and returned to its initial shape upon cessation of
the light. Based on these observations, we further evaluated the
illumination conditions required for large-scale deformation and
examined the influence of the CAM content by measuring the
photothermal effect and corresponding bending angles of the
CLCP-CAMx films. Figure 2b−d illustrates the quantitative
photothermal conversion efficiency of CLCP-CAM. The CLCP-
CAM40 film exhibited a rapid photothermal response, with its
temperature rising from 24.5 to 79.9 °C within 4 s as the light
intensity increased to 180 mW cm−2 (Figure 2b). Although the
bending angle reaches its maximum under 160 mW cm−2 light
irradiation, further increasing the light intensity to 180 mW
cm−2 leads to a continued rise in the surface temperature; yet
only a minimal increase in bending angle is observed. This
implies that the LCP undergoes a complete transition to the
isotropic phase under 160 mW cm−2 light irradiation, and
further heating results in only a negligible enhancement in
deformation (Figure 2c). A marked increase in deformation
amplitude was observed when the intensity exceeded 140 mW
cm−2, attributed to the temperature of the film approaching the
Tg of the polymer (Figure S5), enhancing the molecular chain
mobility that facilitated the alignment change of mesogens. The
bending behavior of films with various CAM contents was
further investigated in Figure 2d. All films exhibited excellent
photodeformation behavior, with maximum bending angles of
approximately 116° when the temperature of the film exceeded

the TNI, indicating that the CAM content in the CLCP had
minimal impact on the deformation behavior. This is because
the similar core structure of CAM ensured good compatibility
with the LC mixture, maintaining its ability to align along the
rubbing direction. Moreover, the film demonstrated stable light-
induced bending during 30 cycles without obvious fatigue
(Figure S6). The combination of excellent cycling performance,
rapid response, and controllable deformation provided a solid
foundation for constructing actuators with continuous motion.

The athermal light-induced SME of CLCP-CAMx was
investigated in detail, serving as the foundation for the shape
switching. First, to identify the wavelengths responsible for the
reversible photodimerization of CAM, while distinguishing
them from those that induce mesogen alignment changes, the
UV−Vis absorption spectra of the two photoresponsive
components were recorded. As shown in Figure 3a, CAM
exhibited two absorption peaks within the 250−350 nm range,
corresponding to the benzene ring absorption (250−350 nm)
and the conjugated double bond of the coumarin moiety (300−
350 nm). In contrast, the DR1A spectrum displayed a dominant
absorption band in the range of 400−600 nm, attributed to the
characteristic π−π transitions of the azobenzene units. The clear
spectral separation between CAM and DR1A enables
independent control over the light-induced SME and the
reversible photodeformation. Moreover, the reversible photo-
dimerization and photocleavage reaction of CAM introduced an
additional reversible chemical crosslink, which can be harnessed
for regulating molecular chain motion to store and release strain
energy. The characteristic absorbance peak at 320 nm, which is

Figure 3. (a) UV−vis adsorption spectra of CAM and DR1A. (b) Programming and recovery protocols for light-directed shape-switching behavior.
The shape fixity and recovery ratio are calculated by the bending angle of the film; εmax is the folding angle programmed by external force; εu is the
fixation angle after stress release; and εp is the recovered angle after the shape recovery process. The shape fixity ratio is calculated by the equation Rf =
εu/εmax; The shape recovery ratio is calculated by the equation Rr = (εu − εp/εu). (c) Images of the CLCP-CAM40 strip sample (12 mm × 2 mm × 25
μm) at different states during the shape programming and recovery process; scale bar: 1.5 mm. (d) Light-triggered shape fixity and recovery ratio of
CLCP-CAMx.
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ascribed to the double bond of the coumarin moiety, gradually
decreases under 312 nm light irradiation, indicating dimeriza-
tion to form a cyclobutane ring35 (Figure S7a). Upon
subsequent irradiation with 254 nm light, the absorbance peak
gradually increased, indicating the photoscission reaction of the
dimers (Figure S7b). In addition, the light intensity used to
trigger the SME in our system is only 5 mW cm−2. At this low
intensity, no significant temperature increase is observed on the
film surface, and thus, the alignment of the LC molecules
remains unaffected, as shown in Figure S8.

Leveraging the reversible photo-crosslinking of CLCP-
CAMx, the following shape-switching process was investigated.
As shown in Figure 3c,d, a flat permanent strip (S0) obtained by
tailoring the center of the film was programmed into a folded
temporary shape (S1def) by applying external force, followed by
irradiation with 312 nm light for 1.5 h to induce the photo-
crosslinking, thereby storing strain energy and fixing the shape.
After removal of the external stress, switched shape 1 was
obtained (S1fix). Upon irradiation with 254 nm for 30 min, the
temporary shape transformed into the switched shape 2 (S0rec)
due to the release strain energy triggered by the photo-de-
crosslinking of the film. To evaluate the influence of the CAM
content on the aggregation structure of CLCP that affects the
shape-switching behavior, the light-induced shape fixity and
recovery ratios were calculated based on the bending angle
change of the strip during a shape memory cycle. As shown in
Figure 3b, the light-induced shape fixity and recovery ratios
increased with increasing CAM content, reaching a plateau at a
concentration of 20%. The observed plateau can be attributed to
two primary factors. First, although an increase in the coumarin
content enhances the extent of photodimerization, the CLCP

matrix already possesses a rigid crosslinked network. Therefore,
the formation of additional crosslinks must overcome the
mechanical constraints imposed by the pre-existing network.
Due to this restriction, the efficiency of freezing the polymer
chains during the new network formation is limited, and the
suppression of elastic recovery from the original network is
insufficient. As a result, the shape fixation ratio no longer
increases with further CAM incorporation. Moreover, the
photocleavage and photodimerization reactions of coumarin
units exists in a dynamic equilibrium under 254 nm light
irradiation.52−54 As shown in the Figure S7b, the absorbance
associated with the coumarin double bond gradually increases
with increasing irradiation time at 254 nm, indicating the
occurrence of photoscission of the dimers. However, the
absorbance fails to fully return to its initial level, implying
incomplete de-crosslinking. This limited reversibility of the
crosslinked network likely contributes to the observed plateau in
the shape recovery ratio. Furthermore, neither the shape fixation
nor the recovery ratios improved with a higher light intensity
because the photodimerization reaches an equilibrium state
within 1.5 h of irradiation.46 Notably, the partial shape recovery
facilitates the attainment of multiple shapes during the shape-
switching process, which contributes to enhancing the diversity
of actuation functions in LCP-based intelligent systems. In
addition, the effective number of shape-switching cycles
achievable without significant performance degradation is at
least three.

To validate the rationality of our design that changes in the
mesogen alignment have a minimal impact on the mobility of
molecular chains, the reversible photodeformation behavior of
the switched shape 1 with stored strain energy was investigated.

Figure 4. (a) Images showing the deployed shape of CLCP-CAM40 programmed by external force and fixed via photo-crosslinking under 312 nm
irradiation, along with its local and reversible actuating behavior under 470 nm light irradiation at 180 mW cm−2; scale bar: 2 mm. Solid lines indicate
the folding creases, and dashed lines indicate the cutting seam. (b) Images showing the spiral shape of CLCP-CAM40 programmed by an external force
and fixed via photo-crosslinking under 312 nm irradiation, and its continuous rolling behavior under 470 nm light irradiation. Scale bar: 4 mm.
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As shown in Figure 4, two different switched shapes, obtained
through different programming approaches, demonstrate
independent reversible deformations upon 470 nm light
irradiation. The initial origami shape is obtained by patterning
cuts and bonding the two ends together. After cutting one end of
the origami shape, the initial shape was programmed into a
developed shape, and the shape was fixed by 312 nm light-
induced photo-crosslinking. The spiral shape was fabricated by
coiling a film with homeotropic alignment on the outer surface,
followed by shape fixation via 312 nm light irradiation. Both the
switched deployed shape and the spiral shape, with strain energy
stored in their networks, underwent reversible deformation
under 470 nm light irradiation without compromising the
original configuration (Movies S3 and S4). Furthermore, a
rolling actuator was constructed based on the spiral shape. As
shown in Figure 4b, parts of the spiral shape bent away from the
light due to the homotropic alignment of mesogens on the outer
surface upon exposure to 470 nm visible light. The refined
deformation shifted the barycenter of the shape, inducing the
rolling behavior toward the light source. Subsequently, the light
source was rapidly moved to the remaining part of the spiral
shape, causing contraction and pushing the shape to roll toward
the light source. The continuous motion of the rolling actuator
illustrated that the temporary shape remained stable during
actuation, implying that changes in mesogen alignment have
little impact on the stored strain energy. Notably, the spiral
shape with the planar-aligned side facing outward fails to achieve
continuous rolling motion. As shown in Figure S9, the outer
surface of the spiral structure bends toward the light source
under 470 nm light irradiation due to mesogen alignment
changes, leading to the unwinding of the spiral. Therefore, only
when the homeotropic-aligned side is selected as the outer
surface can the spiral structure exhibit rolling motion under light
irradiation.

By harnessing the shape-switching behavior of CLCP-CAMx,
we constructed an actuator capable of transforming among
distinct motion modes, including rolling, crawling, and gripping,
was constructed. As shown in Figure 5, an initial ring-shaped
structure with a triangle tail-end was obtained by tailoring the
curled portion of CLCP-CAM20, which exhibited a greater
curvature due to the higher polymerization temperature of 71
°C. Upon 470 nm light irradiation, the mesogen alignment
change on one side of the ring caused surface contraction,
leading to the bending behavior toward the light source. Taking
advantage of the large deformation, the barycenter of the ring
tilted forward, resulting in a rolling motion (Movie S5).
Subsequently, the permanent shape was programmed into a
straight state and the temporary shape was fixed by 312 nm
induced photochemical crosslinking. Upon 470 nm light
irradiation, the film bent toward the light source until the
bottom edges of both sides became vertical to the ground,
leading to a caterpillar-like crawling motion due to the shifted
barycenter (Movie S6). The photode-crosslinking of the
temporary shape occurred when irradiated with 254 nm light,
allowing the temporary shape to transform into a curved form.
We then attached it to a glass rod using tape to create a simple
″gripper″ shape. Using this ″gripper”, the actuator successfully
lifted a paper ball weighing 10 times its own weight upon 470 nm
irradiation (Movie S7).

4. CONCLUSIONS
In conclusion, we developed a novel CLCP-CAMx system that
integrates athermal light-induced SME and reversible photo-
deformation by incorporating photo-crosslinking moieties
coumarin and photothermal agents DR1A into the LCP matrix.
The CLCP-CAMx exhibits a shape-switching behavior driven by
the athermal light-induced SME, in which reversible photo-
dimerization of coumarin moieties forms additional chemical
crosslinks that regulate molecular chain mobility under

Figure 5. Images depicting the shape switching of CLCP-CAM20, driven by the reversible photo-crosslinking, and the reversible actuation of each
shape followed by subsequent transformation of the actuation modes in the switched shape; scale bar: 4 mm.
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alternating 312 and 254 nm light irradiation. Each switched
shape retains its ability to undergo reversible actuation upon 470
nm irradiation as the molecular chain motion during the shape-
switching process minimally affects the ordered mesogen
alignment. Notably, partial shape recovery facilitates the
attainment of multiple shapes during the shape-switching
process, which contributes to enhancing the diversity of
actuation functions in LCP-based intelligent systems. Utilizing
the CLCP-CAM as a construction material, a soft actuator
capable of transitioning among continuous motion modes,
including rolling, crawling, and gripping, is fabricated. This study
proposes a novel strategy for designing multifunctional soft
actuators and highlights their promising potential in shape
manipulation and task-specific functionalities, which are crucial
for increasing the complexity of the deformation modes and the
functional versatility of LCP actuators.
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