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Reversible photomechanical actuators with liquid
crystal polymer graphene oxide nanocomposites†

Guan-Ting Li,‡a Chia-Hsien Hsu, ab Bhupendra Pratap Singh ‡c and Shug-
June Hwang *ac

This study investigates the quantitative photomechanical actuation properties of a bifunctional acrylate

liquid crystal (LC242) doped with azo dye and graphene oxide (GO) nanocomposites under a

40 mW cm�2 green laser. A photo-responsive liquid crystal polymer (LCP) was developed via UV curing,

utilizing methyl red (MR) for its photoisomerism and GO for its photothermal properties. This

investigation focuses on optimizing photo-actuating performance by tuning MR and GO doping

concentrations as well as photopolymerization conditions. Experimental results show that with a doping

concentration of 20% MR, the LCP achieves a photo-induced bending angle of approximately 351 and a

response of 2 seconds and a recovery time of 1 second. Additionally, GO incorporation significantly

reduces the critical laser power required for deformation; at a 10% concentration, the critical optical

power is lowered to 25 mW cm�2. UV curing for 65 minutes (with a 5 : 1 front-to-back exposure ratio)

optimizes strain characteristics, enhancing both bending deformation and recovery stability in LCP

samples. The tailored photomechanical response allows for efficient and controllable actuation, enabling

applications such as PDMS film switching in micropump systems. This LCP film demonstrates improved

actuation strain and repeatability, promising advancements for smart material systems and biomedical

devices. These results underscore the potential of doping strategies and photopolymerization control to

enhance LCP photo-actuation capabilities for light-driven innovations.

1. Introduction

Stimuli-responsive polymer actuators, which may change shape
or move in response to external stimuli, have generated signi-
ficant interest in the development of artificial muscles,1,2 soft
robotics,3–5 scaffolds for tissue engineering,6 adaptive devices,7

biomedical systems,8,9 and micro-manipulation tools.10 Photo-
responsive polymer actuators stand out as particularly appeal-
ing due to their ability to respond to light, enabling remote and
localized activation of the polymers without necessitating
alterations to their surrounding environment.11,12 In the realm
of actuator applications, the requisite for crosslinking of liquid
crystal polymers (LCPs) into either liquid crystal elastomers
(LCEs) or liquid crystal networks (LCNs) is paramount. Typically,

LCEs have lightly crosslinking, side-chain or main-chain meso-
genic units, and a flexible chain backbone.13,14 These polymers
(LCEs) often have a low glass transition temperature (Tg) below
room temperature (RT) and behave similarly to classic rubbers.
Conversely, LCNs are moderate to densely crosslinked struc-
tures, commonly synthesized through the polymerization of
oriented liquid crystal (LC) monomers, also known as reactive
mesogens. LCNs generally have a relatively high Tg than LCEs
(generally above RT). LCEs and LCNs have emerged as highly
promising material systems for polymer actuators, owing to
their capacity to undergo significant reversible changes in
shape during the transition from the ordered LC phase to the
disordered isotropic phase.

Typical photo-responsive polymer actuators primarily depend
on the reversible trans–cis photoisomerization of azobenzene (azo)
derivatives, which is caused by both UV and visible light.15 LCPs
incorporating azo mesogens represent the most extensively inves-
tigated polymer actuator systems.16,17 In their trans configuration,
azo molecules exhibit a rod-like shape and are compatible with
the ordered LC phase. Conversely, in the cis configuration, azo
molecules adopt a bent shape, leading to the destabilization of
the LC phase.18 Azobenzene-functionalized polymeric materials
exhibit shape-adaptive effects when subjected to light. Lee et al.19

conducted a thorough spectroscopic examination to differentiate the
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photomechanical response of glassy, azobenzene-functionalized
liquid crystal polymer networks (azo-LCN) under UV and blue-
green irradiation. UV light induces photoisomerization of azo-
benzene from trans to cis, causing a contractile strain on the
absorbing surface in azo-LCNs. Liu et al.20 developed a hydro-
phobic LCP membrane that responds to humidity and UV light,
demonstrating rapid reversible actuation and complicated
movements. This facilitated the development of a contact-free
electronic device with dual-mode actuation for a variety of
applications. Photo-responsive polymers with photomechanical
conversion characteristics have emerged as potential smart
materials, recognized for their light-based benefits that enabled
remote, immediate, localized, and exact control.21–25 In the last
century, the initial demonstration of light-induced deformation in
photo-responsive polymers involved an azobenzene-containing
polymer shrinking by approximately 1% when exposed to
light.26,27 The initial demonstration of photoinduced deforma-
tion in a crosslinked LCP resulted in a 20% spontaneous
contraction, sparking fresh rivalry in the field.28 Researchers
have worked to improve the photo-deformability of LCPs for
contraction/expansion, as well as develop 3D motion for more
complex functions like bending,16,29,30 twisting,31 oscillating,32–34

and soft actuators.35–37 Essentially, any species with a strong
photothermal effect, characterized by elevated light absorption
and a heightened quantum yield of photothermal conversion,
holds potential for integration with LCPs in the fabrication of
light-driven polymer actuators.

Azobenzenes, which are commonly employed as photo-
sensitive dyes in LCPs, can induce fully photothermal-driven
actuation when incorporated into the network as side-chain
molecules.38 This is particularly evident with donor–acceptor
substituted azobenzenes, which are favored for their short cis
isomer half-life time. Additionally, photothermal dyes exhibit
another effect called network photo-softening, leading to a
decrease in the storage modulus of the material upon exposure
to light. This decrease in modulus is notably more significant
than the thermal softening observed in typical glassy polymers.
The phenomenon of photo-softening can thus contribute to
enhanced actuation capabilities. Photothermal chromophores
enable rapid actuation that is promptly reversed upon cessation
of excitation light. However, these chromophores restrict the
actuation of LCPs in dry environments. This limitation arises
because in underwater actuation the dissipation of heat to the
surrounding medium significantly hampers motion. Recent
studies have revealed the feasibility of underwater actuation
in a highly pliable LCP. However, achieving sufficient heating
necessitates the utilization of exceedingly high laser intensi-
ties.39,40 Photomechanical effects in LCPs entail including
photo-switches such as azobenzenes, which cause macroscopic
motion upon light absorption. Azobenzenes undergo a shift
from stable trans to bending cis states, resulting in network
stress and molecular order breakdown, contraction along the
molecular direction, and expansion perpendicular to it. Irradia-
tion with polarized blue/green light may also cause photo-
reorientation, however with lower stresses than UV-induced
trans–cis isomerization.19

To achieve proficient photothermal actuation, LCPs can be
incorporated with various photothermal agents, typically as
nanofillers. These agents encompass carbon nanotubes,41–43

graphene oxides,44–46 metal nanoparticles,47,48 organic or orga-
nometallic dyes,49–51 and conjugated polymers.52 These photo-
thermal agents possess the capability to absorb visible and/or
near-infrared (NIR) light, subsequently converting optical
energy into thermal energy. This heat is then dissipated into
the polymer matrix, thereby initiating the LC to isotropic phase
transition. The prevailing control mechanism for micropump
systems traditionally relies on electronic power. Polydimethyl-
siloxane (PDMS), serving as the driving film, functions primar-
ily as the interface between the electronic control device and
the microfluid.53–55 In the realm of micro-pump design, PDMS
films are routinely employed as substrates for diaphragms. The
application of external forces, such as electric, thermal, vapor,
or liquid pressure, to the diaphragm induces uneven pressure
distribution within the micropump cavity. This uneven distri-
bution directs the directional flow of liquid in the cavity,
thereby establishing a functional micropump system. Never-
theless, micropump systems controlled by electronic means
exhibit certain drawbacks, notably larger volumes, and limited
mobility, posing challenges for operators conducting micro-
fluidic experiments.

To assess the photoactivation capability of the prepared LCP
in this report, the LCP was deployed to actuate the PDMS
membrane in the micropump system. The photomechanical
action of the LCP was employed to compress and deform the
PDMS film, inducing controlled stretching and contraction.
The experimental findings clarified that the LCP could provide
remote switchable characteristics upon the PDMS film in the
micropump system, thereby prevailing the limitations asso-
ciated with traditional electronic control. The observed light-
actuated mechanical behaviors of the PDMS film clearly sub-
stantiated the photomechanical capacity of the LCP.

2. Materials and methods
2.1. LCP synthesis

The LCP film was synthesized through the formulation of a
liquid crystal mixture, comprising reactive mesogen LC242
(BASF Co. Ltd; De = �2, Dn = 0.14, TCN = 79 1C and TNI =
118 1C), methyl red with an azoxy structure (Alfa Aesar Co. Ltd),
and the photoinitiator 2,2-dimethoxy-1,2-diphenyl-ethanone
(IRG651, CIBA Co. Ltd), in a weight ratio of (99 � x) : x : 1,
where x = 0, 5, 10, 15, 20, and 25, respectively. Molecular struc-
tures and schematic representations of LC242, methyl red (MR)
dye, and I651 are illustrated in Fig. 1(a).

To prepare the mixture, all LC blends were dissolved in a
methyl ethyl ketone (MEK) solution (4 : 6) and thoroughly
amalgamated with a graphene oxide solution concentrated to
4 mg mL�1 (Product No. P8GO-30; Pin Shuo Tan Corp., Taiwan)
in a weight ratio of (100 � y) : y, where y = 0, 5, and 10,
respectively. Homogeneous mixing was achieved by subjecting
the samples to ultrasonic mixing for 30 minutes. Subsequently,
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the solvent in the LC mixture was evaporated to yield the LC
mixture powder.

Furthermore, two optically flat glass substrates (size: 2.5 cm �
1.5 cm), previously cleaned and treated with superhydrophobic
nano-coating, were assembled into a 70 mm thick cell (see

Determination of the optimal thickness for the LCP section in
ESI†). The LC mixture powder was placed at the edge of the glass
substrate and heated to 120 1C to induce the transition of the LC
mixture into the isotropic phase. During this stage, the LC mixture
was introduced into the cell via capillary force, and shear force

Fig. 1 (a) The molecular structures along with schematic representations of the bifunctional acrylate main chain monomer (LC242), I651 (photoinitiator),
and methyl red (azo dye), (b) schematic depiction of selective UV irradiation of graphene oxide (photothermal agent) infused LCP synthesis, and
(c) schematic illustration of the fabrication process of the LCP with actual LCP film.
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was applied to the substrate to effectively align the LCs in the
shearing direction. To prepare an LCP, the polymerization of the
LC mixture was achieved by employing ultraviolet (UV) light
(sourced from ORIEL Co. Ltd) with a wavelength of 365 nm and
an intensity of 40 mW cm�2. The acrylate groups in LC242,
characterized by double bonds (CQC), are prone to radical
polymerization. The photoinitiator I651, activated by UV light,
initiates the generation of free radicals that act as initiators for
polymerization reactions. When LC242, with its acrylate groups, is
combined with I651 and exposed to UV light, the photoinitiator
absorbs UV energy, leading to the generation of free radicals.
These radicals then trigger the polymerization of the acrylate
groups in LC242, resulting in the formation of a polymer network.
The photopolymerization of LC242 results in the formation of a
three-dimensional network structure due to the presence of two
reactive sites in the diacrylate LC242 monomer during the poly-
merization process. The potential addition of methyl red azo dye
to the formulation is anticipated to act as a photoisomerization
agent, switching azobenzene from trans to cis configuration and
thereby inducing a contractile strain on the surface without
significantly hindering the photopolymerization process. Fig. 1(b)
represents a schematic depiction of selective UV irradiation,
network formation, and LCP synthesis.

As the doping concentrations of methyl red and graphene
oxide, along with the UV exposure time, influenced the perfor-
mance of the LCP film, experiments were conducted based
on these parameters, and the results were discussed. For an in-
depth examination of the photomechanical properties of the
LCP film under varying curing conditions, adjustments were
made to the total UV exposure time on both sides of the
substrate. After the complete curing of the LC film, the LCP
film was detached from the substrate. Fig. 1(c) illustrates the
detailed step-by-step fabrication process of the LCP film.

2.2. Characterization of LCP

To characterize phase transition temperatures within LC242
and blends, such as the nematic to isotropic phase transition
temperature (TNI) and the crystal to nematic phase transition
temperature (TCN), differential scanning calorimetry (DSC) ana-
lysis was carried out using a NETZSCH DSC-200-F3-Maia calori-
meter (temperature range�170 1C to 600 1C with an accuracy of
0.1 K; NETZSCH, Germany). Furthermore, the glass transition
temperature (Tg) of the final polymerized LCP samples was
ascertained by DSC. Nonetheless, it is vital to admit that, below
the thermal degradation threshold, finding the TNI of the
LCP was extremely challenging. The unpolymerized monomer
blends were heated and cooled at a rate of 10 1C min�1

throughout a temperature range of �40 1C to 140 1C. This
approach was developed to avoid the Tg and thermal polymeri-
zation of the monomer blend, with a 30-minute isothermal
period inserted to promote crystallization. In contrast, the
polymerized LCP samples were subjected to analogous heating
and cooling approaches but with a wider temperature range of
up to 250 1C.56,57

Fig. 2(a) depicts a schematic illustration of the experimental
configuration employed for assessing the photomechanical

properties of the LCP film. The LCP film underwent activation
through a green laser (Soon-Link Co. Ltd, Taiwan) emitting at a
wavelength of 532 nm, inducing bending deformation. Subse-
quently, the photomechanical properties of the LCP film were
observed and quantified. An optical power meter was utilized to
measure the laser power output traversing the sample. Concur-
rently, a charge-coupled device (CCD) was deployed to capture the
light deformation image resulting from laser irradiation on the
film. The light-induced deformation bending angle of the LCP
was determined based on the laser light point irradiated on the
LCP as the recording point. The bending angle of the LCP induced
by light in the vertical direction was examined to derive the light-
induced driving characteristics, as illustrated in Fig. 2(b). The
study focused on examining how the photo-responsive charac-
teristics of the LCP film are influenced by incident laser power
and fabrication parameters. Furthermore, for the practical utiliza-
tion of the prepared LCP in the optomechanical application of
microstructures, we have applied the principles of cantilever
beams and moments of inertia in material mechanics.58,59

A polydimethylsiloxane (PDMS) membrane has been employed
in the microstructure design, as delineated in Fig. 2(c). The
primary objective of this study is to actualize the micropump
effect within the designed PDMS microstructure when activated
by the LCP film under laser light irradiation. In this investigation,
specific design enhancements have been implemented to aug-
ment the downward deformation of the PDMS membrane.
A thinner ‘‘bridge’’ has been integrated at both ends of the film,
connecting to the beams. Additionally, a ‘‘button’’ positioned on
the top of the membrane facilitates the effective downward
displacement of the PDMS membrane upon contact with the
LCP, as elucidated in Fig. 2(d). Fig. 2(e) depicts the experimental
configuration employed to assess the light-induced actuation
capabilities of the prepared LCP film. This film was strategically
positioned atop the micropump system, predicated on a PDMS
membrane. Activation of the LC polymer was ensured through the
application of a green laser, inducing bending and subsequent
downward compression of the PDMS film. To examine the
responsiveness of the PDMS film to the photo-actuation of the
LCP, a mirror was deployed to facilitate a side-view observation of
both the LCP and the PDMS film. Concurrently, a CCD recorded
the dynamic alterations in the downward deformation of
the PDMS film under light-induced mechanical pressure. The
recorded image of the LCP and the measurement of the
deformation angle were executed.

3. Results and discussion

The differential scanning calorimetry (DSC) technique was used
to determine the phase transition temperatures of the pristine
unpolymerized monomer LC242, from the crystal to nematic
phase transition temperature (TCN = 79.4 1C) and from the
nematic to isotropic phase transition temperature (TNI =
118.2 1C). Fig. 3 depicts thermal data from the DSC analysis.
Notably, the nematic phase exhibits monotropic behavior in
both the pristine LC242 monomer and monomer compositions
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containing up to 25% methyl red (MR; a trans–cis isomerization
agent) and 10% graphene oxide (GO; a photothermal agent)
(see Table 1). Polymer properties, including mechanical quali-
ties, energy absorption capacity, and thermal coefficients, vary
with temperature, especially near the glass transition.60 Design-
ing LCP materials for applications requires careful considera-
tion of their glass transition temperature (TG). DSC was utilized
to examine the impact of dopant concentration (MR and GO)
on the TG post-polymerization phase of the LCP. The corres-
ponding values can be found in Table 1.

Table 1 depicts alterations in transition temperatures
from the crystal to nematic phase (TCN), nematic to isotropic
phase (TNI), glass transition (Tg), and maximum attainable
temperature (TMax). Concurrently, Fig. 3 exhibits the relation-
ship between heat flow and temperature, as determined via
differential scanning calorimetry (DSC) analysis of LC242.
The accompanying inset summarizes the resultant phase
transition temperatures and enthalpies. It is noteworthy
that the characteristics of polymers, encompassing mech-
anical resilience, energy absorption capacity, and thermal
response, undergo significant modifications with temper-
ature variations, particularly during the glass transition
phase.60

The Tg of an LCP stands as a pivotal determinant in the
formulation of LCP materials for diverse applications. This
investigation revealed that Tg is subject to the influence of

Fig. 3 Differential scanning calorimetry (DSC) thermograph of bifunc-
tional acrylate main chain monomer (LC242) during heating and cooling
cycle at the scan rate of 10 1C min�1.

Fig. 2 (a) Illustration of the experimental setup devised for measuring the photo-responsive characteristics of the LCP film, (b) light-induced bending
angle; defined as the angle between the non-bent state and the bent state utilized for evaluating the deformation in the LCP photo-responsive
characteristics, (c) schematic diagram of PDMS microstructure (d) structure deformation of PDMS membrane driven by LCP and (e) the experimental
arrangement employed for quantifying the photo-actuated deformation of the PDMS film driven by LCP.
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the crosslinker concentration (LC242) within the composite
system. Specifically, diminishing the LC242 crosslinker concen-
tration from 89 to 69 wt% in LCP induced a nearly linear
decline in TG from 95 to 48 1C. However, concentrations
surpassing 89% of LC242 crosslinker led to either an indis-
cernible Tg or values falling beyond the measurement range.
The decrease in Tg found in LCP samples is directly related to
the decreased density of crosslinkers inside the samples. This
lowered density allows for greater relaxation of segmental
chains, which contributes to a lower glass transition tempera-
ture. This finding is consistent with previous research exploring
the effect of crosslinker density on Tg in LCPs.56,61,62 The
photothermal effect of azo derivatives (organic photothermal
agent), renowned for their dye characteristics, plays a pivotal
role in LCP actuators incorporating azo mesogens. This effect
significantly influences the TMax under 120 mW and 532 nm
wavelength laser irradiation, achieved through light absorption
and subsequent conversion into heat. Upon exposure to light of
suitable wavelength, dictated by dye absorption properties, and
at high intensity (100–400 mW cm�2), films comprising liquid-
crystalline polymers containing azobenzene moieties can man-
ifest a temperature elevation of up to 80 K.63,64 In the current
investigation, an increase in the concentration of MR dye (azo)
within the LC monomer (LC242) from 5 wt% to 25 wt% results
in an elevation of the TMax from 120 1C to 172 1C. Furthermore,
the introduction of an inorganic photothermal agent (GO) from
5 to 10 wt% yields a subsequent increase in TMax from 172 1C
to 196 1C. Notably, owing to its exceptionally high molar
extinction coefficient and quantum yield of photothermal
conversion,44–46 GO can provide the LCP actuator with swift
photothermal response, even when present in relatively low
concentrations.

To systematically investigate the influence of varying con-
centrations of MR dopant on the light-induced deformation
performance of the LCP, distinct LCP films were prepared with
MR dopant concentrations of 0%, 5%, 10% 15%, 20%, and
25%, respectively. The LCP sample underwent UV light irradia-
tion for 40 minutes on the front side and 30 minutes on the
backside. Notably, the LCP films, containing MR dopant con-
centrations (ranging from 5 to 25%), exhibited no deformation
or bending when subjected to laser irradiation with intensities
up to 20 mW. However, upon further increasing the laser
power, deformation in the LCP became apparent (see Fig. 4).

This observation could potentially be attributed to inadequate
photoactivation energy. Although small concentrations of
MR had very high laser thresholds, they yielded relatively low
deformation angles. For instance, LCP films containing 5% MR
demonstrated a laser threshold of approximately 90 mW, with a
maximum deformation of merely 41 (at 120 mW), as depicted in
Fig. 4. Notably, LCP films with 25% MR exhibited a relatively
lower laser threshold (B30 mW) and achieved a favorable
deformation angle (431 at 120 mW). However, the repeatability
and reversibility became challenging when the curvature angle
exceeded 151.

Although the LCP with a 20% MR concentration exhibited
significant bending, its laser threshold was too high (B50 mW),
which could be attributed to insufficient photoactivation
energy from MR alone. Consequently, a suitable concentration
of an inorganic photothermal agent (i.e., GO) was introduced to
enhance the attainable temperature and the speed of tempera-
ture rise of the prepared actuators under light irradiation.
Observations revealed that elevating the concentration of the
photothermal agent led to higher maximum temperatures and
quicker rates of temperature increase under light irradiation.
Likewise, maintaining a constant concentration of the photo-
thermal agent while increasing the light power resulted in
higher and faster temperature increments.

Table 1 Determination of the crystal to nematic phase transition temperature (TCN), nematic to isotropic phase transition temperature (TNI), glass
transition temperature (Tg) (through DSC), and assessment of (TMax) utilizing an infrared thermometer gun (temperature range: �50 1C to 380 1C,
accuracy: �2 1C)

Samples (LCPs with fix 1% I651) TCN (1C) TNI (1C) Tg (1C) TMax (1C)

Pure LC242 79.4 � 0.5 118.2 � 1.5 N/A N/A
LC242 (94%) + MR (5%) 77.0 � 0.8 112 � 1.5 N/A 120 � 1.2
LC242 (89%) + MR (10%) 74 � 1.1 108 � 1.2 95 � 1.6 135 � 1.4
LC242 (84%) + MR (15%) 69 � 1.3 105 � 1.5 92 � 1.5 152 � 2.2
LC242 (79%) + MR (20%) 67 � 1.4 102 � 1.7 88 � 1.3 163 � 1.6
LC242 (74%) + MR (25%) 70 � 1.2 98 � 1.6 85 � 1.6 172 � 1.8
LC242 (74%) + MR (20%) + GO (5%) 75 � 1.6 97 � 1.8 62 � 1.8 182 � 1.7
LC242 (69%) + MR (20%) + GO (10%) 81 � 1.9 99 � 2.1 48 � 2.1 196 � 1.8

Fig. 4 Deformation angles of LCP under laser power irradiation, varied
with different concentrations of methyl red (MR) dye.
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Fig. 5(a) illustrates the bending angles of the three LCPs in
response to different laser powers. Notably, the LCP doped with
a 15% MR + 10% GO concentration exhibits a translucent red
appearance, requiring a minimum threshold laser power of
15 mW for initiating and demonstrating a light-induced bend-
ing angle of 181 at an incident laser power of 120 mW. The LCP
infused with a 20% MR + 10% GO concentration exhibits a
translucent deep red hue, initiates deformation at a laser power
of 10 mW, and achieves a bending angle exceeding 301 under
laser irradiation with a power of 120 mW. In contrast to the LCP
containing 15% MR + 10% GO, the 20% MR + 10% GO-doped
LCP displays a greater bending angle and exhibits commend-
able reversible recovery performance, nearly returning to its
original position within a very short interval (B2 s) after
deactivation of the laser light source. At an MR concentration
of 25% + 10% GO, the appearance of the LCP is nearly opaque
red-black. Due to a lower content of host-reactive LC compared
to the preceding concentrations, its structure is softer.
Although it exhibits a lower threshold laser power of 5 mW
and a larger deformation angle at 120 mW, the reversible effect
is compromised, and recovery to the initial position becomes
challenging when the curvature angle exceeds 201. Consequently,
a 25% MR + 10% GO dopant concentration is estimated not
suitable for LCP actuator fabrication. The experimental find-
ings indicate an increasing deformation angle of the LCP with
rising MR concentrations with fixed GO. Considering factors
such as structural rigidity, photo-induced deformation angle,
and reversibility, an MR concentration of 20% + 10% GO was
selected for further experimentation and characterization of the
photo response in the LCP film. Notably, the LCP film bends
away from the light irradiation, since the front side of LCP
underwent a more extensive UV curing compared to the back
side. Consequently, the front of the LCP solidified more,
while the back retained a relatively softer state. This differential
curing process resulted in the LCP film bending away
from the direction of light irradiation, illustrating the
influence of the varied curing approach. Video S1 (ESI†)

illustrates the photo-actuation behavior of the LCP under laser
irradiation.

Furthermore, Fig. 5(b) demonstrates the influence of varying
concentrations of GO on the alteration of the deformation
angle of LCP induced by laser power irradiation, while main-
taining a consistent 20% MR concentration throughout the
experiments. Remarkably, as the inorganic photothermal agent
is increased from 0 to 10%, the laser threshold for LCP
deformation decreases significantly from 50 mW to 10 mW.
Moreover, these LCPs exhibit outstanding reversible recovery
performance even at greater deformation angles. Particularly
noteworthy is the LCP doped with a 20% MR and 10% GO
concentration, which yields the most favorable outcome with a
minimum threshold laser power of 10 mW for initiation and
demonstrates a maximum light-induced deformation angle of
301 at an incident laser power of 120 mW.

The time required for the photopolymerization of the LC
film was found to be significantly linked to the thickness of
the LCP and the concentration of the host-reactive LC. Since
UV light exposure was confined to one side of the LC film,
incomplete photopolymerization on the opposite side caused
adherence to the glass substrate, complicating the peeling
process. To ensure comprehensive polymerization of the LC
polymer film, UV light exposure was applied to both sides of the
LC film coated on the glass substrate. The concentrations of
methyl red and GO solution doped in the LCP sample were
maintained at 20% and 10%, respectively. Fig. 6(a) depicts the
deformation angle of the LCP film concerning different total
UV curing times under various laser power irradiations. The
total curing time represented the cumulative UV irradiation
time on both the front and back sides of the LC film, main-
taining a curing time ratio of 1 : 1. For instance, 100 minutes
signified 50 minutes of exposure on the front side and 50 minutes
on the backside. The experimental findings revealed that the LCP
obtained with a total curing time of 65 minutes exhibited
maximum deformation, followed by curing times of 70 and
50 minutes. Conversely, curing times of 25 and 100 minutes

Fig. 5 (a) Deformation angles of LCP under laser power irradiation, varied with different concentrations of methyl red with fixed 10% GO doping, (b) the
variation in deformation angle resulting from laser power irradiation of LCP doped with varying concentrations of GO solution while maintaining a
constant 20% MR concentration.
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demonstrated the least favorable deformation characteristics.
This discrepancy was attributed to the insufficient solidifica-
tion of the film at a curing time of 25 minutes, making the LCP
less responsive to laser light. On the other hand, a curing time
of 100 minutes might have led to overexposure, resulting in the
deterioration of LCP film properties. Based on these results, the
LCP with a total curing time of 65 minutes demonstrated
optimal deformation, guiding subsequent experiments with
the same curing duration.

Furthermore, this study investigated the influence of the UV
curing time ratio between the front and back sides of the LC
film on the photo-actuation characteristics of the LCP, as
depicted in Fig. 6(b), while maintaining a constant total UV
curing time of 65 minutes. The findings revealed that a lower
curing time ratio adversely affected the photodeformation
performance of the LCP, attributed to a reduced hardness
difference between the front and back sides of the LCP film,
resulting in a diminished bending angle when subjected to
laser irradiation. Conversely, when the front-to-back curing
time ratio exceeded 5 : 1, the photodeformation characteristics
improved, and the photo-actuated deformation curves for LCP
films prepared with ratios of 5 : 1, 6 : 1, and 8 : 1 appeared nearly
identical. It was also noted that the LCP film produced with a
curing ratio of 5 : 1 exhibited the most favorable structure.
It was hypothesized that at a ratio of 8 : 1 and a total curing
time of 65 minutes, the UV exposure time on the front was
58 minutes, while the exposure time on the back was only
7 minutes. This brief curing time may have been insufficient to

fully cure the LC film, leading to the LCP adhering to the
substrate surface when opening the upper substrate. Consider-
ing process convenience and film preparation yield, the con-
clusion drawn from this study was that, with a total curing time
of 65 minutes, the optimal UV exposure parameters involved a
curing time ratio of 5 : 1 on the front and back sides, represent-
ing the optimal process conditions for the LCP.

To evaluate whether the LCP film, fabricated with a front-to-
back curing time ratio of 5 : 1 and a total curing time of
65 minutes, maintains its maximal photo-actuated deforma-
tion, an examination of the effects of five distinct total curing
times on the photomechanical properties of the LCP film was
conducted. The experimental findings depicted in Fig. 6(c)
reveal that the photo-induced deformation of the LCP film,
prepared with a total curing time of 65 minutes, surpasses the
deformation induced by the other four varying laser powers.
However, with an increase in the curing time to 70 or 100
minutes, the photomechanical response of the LCP diminishes,
and the photo-response curve for a curing time of 100 minutes
mirrors that of 25 and 50 minutes.

The decline in light-induced mechanical response observed
in LC polymers with prolonged curing times is ascribed to the
gradual augmentation in the crosslinking hardness of the
coating film with extended UV light irradiation. LC films with
higher hardness exhibit diminished susceptibility to structural
deformation caused by external stimuli. Therefore, it is conclu-
sively established that the LCP prepared with a total curing time of
65 minutes demonstrated optimal photo-induced deformation.

Fig. 6 (a) Deformation angle variation of the LCP in response to laser power irradiation, depicting different total UV curing times, while maintaining a
curing time ratio of 1 : 1 on the front and back sides, (b) variation of deformation angle resulting from laser irradiation on LCP samples prepared with
varying curing time ratios on the front and back sides and (c) variation in deformation angle caused by laser irradiation on LCP with different curing times,
including the 5 : 1 curing time ratio.
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Additionally, an investigation was conducted to examine
whether the deformation direction of the cured LCP film correlates
with the duration of UV light exposure on the film surface. Table 2
presents the deformation direction of the LCP films obtained
through various UV curing time ratios on the front and back sides

of the sample. The experimental outcomes reveal that when
subjected to laser stimulation, the LCP bends toward the surface
exposed to UV light, particularly with a shorter curing time.

Based on our earlier experimental findings, it is evident that
both the total UV curing time and the curing time ratio on the
front and back sides of the substrate significantly influence the
photomechanical response of the film under consideration.
Furthermore, to explore the practical application of the light-
actuated response exhibited by the developed LCP film, the
prepared LCP was integrated with a PDMS film-based micro-
pump system, as depicted in Fig. 2(c). Subsequently, a 60-mW
green laser was utilized to actuate the LCP, and dynamic photo-
mechanical analysis was conducted on the samples. Fig. 7
comprehensively illustrates how the LCP consistently propels
the PDMS film downward when subjected to laser light.

Table 2 The curing time of the front/back surface versus the bending
direction

Front/back side curing time (min) Bending direction

20/5 Back side
25/40 Front side
40/30 Back side
55/10 Back side
60/40 Back side
80/20 Back side

Fig. 7 (a) Schematic diagram of the PDMS microstructure (side view) and (b) the dynamic photomechanical response of the PDMS membrane under the
influence of the light-powered LCP at different bending angles: (i) initial state (01), (ii) laser ON (101), (iii) laser ON (131), (iv) laser ON (151), (v) laser ON (181),
(vi) laser ON (201), (vii) laser OFF (161), (viii) laser OFF (81), and (ix) laser OFF (01).
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Remarkably, the PDMS film exhibits effective actuation,
responding to the tensile behavior resulting from the light-
induced downward movement of the LCP. Following laser
stimulation, the LCP immediately deformed downward, com-
pressing the PDMS coating and migrating close to the bottom
surface. Upon turning off the laser, both the LCP and PDMS
film swiftly revert to their initial positions, showcasing a
reproducible and reversible photomechanical response. Laser
activation induces noticeable compression of the PDMS micro-
pillars within 2 seconds (Fig. 7(ii)–(vi)), while deactivation
results in the LCP recovering to its original state in just 1
second (Fig. 7(vii)–(ix)). A Video S2 (ESI†) further illustrates the
iterative contraction and recovery process upon exposure to
laser light.

The characteristics observed in Fig. 7, depicting the response
of the green laser-activated LCP and PDMS film, underwent a
comprehensive quantitative analysis. The ensuing experimental
findings are comprehensively presented in Table 3. The analysis
highlights that the LCP can exert a downward force on the PDMS
film, achieving a displacement of approximately 280 mm, almost
reaching the bottom. Moreover, upon deactivation of the laser,
both the LCP and PDMS film promptly and reversibly return to
their original positions. The PDMS membrane demonstrated
varying degrees of compression deformation corresponding to
the bending angle of the LCP, illustrating a responsive photo-
mechanical behavior when the laser was alternated between on
and off states. Consequently, the prepared LCP actuator was
found to be effective in serving as a remote light-responsive
element, adeptly controlling the deformation of the PDMS film
within the microsystem. This capability facilitated the micropump
system in exhibiting switching characteristics, thereby overcom-
ing the limitations associated with traditional electric-driven
microsystems.

This study presents a photo-responsive LCP nanocomposite
incorporating GO within a nematic LCP matrix. Taking advan-
tage of the efficient thermal conductivity of GO, the nano-
composite absorbs light energy, converting it into heat and
enabling actuation at lower laser powers. Experimental results
highlight a significant enhancement in the mechanical perfor-
mance of the LCP by incorporating GO into the nematic LC
nanocomposites, with optimization achieved through careful
adjustment of UV curing conditions. The prepared LCP nano-
composites exhibit a rapid (within seconds) and reversible
generation of strain using light, characterized by consistent
shape-change rates and substantially improved mechanical
properties.

The light-actuated LCP demonstrates effective compression
of the PDMS film in a designed microsystem, enhancing the
practicality of LCP actuators in diverse biomedical applications,

including photo-biomechanics research, optical biological cell
sensors, and innovative cell culture methods. This work is
anticipated to offer valuable insights into the advancement of
intelligent materials for applications in biomedicine, soft
micro-robotics, sustainable energy conservation, and beyond.

4. Conclusions

The light-induced actuation capabilities of the prepared LCP
samples were systematically investigated. The improved photome-
chanical performance of LCP nanocomposites was found to be
significantly influenced by the azo dye and GO dopant concen-
tration, as well as photopolymerization conditions. This study
utilizes the photoisomerization properties of azo molecules to
produce macroscopic bending changes in the LCP shape. Consid-
ering factors such as photoactivation performance, reversibility,
and structural stability of LCP, a methyl red doping concentration
of 20% was found to be the optimal process parameter. In addition,
the incorporation of GO into the LC material enhances the photo-
mechanical response characteristics of LCP. Notably, higher con-
centrations of GO reduce the critical optical power required to
induce deformation in the LCP. The maximum permissible doping
concentration of GO solution limited to 10%. Furthermore, a series
of experiments were conducted to explore the effect of UV curing
time on the photo-actuation characteristics of the LCP. It was found
that a total curing time of 65 minutes resulted in the greatest light-
induced deformation of the LCP. As the ratio of the UV exposure
time of the front and back sides of the LC substrate was 5 : 1, the
best light-induced actuation characteristics were observed. This
photo-actuation capability of LCP is significantly controlled by the
manufacturing process conditions, and the prepared LCP success-
fully drives the PDMS micropillar to compress downwards to
achieve the switching characteristics of the micropump system.
Therefore, the approach reported here is very promising for
further research on LCP components. Doping with various nano-
materials and controlling the photopolymerization conditions
can further enhance the photo-actuation capability of LCPs.
In the future, it is expected that LCPs will be used to advance
the development of smart materials and biomedical technology
through light-driven methods.
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