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Soft actuators based on smart response materials can utilize external stimuli, especially clean energy sources such as light
and humidity found in nature, to achieve controllable actuation and perception, which has attracted much attention in the
development of smart robots. However, most existing soft actuators based on light or humidity stimulation may suffer from
several shortcomings, such as low response sensitivity, a single response mode, and an inability to achieve a multi-stimulus
cooperative response. Hence, inspired by the biological structure of plants, we have fabricated soft double-layer actuators
with ultrahigh sensitivity by casting a graphene oxide (GO) solution on a low-density polyethylene (LDPE) film. With just 40
mW cm? of NIR light, the actuator can quickly change from the curled state to the flat state, achieving an angle change of
500°, which is less than the natural light intensity (80 mW cm). Moreover, the actuator also showed a rapid response (~2.6
s) and large deformation (500°) under humidity stimulation. As an application concept demonstration, the actuator can be
assembled into a crawling robot that mimics inchworms crawling on a leaf, an adaptive soft gripper that grabs different

shapes of cargo, and a rotating robot driving a boat forward. The soft actuator will have great potential in smart bionics,

energy conversion, and other emerging fields in the future. future

1. Introduction

Soft robots have the characteristics of light weight, excellent impact
resistance, flexibility, continuous deformation, etc., which enable
them to have higher sensitivity, wider applicability, and intrinsic
safety, hence possessing significant development potential in
emerging fields such as environmental monitoring, intelligent bionics,
and human—computer interaction'*. In particular, a soft actuator, as
the core of a soft robot, plays a decisive role in the performance of the
robot.

The actuated deformation capability of soft actuators is mainly
dependent on the smart response materials. These smart materials can
translate different external stimuli, such as humidity>®, light”$,
temperature®!?, pH!!, solvent'?, electricity!3'%, and magnetism'71%,
into specific displacement and force, allowing smart actuators to
mimic natural creatures’ behaviors, such as crawling>2?, grabbing?'-??,
flying?*?*, and swimming 3232, However, among the various types
of stimuli, smart materials responding to electricity, pH, solvent,
magnetism, and other stimuli types have limited application scenarios
due to high energy consumption, harsh usage conditions, and the need
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for manual intervention or complex systems, all of which are not
conducive to environmental protection, resource savings, and
sustainable development?’2°. At the same time, nature provides a
potential research method for the development of smart responsive
materials. Sunlight and water (humidity) are abundant and ubiquitous
in nature’®3!. Through eons of evolution, some organisms have
evolved tissues or organs that respond to sunlight or water to better
sustain their survival and reproduction, such as phototropic growth
and photosynthesis in plants*>** and morphological changes in
pinecone scales and wheat awns under wet and dry conditions (Fig.
1(a))**?7. These stimuli in nature are ideal and sustainable energy
sources for the development of soft actuators based on smart
responsive materials.

Therefore, by mimicking the structure of certain natural organisms,
researchers have developed a wide variety of smart materials and
related actuators to utilize the energy contained in light and humidity.
For example, inspired by shape transformation stimulated by plants
under a change in humidity, FengGong et al. developed a biomimetic
soft actuator composed of PEO for shape transformation and PVDF
for power generation; the soft actuator can generate electricity when
exposed to breath, wet paper, and hot water and steam generated by a
solar evaporator and could then power electronic devices through
rectification and storage®®. Beomjune Shin et al. used the alignment of
directional electrostatic spinning to produce a nanometer fiber
moisture response from the membrane; the membrane responds to
humidity changes by rapidly expanding and contracting vertically?.
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Fig. 1. (a) Biological structures-inspired GO/LDPE actuator is capable of using light and humidity to achieve bending motion. (b) Applications of the GO/LDPE
actuator: inchworme-inspired crawling robot, hawk claw-inspired adaptive soft gripper, and the rotating robot.

Ying et al. made inchworm soft robots based on asymmetric layered
microstructures with dual piezoelectric actuators by grafting coupling
agents into MXene nanosheets, which were able to realize directional
motion using natural light*°. Yue et al. microstamped a hydrogel onto
a GO film to fabricate a multi-responsive actuator with precise
patterns; the programmable actuator can respond to multiple stimuli,
such as humidity, temperature, and light, and can grasp, crawl, and
wrap like creatures in nature®’. Although the actuators reported in the
previous literature have excellent performance, there may be other
shortcomings to overcome, including the need for strong stimulation,
lower sensitivity, a single response mode, or the inability to achieve a
multi-stimulus cooperative response. On the one hand, changes in
light and humidity in the natural environment are slow and weak;
hence, it is necessary to develop multi-responsive actuators with high
sensitivity to meet the application requirements of a real environment.
On the other hand, it is also crucial to develop suitable real
applications under natural conditions. Light and humidity changes
caused by water evaporation occur at almost the same time.
Nevertheless, most of the current research and application scenarios
only aim at a single stimulus, which cannot achieve multi-stimulus
synergistic responses and cannot make full use of energy in light and
humidity. Therefore, how to develop multi-responsive actuators with
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high sensitivity that use synergistic stimulation of light and humidity
to accomplish specific tasks has become a serious challenge.

To solve the above challenges, we need to choose suitable materials
to make multi-responsive actuators and design reasonable structures
and control methods to drive robots. In terms of material selection,
GO and LDPE materials are used. GO, one of the most important
graphene derivatives, has been demonstrated to be an outstanding
candidate for the construction of intelligent and high-performance
GO-based bilayer actuators. This is due to its many attractive
properties, such as excellent flexibility, low density, good stability,
large surface area, humidity-sensitive characteristics, high light-to-
heat conversion efficiency, and thermal conductivity.*'-4? In addition,
achieving sensitive photothermal actuation requires excellent thermal
expansion materials. Common thermal expansion materials are
hydrogels +#°, shape-memory liquid crystal materials**%, and
various high-polymer plastics**>’. Among them, LDPE film, with a
huge coefficient of thermal expansion (CTE) of up to 400x10-6 °C!,
has become an excellent material for fabricating photothermal
response actuators®'. Regarding structural design and control methods,
we designed inchworm structures, claw structures, and rotary
structures and controlled soft robot motion through single or multiple
stimuli.

This journal is © The Royal Society of Chemistry 20xx
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Here, inspired by the response properties of the bilayer structure in
plant tissue, we prepared a biomimetic bilayer soft actuator composed
of GO and LDPE using the oxygen plasma technique and the solvent
evaporation method. The abundant oxygen-containing functional
groups, the photothermal conversion characteristics of GO, and the
huge CTE difference between GO and LDPE give the actuator
excellent humidity and photothermal actuation performance. With
just 40 mW cm? of NIR light, the actuator can quickly go from a
curled state to a flat state, with an angle change of 500°, showing the
ultrahigh light response sensitivity of the soft actuator. Meanwhile,
the actuator also has a strong humidity response with an angle change
of 500° in a high-humidity environment. In addition, as application
concepts, an inchworm-inspired crawling robot, an adaptive soft
gripper, and a rotating robot were fabricated to demonstrate the
actuator’s excellent performance (Fig. 1(b)). Inchworm-inspired
crawling robots can achieve directional crawling on leaves under the
control of NIR light; the adaptive soft gripper can grab, move, and
release objects of different shapes under the sequential control of
humidity and NIR light. The rotating robot can be synergistically
stimulated by humidity and light to rotate rapidly to drive a boat
forward. Therefore, biomimetic soft actuators will have huge
development potential in soft robots, artificial muscles, smart sensors,
energy conversion equipment, and other fields in the future.
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2. Results and discussion

2.1 Fabrication and structural characterization of the
GO/LDPE bilayer actuators

The multi-response-driven GO/LDPE composite film was fabricated
by simple solution evaporation, as illustrated in Fig. S1. First, the
LDPE film cut into a fixed size was treated in oxygen plasma for five
minutes to obtain a film with surface hydrophilic properties. Then, the
film was fixed by tape to the bottom of a petri dish before casting the
GO solution on top of it and allowing it to dry naturally under a fume
hood. Finally, a GO/LDPE actuator was obtained by peeling off the
composite film from the petri dish. Fig. 2(a) shows a cross-sectional
structure of the GO/LDPE film. Due to the hydrophilic treatment of
the LDPE surface using oxygen plasma technology, the two-layer
structure can be tightly contacted. GO presents a layered structure (Fig.
2(b)). Fig. 2(c) shows the surface SEM of the GO layer. In the
microscopic state, GO has a rough surface, which may be conducive
to the absorption and excitation of water molecules.

In addition, the elemental distributions of GO and LDPE were
measured by elemental analysis instruments. Oxygen and carbon are
the main components of GO (Fig. S2(a, b)). Sulfur was also detected,

d o6 € o8 f 50
GO LDPE (CH,),
06 40
o [ 2915 ©
e e 2847 o 30
] S 04 f =
Qo Q 5
= ™ 17
o o » 20
2 3802 }rs £
] © 1461 a 10
0.0 0
1000 2000 3000 4000 800 1600 2400 3200 4000 0 200 400 600 800 1000
Wavenumber(cm) Wavenumber(cm-) Strain(%)
g . I s 15
1 Before processing 1 T
o
= 40 122
- 12}
= =
» 30 093
7] T°
o <]
= 20 06 E
2 (]
: = ©
11 After processing =10k 035
: I 1 s
. 45° g

0 6.7 12.522.2 30 3.4 1.7
GO Content(%)

Fig. 2. (a) Cross-sectional SEM image of the GO/LDPE actuator. (b) Layered structure SEM image of GO cross-section. (c) Surface SEM image of GO layer. (d) FTIR
spectroscopy of GO. (e) FTIR spectroscopy of LDPE. (f) Stress—strain curves of LDPE. (g) Contact angles of LDPE film before and after processing. (h) Schematic diagram
of GO layer response to high humidity and NIR light. (i) Thickness and Young’s modulus of the actuator with different GO content.
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which was due to the sulfate group of sodium dodecyl sulfate (SDS)
(Fig. S2(c)). Fig. S2(d) shows the carbon element distribution of
LDPE. Fig. 2(d) shows the Fourier-transform Infrared Spectroscopy
(FTIR) of GO with absorption peaks for multiple functional groups®>
33, including the OH stretching vibration peak located at 3300-3500
cm!, C=0 stretching vibration peak near 1726 cm!, C=C stretching
vibration absorption peak near 1620 cm™, bending vibration of O-H
at 1380 cm™!, and C-O stretching vibration peak at approximately
1040 cm™'. In addition, it can be observed from Fig. 2(d) that the
asymmetric stretch vibration peak and the symmetric stretch vibration
peak of CH2 appear at 2920 cm™! and 2850 cm’!, respectively, and the
stretching vibration peak of S-O is located near 1146 cm™!, which is
due to the addition of the surfactant SDS when making the GO
solution **. LDPE mainly contains one kind of group -CHz. As shown
in Fig. 2e, there are four absorption peaks in the FTIR spectra of LDPE,
which are the asymmetric and symmetric stretching vibration peaks
near 2915 cm! and 2846 cm™, the bending vibration peak near 1459
cm!, and the rocking vibration peak near 718 cm™! %%, In addition, we
measured the mechanical properties of LDPE. LDPE is anisotropic
due to directional crystallization®. The fracture stress in the alignment
direction (AD) is greater than that in the transverse direction (TD),
while the elongation at break is just the opposite (Fig. 2(f)).

Before fabrication of the GO/LDPE actuator, the LDPE films were
treated with oxygen plasma technology. Before oxygen plasma
treatment, the LDPE film is hydrophobic, with a contact angle of 105°.
After treatment, the contact angle drops to 45°, and the LDPE film
becomes hydrophilic for better attachment with GO, enhancing the
mechanical strength of the film (Fig. 2(g)). Fig. 2(h) shows the
schematic models and optical photos of the actuator excited by NIR
light and humidity. When the actuator is excited by humidity, the GO
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layer and LDPE layer are the water absorption active layer and inert
layer, respectively, which induce a water expansion difference and
lead to the bending of the film toward the LDPE side. When irradiated
by NIR light, the GO layer and LDPE layer are the negative thermal
expansion layer and thermal expansion layer, respectively. The
photothermal conversion of GO causes the LDPE layer to expand and
bend toward the GO layer, accompanied by the desorption of water
molecules. Notably, GO/LDPE films of different thicknesses can be
obtained by controlling the volume of the added GO solution. To
obtain the best material parameters of the GO/LDPE actuators, six
actuators with different GO contents were fabricated, where the LDPE
layer was fixed at 30 pm in thickness. The GO content is positively
correlated with the thickness and Young’s modulus of the actuator
(Fig. 2(i)).

Furthermore, in the production process, since the shrinkage of GO
during drying causes uneven stress distribution on the surface of the
LDPE film, the peeled composite film will generally produce irregular
bending with the LDPE layer toward the outside, as shown in Fig. S3.
To obtain an actuator with good bending direction consistency,
thermal adjustment of the film is needed. The GO/LDPE film was cut
into a rectangle of 10 mm*30 mm. Then, the GO/LDPE film was held
on both sides using the slide to keep it flat and placed on the heating
plate for thermal adjustment treatment (Fig. S4). In the heating
process, the thermal expansion of LDPE will cause the GO sheet to
slide. After cooling, the LDPE layer of the driver will shrink, but the
slip of the GO sheet generated during the thermal regulation stage
cannot be fully recovered during the cooling stage®® . As a result,
the heat-treated GO/LDPE actuator finally presents a curly state with
the GO wrapped around it. By controlling the heating temperature and
time, different bending angles of the film can be obtained (Fig. S5).
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Fig. 3. NIR actuation performance of GO/LDPE actuators. (a) Bending angle as a function of NIR intensity with different GO content of the GO/LDPE actuator. (b) Optical
photographs of the GO/LDPE actuator based on 22.2% GO at different NIR light intensities. (c) Relationship of GO/LDPE actuator response time with GO content at an
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repeatability test of the actuator with 22.2% GO content. (f) Actuators reported in the literature compared to the GO/LDPE in this work.
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Therefore, GO/LDPE film can be thermally programmed to assemble
actuators or robots with different structures, functions, and uses.

2.2 Light actuating performance of GO/LDPE actuators

Due to the great CTE difference between LDPE and GO materials and
the excellent photothermal conversion characteristics of GO, the
GO/LDPE actuator shows an ultrafast sensitive response to NIR light.
To further investigate the photosensitive response of the actuator, a
typical rectangle (10 mm>30 mm) was chosen, and the initial bending
angle of the six actuators was maintained at approximately 500° with
the GO layer on the outside by heating adjustment. When illuminated
by NIR light, the actuators open rapidly to a flat state due to the stress
mismatch of the film caused by the different expansion amplitudes of
the bilayer material.

The different GO contents of the film will affect the sensitivity of
the actuator to the light response (Fig. 3(a)). With an increase in the
GO content from 6.7%, the sensitivity of the actuator is significantly
improved. When the GO content is 22.2%, the sensitivity of the
actuator reaches the highest level, the angle changes to 500°, and it
achieves a flat state under 40 mW cm? of light intensity. However, as
the GO content continued to increase, the sensitivity of the actuator
began to decline. This phenomenon may be caused by the increased
rigidity of the actuator due to the thicker GO layer. Fig. 3(b) illustrates
the bending response of the actuator based on 22.2% GO content
under different NIR light intensities. Fig. 3(c) shows the response
times of GO/LDPE actuators To fully ensure that all actuators can
recover from the curled state to the flat state, we chose an illumination
intensity of 80 mW c¢m. Similar to the sensitivity of the actuators, the
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response time of the actuator decreased first and then increased with
the change in GO content, reaching a minimum value of ~8 s when
the GO content was 22.2%. Therefore, in the comprehensive
comparison of the six actuators, the actuator based on 22.2% GO
content had the highest sensitivity and fastest response speed.

Fig. 3(d) characterizes the bending angle of the GO-22.2/LDPE
actuator as a function of time under the stimulus of NIR light with an
intensity of 80 W cm™2. In particular, when the angle of the actuator
is reduced to approximately 90°, the unfolding speed is significantly
slower. The situation may be caused by the actuator bending angle
being parallel to the angle of NIR light irradiation at this moment,
resulting in a reduction in the illumination area. Fig. 3(e) shows 40
actuation cycles of the GO/LDPE actuator switching between curled
and flattened states. The bending angle has no significant differences
during the cycle test, which indicates that the actuator has good
reversibility and repeatability. In addition, for the microstructure
characterization of the GO/LDPE actuator after the cycle test, the GO
is still tightly stacked on the LDPE and does not produce obvious
separation (Fig. S6), proving that the actuator possesses good stability
and durability. After comparing the performance of actuators in
different studies, the actuator in this work shows a more sensitive light
response (Fig. 3(f), Tab. S1) In addition, the light intensity required
for the GO/LDPE actuator to fully deploy is lower than the natural
light intensity of 80 mW cm ¥, allowing the actuator to effectively
move in natural light.

2.3 Humidity actuation performance of GO/LDPE actuators
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The micron-level layered structure and abundant hydrophilic groups
of GO allow water molecules to be dynamically inserted into the GO
structure at the micro level, thus increasing the distance between the
GO sheets®’, which is manifested as water absorption and expansion
at the macro level. Therefore, the actuator is also able to trigger
bending excitation by changing humidity conditions. Under high
humidity, the hygroscopic expansion characteristics of GO and the
humidity inertia of LDPE will lead to a stress mismatch of the double-
layer material, resulting in asymmetric deformation of the film, which
bends toward the LDPE side.

Journal Name

For statistical purposes, all GO/LDPE actuators were thermally
adjusted, with the initial angle set near 0°. Fig. 4(a) shows the
response characteristics of actuators based on different GO contents
at a relative humidity (RH) of 45% to 80%. Among these six actuators,
the GO-22.2/LDPE actuator exhibited the best actuating performance,
and its bending angle increased rapidly from 0° to 500° with
increasing RH from 45% to 80%. For the GO-6.7/LDPE actuator and
GO-12.5/LDPE actuator, the GO layer is so thin that the water-
adsorption-induced expansion force cannot bend the LDPE layer
quickly, so the bending angle change is small in the given RH range.
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For the GO-30/LDPE actuator, GO-36.4/LDPE actuator, and GO-
41.7/LDPE actuator, the large stiffness of the GO layer with a large
thickness means that it is difficult to bend flexibly, so the change in
bending angle is less than that of the GO-22.2/LDPE actuator. In
addition, to select the actuator with the best performance, we
comprehensively compared the maximum bending angle and the
response time of the actuator bending 180° at high humidity. As
shown in Fig. 4(b), the GO/LDPE actuator has a larger bending angle
(~500°) and a shorter response time (~2.6 s) when the GO content is
22.2%. Hence, we plotted the bending angle of the GO-22.2/LDPE
actuator as a function of time (Fig. 4(c)). In ~7 s, the GO-22.2/LDPE
actuator quickly bends from 0° to 360°; however, over the next few
seconds, the actuator slows down and finally bends to its maximum
angle (~500°) at 26 s. This may be due to increased internal stress and
friction interference between the inner and outer layers of the actuator.
In addition, under humidity stimulation, the bending and recovery
process of the actuator is reversible and repeatable (Fig. 4(d)).

In addition, we have summarized recent actuators reported in the
literature, including actuators that respond to humidity or light alone,
as well as actuators with multiple responses (Tab. S1). As shown in
Fig. S7(a), the GO/LDPE actuator possesses relatively good humidity
response characteristics and may achieve relatively large deformation
under small humidity changes. Although its humidity response
characteristics are not optimal, the soft actuator we designed has
multiple response characteristics and show extremely high light
sensitivity. Compared with other actuators with multiple response
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characteristics, the performance of the GO/LDPE actuator is relatively
excellent (Fig. S7(b)), which can achieve a light response speed of
110°/s and a humidity response speed of 69.2°/s (Fig. S7(c)).

2.4 Applications of the GO/LDPE actuator

Through a comprehensive comparison of light stimulation and
humidity stimulation characterization, the GO-22.2/LDPE actuator
has the best response performance. Several suitable applications can
be designed to explore their potential in soft biomimetics, flexible
actuation, and other fields. Many animals in nature have excellent
locomotion ability, which provides strong support for the bionics of
soft robots. Obviously, the inchworm is a significant biomimetic
object in soft robots. The movement pattern of an inchworm is simple
and divided into two main stages. First, the forefoot of the inchworm
hugs the branch tightly, and the back of the body contracts and moves
forward. Then, the back foot wraps around the branch and stretches
the front of the body forward. Thus, the inchworm moves by
controlling the front and back feet and by contracting and extending
its body.

Inspired by inchworms, a biomimetic soft robot was designed based
on the different friction forces of the tail and head, which could be
excited by NIR light (Fig. 5(a)). As shown in Fig. 5(b), the soft robot
consists of two reverse-connected GO/LDPE actuators. In the initial
state, the contact angle between the head and the ground is much
larger than that between the tail and the ground; hence, the friction
force of the head is larger than that of the tail. When the NIR light hits
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the head of the robot, the body of the robot expands, and the robot
moves the tail first due to the high friction of the head. When the angle
of the head decreases to a certain extent, the friction force decreases,
but the area of the tail increases. At this point, the friction of the tail
is greater than that of the head, and the head of the robot moves
forward until the robot is nearly flat. When the NIR light is turned off,
the head of the robot deforms greatly and recovers first, the angle
increases, and the robot moves forward to recover to the initial state.
Therefore, by repeating the above actions, the soft robot can perform
directional crawling. Fig. 5(c) shows the motion process of the robot
crawling in one cycle. The motion process of the robot was basically
consistent with the theoretical analysis, and its movement distance
reached 4 mm (Movie S1). In addition, to verify the wide adaptability
of the biomimetic robot, a crawling experiment was carried out to
simulate the living environment of the inchworm. As shown in Fig.
5(d), the biomimetic robot was able to perform normal crawling
similar to an inchworm on a leaf (Movie S2).

Since the traditional robotic gripper has fast response speed, high
precision, and high repeatability and can achieve stable grasping for
large weight and volume items, it has been widely used in industrial
production, aerospace, position exploration, and other aspects®.
However, due to the existing problems of traditional grasping devices,
such as large volumes, high costs, and difficulty in grasping easily
damaged or easily deformed objects>, they may struggle to adapt to
the needs of new developments. The soft matter—based gripper solves
these problems neatly. Learning from nature and inspired by hawk
claws, a biomimetic adaptive gripper based on multiple controls was
designed to grasp objects (Fig. 5(¢)). The GO/LDPE gripper can bend
quickly under the stimulation of high humidity to successfully grasp
and move a Styrofoam ball, and the release of the gripper can be
achieved by reducing humidity or NIR light stimulation (Fig. 5(f)).
This design shows the collaborative response to light and humidity
stimuli. In addition, as shown in Fig. 5g, due to the soft characteristics
of the biomimetic gripper, it can grasp objects of different shapes,
such as balls, flowers, and capsules (Movie S3-4). These application
scenarios demonstrate the adaptive ability and huge development
potential of the biomimetic gripper.

The movement modes of natural creatures are mainly walking,
swimming, jumping, flying, and so on. However, in human society,
many devices rotate, such as machine tools, cars, and windmills.
Based on the compatibility of traditional equipment, inspired by rotary
mechanisms with blades, such as water wheels and windmills, a robot
with a rotating motion mode was developed. By integrating multiple
GO/LDPE actuators on the rotor, the rotary actuation of the robot can
be realized by utilizing the centroid deviation of heavy objects under
different position stimulations.

As shown in Fig. 6(a), in the initial state, the actuators on the rotor
are not stimulated by external stimuli and remain in a stable state. The
center of mass does not shift, and the rotor remains stationary. When
the actuators on the rotor are stimulated by humidity on the left side
and NIR light on the right side, the left actuators drive inward weight
contraction, and the right actuators drive outward weight relaxation.
These phenomena cause the center of mass deviation of the rotor and
generate torque under the action of gravity to achieve rotational
motion. Fig. 6(b) shows the motion process of the rotating robot.
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Under the synergistic stimulation of NIR light and humidity, the
rotating robot rotated at 965° in 24 s.

The rotating robot can also increase the rotation speed or output
torque by connecting the rotors in parallel. Fig. 6(c) shows the
relationship between the number of rotors and the speed. With an
increase in the number of rotors, the rotational speed of the rotating
robot also increases significantly, up to 13.5 rpm (Movie S5). In
addition, the robot with four rotors rotates more smoothly and has a
better scope of application. Therefore, we selected the five-rotor-
based robot to act as the engine module, driving a boat to move, to
verify the practicality of the rotary robot. Fig. 6(d) shows snapshots
of the rotating robot driving a boat. Under the synergistic control of
infrared light and humidity, the rotating robot drove the boat to move
28 cm in 220 s (Fig. 6(¢e)), demonstrating the significant power output
of the rotating robot (Movie S6). Therefore, the rotating robot could
serve as an engine module to power small boats, which would
decrease dependence on fossil fuels and promote the use of clean
energy sources.

Conclusions

In summary, we used a simple solution evaporation method to
fabricate a series of GO/LDPE actuators. The binding force between
the GO layer and the LDPE layer is enhanced through the plasma
treatment of LDPE films, which improves the mechanical stability of
the GO/LDPE actuator. The initial state of the actuator can be adjusted
by controlling the heating temperature and time to adapt to different
application scenarios. In addition, the application of GO and LDPE,
as different types of sensitive units, gives the actuator strong humidity
response and photothermal response characteristics, respectively. The
prepared film actuator is very sensitive to humidity and NIR light. The
GO/LDPE actuator can quickly move from a curled state to a flat state
at a light intensity of 40 mW cm?, with an angle change of
approximately 500°. In addition, the actuator also showed a rapid
response (~2.6 s) and large deformation (500°) under humidity
stimulation. On this basis, to demonstrate the excellent performance
of the actuator, we assembled an inchworm crawling robot and an
adaptive soft gripper as proof of concept. The inchworm crawling
robot could imitate inchworms crawling on leaves when stimulated by
NIR light; the adaptive soft gripper could grasp, move, and release
objects of different shapes, including pellets, flowers, and capsules,
under multiple stimulations of humidity and NIR light. Moreover, to
demonstrate the actuator’s cooperative response advantages in terms
of humidity stimulation and photothermal stimulation, a smart rotary
robot was fabricated. It can be synergistically stimulated by humidity
and infrared light to achieve rapid rotation, driving the boat to move.
This work provides valuable guidance not only for the design and
development of emerging intelligent responsive actuators but also for
potential applications in artificial muscles, soft robots, energy
conversion devices, biomimetic robots, and other fields.

3. Experimental section

3.1 Materials

This journal is © The Royal Society of Chemistry 20xx



GO was purchased from Shenzhen Shensui Technology Co., Ltd. and
had a diameter of 1-10 um. The oxygen content of GO is more than
42%; lauryl sodium sulfate (SDS) was purchased from Sinopharm
Chemical Reagent Co., Ltd. Commercial LDPE film was purchased
from Hanbang Plastic Packaging Store.

3.2 Preparation of GO solution

An aqueous SDS solution with a mass fraction of 0.02% was prepared
using deionized water and SDS. Then, 10 mg, 20 mg, 40 mg, 60 mg,
80 mg, and 100 mg of GO were added to a 6 ml aqueous solution of
SDS and ultrasonicated for 20 minutes to obtain different
concentrations of GO solution.

3.3 Preparation of the LDPE film

The LDPE film was put into an oxygen plasma cleaner with the power
set to 100 W and oxygen flow set to 30 sccm. After five minutes of
treatment, an LDPE film with hydrophilic properties was acquired.

3.4 Preparation of GO/LDPE actuator

First, the LDPE film with hydrophilic properties was fixed in a Petri
dish. Then, the prepared GO solution was cast on the LDPR film. The
petri dish was placed in a fume hood to dry naturally. Finally, the film
was peeled off to obtain the GO/LDPE actuator. By controlling the
concentration and volume of the GO solution, actuators with different
GO contents were obtained, which were 6.7 wt%, 12.5 wt%, 22.2 wt%,
30 wt%, 36.4 wt%, and 41.7 wt%. Finally, the GO/LDPE film was cut
into 10 mmx30 mm rectangles for use.

3.5 Heat treatment of GO/LDPE actuator

The GO/LDPE film was clamped with two slides and heat treated with
a graphene heating plate. By controlling the heating temperature and
time, different bending angles can be obtained for the GO/LDPE
actuators.

3.6 Characterizations and measurement

The surface and cross-sectional morphology of the GO/LDPE actuator
was observed using a Quattro environmental scanning electron
microscope. The thicknesses of the actuators with different GO
contents were measured using a KH-7700 digital microscope. The
hydrophilic modification of the LDPE film was carried out on a
FEMTO plasma cleaner. The element distributions of GO and LDPE
are characterized using EDAX-Element-C2B. The uniaxial tensile
tests were performed on a 1ST Universal Test Machine (Tinius Olsen)
at a cross-head speed of 100 mm min!. FT-IR spectra of GO and
LDPE were characterized by a Thermo Scientific Nicolet iS50. NIR
light was generated by an R95E Philips light source, and the light
intensity was calibrated by the LIN-122 optical power meter at
different distances. The controlled humidity gradient was created
using a humidifier and dry nitrogen. The temperature and humidity of
the experimental environment were measured using a UT333
thermohygrometer. The experimental images were recorded using an
iPhone 13.

This journal is © The Royal Society of Chemistry 20xx
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