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Abstract: Soft actuators have garnered significant attention due to their promising applications in
wearable devices, soft robotics, and other related fields. However, achieving substantial reversible
deformation and high output force simultaneously remains a long-standing challenge. In this study,
graphene/polydimethylsiloxane (PDMS) composite materials with high photothermal conversion
efficiency and rapid photo-responsiveness were successfully developed. Inspired by the structure of
biological muscles and skeletons, a novel approach involving carbon fiber bundles as reinforcement
skeletons was proposed to enhance actuator performance. A composite material/carbon fiber
skeleton/PDMS actuator was fabricated. With the integration of the carbon fiber skeleton, the actuator
demonstrated a remarkable bending angle of 90° (3.5 times greater than that of actuators without the
carbon fiber skeleton) and an output force of 0.89 mN (1.34 times higher than that of actuators without
the carbon fiber skeleton) under infrared laser irradiation at 4.15 W/cm?. This advanced actuator holds
great potential for applications in areas such as soft robotic grippers and artificial muscles that demand
high load-bearing capacity.
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1. Introduction

Soft actuators [1,2], capable of responding to external stimuli such as electricity [3,4], light [5,6],
temperature [7,8], humidity [9,10], and magnetic fields [11,12], have garnered significant attention
due to their versatile applications. They show immense potential in fields like biomimetic robotics [13,14],
artificial muscles [15,16], sensors [17,18], and wearable devices [19-21]. Electrical stimulation offers
fast response times and high control accuracy, but it requires materials with good conductivity and is
susceptible to environmental factors and deformation [22]. Additionally, it necessitates a stable power
supply, which complicates circuit design and creates challenges regarding the relationship between
connections and deformation, thus limiting its potential applications. Humidity stimulation, on the
other hand, is environmentally friendly and energy-efficient, but its slow response time, difficulty in
control, and high environmental requirements make it unsuitable for extremely dry or humid
conditions [23]. Magnetic field stimulation has the advantages of high safety, low energy consumption,
and non-contact control. However, it faces challenges such as a limited control range, restricted
material choices, a complex system, and vulnerability to interference from other electronic
devices [11]. Among these stimuli, light stands out as a particularly appealing control tool for
intelligent robots because it is clean, safe, and efficient and can operate without direct contact with
actuators. The non-contact nature of light control enables its application in more intricate and complex
environments. More broadly, light stimulation holds considerable promise in the realms of material
preparation, device processing, and the regulation of smart devices [24,25]. Therefore, it is crucial to
give increased attention to the advancement of smart devices that leverage light stimulation. Thus,
based on the photothermal effect to induce expansion/contraction or phase transitions, various smart
photothermal responsive actuators have been developed [26,27], such as intelligent biomimetic robots,
smart curtains, wearable devices, and so on. These actuators exhibit unique advantages, including high
controllability, rapid response, excellent repeatability, superior stability, and high spatial and temporal
precision. However, the development of high-performance actuators capable of simultaneously
achieving fast responses, large deformations, and high output forces remains a significant challenge.

The primary materials used to develop intelligent soft robots include hydrogels [28,29], shape
memory polymers [30,31], two-dimensional transition metal carbides/nitrides [14,32], and carbon
materials such as graphene [7,33,34], its derivatives [35,36], and carbon nanotubes [37,38]. Among
these, carbon materials are particularly remarkable for their exceptional light absorption and photothermal
conversion properties [39]. Within the category of carbon materials, graphene stands out due to its
broad light absorption range, high mechanical strength, flexibility, and ease of processing, making it
an excellent candidate for photothermal-responsive actuators. In composite materials, the properties
of polymer matrices fundamentally determine the characteristics of the overall composite. Typically,
carbon materials are combined with polymers that have different thermal expansion coefficients (e.g.,
polyimide (PI), polypropylene (PP), and polydimethylsiloxane (PDMS)) to form composite films. For
instance, Wang et al. [40] developed a three-layer composite soft robot consisting of carbon nanotubes,
PDMS, and polyvinylidene fluoride (PVDF), which exhibited rapid responses to liquid, vapor, and
light stimuli. Similarly, Hiran Chathuranga et al. [41] introduced a graphene oxide/Fe;Oa/starch
composite soft robot capable of responding quickly to changes in humidity, magnetic fields, and
ultraviolet radiation. Among these polymers, PDMS is an elastic material widely used as a matrix for
graphene composites due to its excellent optical transparency, flexibility, biocompatibility, stability,
and processability [42]. With its high thermal expansion coefficient (3.2 x 10~* W/K), PDMS enables

AIMS Materials Science Volume 12, Issue 2, 301-317.



303

the fabrication of actuators with significant deformability. However, due to the intrinsic limitations of
PDMS in flexibility, such actuators face challenges in terms of robustness and adaptability to shape
changes. Thus, further research is required to enhance their output force.

In this study, inspired by the relationship between animal skeletons and muscles, we propose a
novel strategy to enhance the performance of composite actuators by introducing parallel carbon fiber
skeletons. Graphene/PDMS composite materials with high photothermal conversion efficiency and
rapid photo-responsiveness were successfully fabricated. Leveraging the unique characteristics of
these composite materials, a composite material/carbon fiber skeleton/PDMS actuator was designed,
wherein the parallel carbon fibers act as the “skeleton”, while the composite material layer and the
PDMS layer function as the “muscle” wrapped around the carbon fiber skeleton. The resulting actuator
achieved an impressive bending angle of 90° (3.5 times greater than that of actuators without the
carbon fiber skeleton) and an output force of 0.89 mN (1.34 times greater than that of actuators without
the carbon fiber skeleton). The reinforcement mechanism of the carbon fiber skeleton in enhancing
actuator performance was systematically investigated through experiments. The applications of
biomimetic artificial muscles, mechanical grippers, and biomimetic palms have been realized. This
innovative actuator holds significant potential for applications in fields such as soft robotic grippers
and artificial muscles requiring high load-bearing capabilities.

2. Materials and methods
2.1. Materials

In this study, graphene with a selected diameter of approximately 15 pm was purchased from
Shenzhen Guosen Pilot Technology Co., Ltd. (China). Carbon fiber (filament bundles, density: 1.8 g/cm?;
single fiber diameter: 6.9 um) was purchased from Toray Co., Ltd. (Japan). The PDMS used in this
research was Sylgard 184 silicone elastomer, supplied by Dow Corning (USA). Additionally,
N-hexane was obtained from Shanghai Titan Technology Co., Ltd. (China), while acetone was
acquired from Modern East Technology Development Co., Ltd. (China) for experimental purposes.

2.2. Preparation of graphene/PDMS composite and thin-film actuators

Initially, the PDMS substrate layer is prepared by mixing the PDMS base solution and curing
agent in a beaker at a 10:1 ratio. The mixture is applied onto a glass substrate, placed in a vacuum
drying oven, and cured at 100 °C for 2 h. Due to the excessive thickness and roughness of commercial
carbon fibers, dispersion is required. To achieve this, carbon fiber bundles of a specific length are
immersed in acetone and ultrasonically cleaned to remove surface insulation materials and facilitate
fiber dispersion. The dispersed carbon fibers are then bundled into groups of 60 single fibers and
arranged at fixed intervals (3 mm) on the PDMS substrate to form a carbon fiber skeleton. The
optical image of the carbon fiber skeleton laid on the PDMS layer is shown in Figure S1 of the
Supporting Information.

Subsequently, the graphene/PDMS composite material is prepared, as illustrated in Figure 1. The
preparation begins by mixing PDMS base liquid and curing agent in a beaker at a 10:1 ratio. Graphene
is then incorporated into the mixture at a predetermined mass ratio, followed by the addition of
n-hexane. The resulting mixture is preliminarily stirred using a magnetic stirrer. Considering the
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boiling point of n-hexane (69 °C), the mixture undergoes ultrasonic mixing at the same temperature to
ensure uniformity. Once most of the n-hexane has evaporated, the mixture is applied onto a clean glass
substrate and solidified in a vacuum-drying oven to produce a uniform graphene/PDMS composite.

Graphene/PDMS composite

Graphene nRgxine Carbon fiber skeleton
PDMS \
ZaVf \% PDMS Y
Graphene/PDMS Coating and Cutting and
composite preparation dry in vacuum actuator preparation

Figure 1. Preparation process of graphene/PDMS composite material and carbon fiber
reinforced soft actuator.

For the fabrication of thin-film actuators, the uncured graphene/PDMS composite material is
applied over the PDMS substrate and carbon fiber skeleton to create a composite structure comprising
the graphene/PDMS layer, carbon fiber skeleton, and PDMS substrate. This structure is placed in a
vacuum drying oven and heated at 80 °C for 6 h to complete the curing process. After curing, the
structure is cut into thin-film actuators with dimensions of 6 x 30 mm?. Both the composite material
layer and PDMS layer have a thickness of approximately 100 um.

2.3. Characterization and measurement details

The apparent structure and morphology of the composites and actuator were analyzed using a
Zeiss high-resolution field emission scanning electron microscope (SEM) and an OLYMPUS BX46
microscope. Raman spectra were acquired using a HORIBA Raman microscope with an excitation
wavelength of 532 nm. The manipulated actuator was actuated by a point laser with a wavelength
of 808 nm, provided by Radiant Optoelectronics Technology Co., Ltd., Changchun, China. The laser’s
power density was calibrated with a TP100 optical power meter at a distance of 12 cm. The surface
temperature distribution and maximum temperature of the composites were measured and recorded
using JENOPTIK IR-TCM HD Infrared Cameras. The actuator’s output force was measured using the
BSA124S-CW precision electronic balance from Sartorius Scientific Instruments Co., Ltd., while the
actuator’s bending degree was recorded with the high-definition camera of a mobile phone.

A dedicated system was developed to characterize the output force of the actuators, as shown in
Figure 2. The magnitude of the force was measured using a precision balance. The actuator was
positioned parallel to the balance, with one end fixed and the other end resting on the balance surface
due to gravity. When irradiated by a near-infrared laser, the actuator bent towards the balance, exerting
pressure and causing a measurable change in the balance reading. The force output during deformation
was characterized by recording the balance readings before and after irradiation. The distance between
the laser outlet and the actuator surface was maintained at 12 cm, while the fixed platform was
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positioned 3 mm above the balance. For comparison, actuators without a carbon fiber skeleton were
fabricated using the same method.
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Figure 2. Bending angle and output force detection system. (a) Schematic diagram of the
bending performance testing device for soft actuators. (b) Optical image of the bending
performance testing device for soft actuators (scale bar: 20 cm). (c) Schematic diagram of
the testing device for the output force of soft actuators. (d) Optical image of the testing
device for the output force of soft actuators (scale bar: 20 cm).

3. Results and discussion
3.1. Preparation and characterization of graphene/PDMS composite

Figure 1 illustrates a schematic diagram of the preparation process for graphene/PDMS composite
materials. The process begins by mixing the PDMS base solution and curing agent in a beaker at a
ratio of 10:1. Graphene and an appropriate amount of n-hexane are then added to the uncured PDMS
according to a predetermined mass fraction. The mixture is preliminarily stirred using a magnetic
stirrer and further subjected to ultrasonic treatment at 69 °C to ensure the uniform dispersion of
graphene in PDMS and to evaporate the n-hexane. The resulting homogeneous mixture is coated onto
a substrate and placed in a vacuum drying oven, where it is cured by heating at 80 °C for 6 h. In the
preparation of composite materials, graphene tends to cluster and is difficult to disperse, especially in
high-viscosity PDMS [43]. Various methods have been developed to enhance graphene dispersion in
PDMS, with ultrasonic treatment [44] and the addition of organic solvents [45] being among the most
commonly used techniques. In this study, a combination of n-hexane addition and ultrasonic treatment
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was utilized to improve dispersion efficiency. Compared with other organic solvents, such as
methoxypropanol, isopropanol, ethanol, and ethyl acetate, n-hexane offers unique advantages due to
its ultra-high volatility and low boiling point (69 °C). N-hexane plays a crucial role in several stages
of the preparation process. It functions as a diluent, reducing the viscosity of PDMS and delaying its
curing time, which enhances the effectiveness of stirring and ultrasonic treatment. During ultrasonic
treatment, the constant boiling of n-hexane promotes continuous flow within the mixture, aiding in the
dispersion and uniform mixing of graphene and PDMS. Additionally, a small amount of residual
n-hexane remains in the composite material during the coating process, making it easier to achieve a
smooth application onto the substrate. During the curing stage, the remaining n-hexane volatilizes and
helps dissipate heat, which facilitates curing, reduces the likelihood of pores and cracks, and results in
high-quality composite materials with smoother surfaces. These properties make n-hexane an
indispensable component in the preparation of graphene/PDMS composite materials, ensuring
effective processing and superior material performance.

The characterization of the graphene/PDMS composite material layer is presented in Figure 3.
Figure 3a shows the optical image of the composite material. The Raman spectrum in Figure 3b
confirms that graphene and PDMS are physically mixed uniformly within the composite material, with
no evidence of chemical reactions altering their inherent chemical properties. The absorption spectrum
of the composite material, shown in Figure 3¢, demonstrates an ultra-high light absorption rate of
approximately 99%, rendering the material nearly opaque and indicating its strong photothermal
conversion capabilities. SEM images in Figure 3d—f provide detailed insights into the shape, size, and
distribution of graphene within the composite. Figure 3d shows that graphene nanosheets used in the
composite materials are approximately 20 pm in length, exhibiting thin, irregular shapes with uneven
edges. Within the composite, PDMS appears gel-like, with smooth, radial edges that act as connectors
between various parts. As shown in Figure 3e, when the graphene mass fraction is 5%, PDMS is
observed to wrap around the graphene layers, with graphene sheets sparsely embedded. This
arrangement contributes to the uniform distribution of graphene, a key factor in ensuring material
stability. However, this configuration increases the material’s density while limiting the formation of
interconnected graphene networks. In contrast, at a 20% graphene mass fraction, minimal PDMS
adheres to the graphene layers, facilitating the formation of effective graphene networks. Nonetheless,
achieving stable and dense composite films becomes challenging at higher graphene concentrations.
The SEM image in Figure 3f displays cross-sections of the composite material and PDMS layers,
revealing thicknesses of approximately 84 and 104 um, respectively. These thicknesses can be adjusted
by modifying the coating parameters, and subsequent experiments will use samples with a uniform
thickness of approximately 100 pum to maintain consistency. To further investigate the
photoresponsiveness and photothermal conversion performance of the composite material, infrared
laser irradiation experiments were conducted, with results presented in Figure 3g—i. For these tests,
composite samples were cut into 10 x 10 mm square blocks and irradiated at their centers using an
infrared laser positioned 12 cm from the sample surface, corresponding to the operating distance in
actuation processes. The laser power density at this distance was calibrated using a power meter.
Figure 3g illustrates the temperature evolution of composite materials with varying graphene
concentrations under laser irradiation at a power density of 2.77 W/cm?. The results indicate that the
surface temperature increases with longer exposure times and higher graphene concentrations. Greater
graphene concentrations lead to higher initial heating rates, temperature gradients, and maximum
temperatures, reflecting improved photothermal conversion efficiency due to greater graphene

AIMS Materials Science Volume 12, Issue 2, 301-317.



307

involvement. Figure 3h highlights the temperature changes of the composite material with a 5%
graphene mass fraction under different power densities of infrared light. Over time, the surface
temperature stabilizes as graphene’s excellent thermal conductivity ensures uniform heat distribution.
At a high power density of 4.15 W/cm?, the surface temperature of the composite material
approaches 130 °C, demonstrating its rapid light responsiveness and efficient photothermal conversion.
Figure 3i tracks the temperature evolution of the composite material over eight cycles of infrared laser
irradiation at 2.77 W/cm? followed by air cooling. Consistent temperature-time curves across all cycles
emphasize the material’s excellent repeatability in photothermal conversion.
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Figure 3. Characterization of the graphene/PDMS composite. (a) Optical image of
graphene/PDMS composite. (b) Raman spectra of the graphene, PDMS film, and
graphene/PDMS composite. (¢) Absorption spectra of PDMS, graphene/PDMS composite
with 10 wt% graphene. (d) SEM image of graphene (scale bar: 5 um). (e) SEM image of
graphene/PDMS composite at 5% graphene mass fraction (scale bar: 10 um). (f) Cross-
sectional SEM image of a bilayer film consisting of a graphene/PDMS composite layer
and a pure PDMS layer (scale bar: 50 um). (g) Temperature and time dependence of
graphene/PDMS composite materials with different graphene mass ratios irradiated by
a 2.77 W/cm? infrared laser. (h) Temperature and time dependence of graphene/PDMS
composite materials with 5 wt% graphene irradiated by infrared laser with different power
densities. (i) Photothermal performances of graphene/PDMS composite materials
irradiated by a 2.77 W/cm? infrared laser for 8 cycles.
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Based on the graphene/PDMS composite material’s exceptional photoresponsiveness and
photothermal conversion performance, a double-layer optically driven thermal expansion actuator can
be constructed by combining the composite material layer with a PDMS layer. However, the inherent
softness of PDMS restricts the actuator’s ability to support large loads or achieve significant
deformation angles. To address these limitations, this study incorporates carbon fiber to enhance
actuation performance. Although graphene with a high mass fraction can bring higher temperatures, it
greatly weakens the mechanical properties of composite materials, making it difficult to wrap carbon
fibers well and achieve the goal of simultaneously increasing the bending angle and output force.
Therefore, in the following, a soft actuator is fabricated using a composite material with a 5 wt%
graphene mass fraction to evaluate the reinforcing effect and underlying mechanism of carbon fiber.

3.2. The influence of a carbon fiber skeleton on composite soft actuators

To enhance the actuation performance of soft actuators, carbon fiber is employed as a reinforcing
filler in this study. Inspired by the structural relationship between biological skeletons and muscles,
graphene/PDMS composite materials and PDMS layers are considered as the “muscles”, while parallel
carbon fiber arrays act as the “biological skeleton”. The schematic diagram of the actuator preparation
process is shown in Figure 1. The carbon fiber skeleton is positioned between the graphene/PDMS
composite material and the PDMS layer. The preparation process begins with the fabrication of a
PDMS substrate layer. Carbon fibers are immersed in acetone and subjected to ultrasonic dispersion
treatment for 30 min. Bundles of 60 carbon fibers are then arranged at fixed intervals of 3 mm on the
PDMS substrate to form the carbon fiber skeleton. Uncured graphene/PDMS composite material is
subsequently layered onto the PDMS substrate and carbon fiber skeleton. The PDMS and composite
material layers encapsulate the carbon fibers, forming a composite structure of composite
material/carbon fiber/PDMS. The structure is placed in a vacuum drying oven and cured at 80 °C
for 6 h. The lower curing temperature and extended curing time ensure complete evaporation of
n-hexane. Finally, the composite structure is cut into thin-film actuators measuring 6 x 30 mm?, with
the composite material and PDMS layers both having a thickness of approximately 100 pm.

In this study, carbon fibers are incorporated into the actuator in various forms—powder, short
bundle, interlayer, and bundle—to evaluate the effects of different configurations, as illustrated in
Figure 4. When carbon fibers are used in powder form, the preparation process is similar to that of
graphene/PDMS composite materials. Carbon fiber powder/PDMS composites are prepared by
diluting with n-hexane and dispersing with ultrasonic treatment. The carbon fiber powder used, with
a 50-mesh specification, is supplied by Toray, Japan. The resulting actuator consists of two layers: a
carbon fiber powder/PDMS composite material layer and a pure PDMS layer, as shown in Figure 4a.
This method produces relatively uniform composite materials and actuators. When carbon fibers are
introduced in short bundles, the preparation process also follows that of graphene/PDMS composites.
Short bundle carbon fibers, with an average length of approximately 2 mm, are obtained by cutting.
However, this method results in uneven dispersion of the carbon fibers within the PDMS, preventing
the formation of a uniform composite material, as shown in Figure 4b. Therefore, short bundles are
not suitable for fabricating composite materials and actuators. In the interlayer configuration, a carbon
fiber sheet is placed between the graphene/PDMS composite material layer and the PDMS layer,
forming a three-layer actuator structure, as shown in Figure 4c. However, poor bonding between the
upper and lower composite layers, the PDMS layer, and the carbon fiber layer causes detachment
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issues, making this method unsuitable for preparing actuators. When carbon fibers are used in the form
of bundles, they are laid on the PDMS substrate at fixed intervals and specific quantities, as shown in
Figure 4d. Initially, carbon fibers are dispersed by soaking in acetone and undergoing ultrasonic
treatment. Bundles of uniform size are formed by weighing approximately 60 carbon fibers using a
precision electronic balance. These bundles are then arranged parallel to the PDMS layer surface, with
a spacing of 3 mm, and covered with the graphene/PDMS composite material. Due to the strong
bonding between the composite material and the PDMS layer, this method produces a uniform and
dense bilayer actuator. Among the configurations tested, the carbon fiber morphologies in Figure 4a,d
form uniform double-layer composite structures. Therefore, it is necessary to compare the actuation
performance of these configurations to determine the most suitable preparation method.

@ B | Carbon Fiber [ PDMS [PDMS/Graphene
(a) (b)

(d)

Figure 4. Schematic diagrams of actuators prepared based on different carbon fiber
morphologies. (a) Carbon fiber powder. (b) Carbon fiber short bundle. (c) Carbon fiber
layer. (d) Carbon fiber bundles.

Here, we compare the effects of different carbon fiber morphologies on the actuation performance
of soft actuators. The actuation performance tests primarily evaluate the response speed, motion
amplitude, periodic stability, and output force of the actuators. The actuators tested measure 30 mm in
length and 6 mm in width. Leveraging the excellent photoresponsiveness and photothermal conversion
properties of graphene/PDMS composite materials, the actuators are driven by infrared laser irradiation
with a wavelength of 808 nm. The laser outlet is positioned approximately 12 cm from the actuator
surface, producing a laser spot with a diameter of about 8.5 mm. Each actuator is fixed on a bracket,
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and the position of the laser outlet is adjusted to ensure the laser targets the middle of the actuator
during each test.

Due to the photothermal conversion capability of the composite materials, the soft actuators
undergo thermal expansion upon laser irradiation. Since the thermal expansion of the PDMS layer is
greater than that of the composite material layer, the actuator bends toward the composite material
layer, as illustrated in Figure 2a. To assess the bending amplitude and bending speed, a testing device,
shown in Figure 2b, is employed. In addition to motion amplitude, another critical indicator of
actuation performance is the load capacity. While many related studies measure mechanical properties
such as elastic modulus and tensile strength to evaluate material reinforcement, we employ an
electronic balance to determine the output force of the soft actuator. This approach provides a direct
characterization of the load capacity and material enhancement. The schematic diagram of the
measuring device is shown in Figure 2c¢, and its optical image is displayed in Figure 2d. One end of
the soft actuator is fixed to the bracket, while the other end is suspended above the electronic balance,
with a height difference of 3 mm between the bracket and the balance. Upon infrared laser stimulation,
the actuator bends and exerts pressure on the tray of the electronic balance. The magnitude of the
output force is calculated from the readings of the electronic balance.

The actuation performance of the actuators measured using these two devices is shown in
Figure 5. Figure 5a compares the bending angles of actuators without carbon fiber and those containing
carbon fiber powder and carbon fiber bundles under different power densities. In the figure, “60”
and “120” represent carbon fiber bundles composed of 60 and 120 carbon fibers, respectively. As
shown in Figure S5a, the carbon fiber skeleton significantly enhances the bending amplitude. The
carbon fiber skeleton (60) increases the bending angle from 20° to approximately 90°, while the carbon
fiber skeleton (120) increases it to about 55°. The reinforcement effect of the carbon fiber skeleton (60)
is stronger than that of the carbon fiber skeleton (120). Figure 5b illustrates the bending and recovery
speeds of actuators without carbon fiber and those with carbon fiber powder and carbon fiber bundles
under the same power density (4.15 W/cm?). The results indicate that the carbon fiber skeleton
substantially improves both bending and recovery speeds, with the carbon fiber skeleton (60)
exhibiting faster speeds than the carbon fiber skeleton (120). Figure 5c presents the output force of
different actuators at various laser power densities. At low power densities, actuators reinforced with
carbon fiber skeletons exhibit nearly negligible output force, similar to those without carbon fiber.
However, at high power densities, the output force of actuators with carbon fiber skeletons surpasses
those without. Additionally, the output force of the carbon fiber skeleton (120) exceeds that of the
carbon fiber skeleton (60). At 4.15 W/cm?, the output force of the carbon fiber skeleton (120)
reaches 0.89 mN, while that of the carbon fiber skeleton (60) reaches 0.79 mN, representing increases
of 2.34 and 2.08 times, respectively, compared to actuators without carbon fiber. Figure 5d shows the
angle variation of the actuator with the carbon fiber skeleton (60) over 100 driving cycles,
demonstrating its excellent stability. To investigate the reinforcement mechanism of the carbon fiber
skeleton, we compared the actuation performance of actuators with the carbon fiber skeleton (60)
placed in different layers—either on the PDMS layer or the composite material layer. The results,
shown in Figure Se,f, indicate that when the carbon fiber skeleton is located in the composite material
layer, the actuator achieves a larger bending angle and faster bending speed than when it is in the
PDMS layer. These findings demonstrate that the actuator performs better when carbon fiber bundles
are used as the skeleton.
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Figure 5. The actuation performance of the actuator. (a) Bending angles at different laser
power densities. (b) The relationship between bending angle and time. (¢) Output force at
different laser power densities. (d) 100 cycles of bending performance. (¢) Schematic
diagram of carbon fiber in different layers and optical image of actuator bending. (f) The
bending angle of the actuator under different laser powers when the carbon fiber is in
different layers.

Based on these observations, the reinforcement mechanism of carbon fiber-reinforced soft
actuators is analyzed. The impact of carbon fiber on actuation performance is primarily reflected in
two aspects. First, carbon fiber limits the deformation of the layer in which it is embedded. Due to its
very low thermal expansion coefficient, carbon fiber tightly bonds with the surrounding layer,
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constraining its thermal expansion. This limitation creates a significant difference in thermal expansion
between the two layers, resulting in a larger bending angle. Consequently, the actuator bends toward
the side containing the carbon fiber skeleton. Second, the carbon fiber skeleton increases the stiffness
of the actuator, providing greater resistance to deformation. This increased stiffness explains why
actuators with carbon fiber skeletons produce smaller output forces at low power densities than those
without carbon fiber. However, greater stiffness also enhances the actuator’s load capacity, enabling
it to resist deformation more effectively. This relationship accounts for the higher output force of the
carbon fiber skeleton (120) compared to the carbon fiber skeleton (60), despite the smaller bending
angle. We develop an orthogonal anisotropy model to calculate the elastic modulus and thermal
expansion coefficient of composite materials with varying carbon fiber contents, as presented in
Table S1 of the Supporting Information. It can be observed that the carbon fiber content significantly
affects the elastic modulus and thermal expansion coefficient along the direction of the carbon fiber
skeleton, with limited impacts in other directions. The deformation of actuators with different carbon
fiber contents is calculated using finite element models, and the results are shown in Figure S2. These
results are found to be in good agreement with the experimental data, further confirming the
mechanism of carbon fiber-reinforced actuators.

Based on the excellent bending and output capabilities, actuators can be applied to a wide range
of biomimetic intelligent robot applications. In this study, we demonstrate the use of the actuator in
biomimetic artificial muscles, as illustrated in Figure 6. Figure 6 presents optical images of the actuator
mimicking the movement of the biceps and lifting a heavy object. The actuator in Figure 6a includes
carbon fiber skeletons, whereas the actuator in Figure 6b does not, serving as a comparison. The weight
of the object in the images is 0.082 g, while the actuator weighs approximately 0.048 g. It can be
observed that the actuator containing carbon fiber skeletons is capable of lifting objects up to 1.7 times
its own weight, while the actuator without carbon fiber skeletons struggles to cause any displacement.
This clearly highlights the potential for future applications of our actuators.
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Figure 6. Application of biomimetic artificial muscles. (a) Optical images of artificial
muscle with carbon fiber skeleton bicep curl flexion over time. (b) Optical images of
artificial muscle without carbon fiber skeleton bicep curl flexion over time.
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4. Conclusions

In summary, a graphene/PDMS composite material with high photothermal conversion efficiency
and rapid photoresponse has been successfully prepared. Building on this, a composite material/carbon
fiber skeleton/PDMS soft actuator was developed. The effects of different forms of carbon fiber—
powder, short bundle, interlayer, and bundle—on actuator performance were compared, and carbon
fiber bundles were identified as the most suitable reinforcement form. Accordingly, a new strategy for
enhancing soft actuators using a carbon fiber skeleton is proposed. The carbon fiber skeleton actuator
demonstrates a large reversible bending capability and improved output force. The carbon fiber
skeleton serves two critical roles. First, it reduces the thermal expansion coefficient along the direction
of the carbon fiber skeleton, significantly increasing the bending angle. Second, it enhances the
actuator’s stiffness, providing structural support akin to a biological skeleton. This increased stiffness
boosts the actuator’s resistance to deformation, thereby improving its output force and facilitating the
recovery of bending deformation. Under laser irradiation at a power density of 4.15 W/cm?, the carbon
fiber-reinforced actuator achieves a maximum bending angle of 90° (3.5 times greater than that of an
actuator without added carbon fiber) and an output force of 0.89 mN (1.34 times higher than that of an
actuator without added carbon fiber). This advanced actuator holds significant promise for applications
in fields such as soft machine grippers and artificial muscles, particularly in scenarios requiring high
load capacity.
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