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ABSTRACT: Multistimuli responsiveness and programmable
shape recovery are crucial for soft actuators in soft robotics,
electronics, and wearables. However, existing strategies for
actuation cannot attain power-free shape retention after
removing the external energy supply. Here, a self-assembled
density deposition method was developed to fabricate an
electrothermal-NIR-magnetic triple-response actuator which
was composed of cellulose nanofiber/poly(vinyl alcohol)/liquid
metal (CNF/PVA/LM) and magnetic polydimethylsiloxane
(MPDMS) layer. Interestingly, the large deformation can be
controllably fixed and the temporary configuration will be
programmable recovered under a magnetic field due to the
thermal-plastic transferring behavior of the CNF/PVA/LM.
Rolling robot prepared based on soft actuators exhibits good ability to avoid obstacles. In addition, the object handling and
programmable release capabilities of the carrier robots demonstrate that this actuation approach will contribute to a better
understanding of how to more rationally utilize various stimuli for application purposes.
KEYWORDS: actuator, electrothermal, magnetic, photothermal, programmable

INTRODUCTION
Soft actuators have attracted much attention due to their
effective applications in biomedicine, long-distance trans-
portation, underwater detection, camouflage, and perception
technology.1−3 Different from traditional rigid actuators, the
softness and high deformability of soft actuators enable them
to morph the body, easily reconfiguring and deforming around
object contours.4,5 Thus far, substantial efforts have been
devoted to developing the driving methods of actuators,
including temperature,6 light,7 pH,8 humidity,9 and electric10

and magnetic fields.11 Among various types of stimulation,
magnetically controlled soft actuators possess great potential
for biomedical applications due to their fast response and
contactless control performance.12−14 However, traditional
magnetically responsive soft robots require the use of three-
dimensional magnetic fields to control their motion, which
greatly limits their practical applications. Due to the
recoverable characteristics of the magnetic elastomers,
magnetically responsive actuators pertain to their unceasing
reliance on a constant supply of stimulus sources to operate.
Once the stimulus source is removed, the deformations

promptly return to the original state. Thus, such soft actuators
are unable to maintain any intermediate state configuration
without a constant supply of stimuli. However, in practical
applications, such as controllable fixtures, handling robots, etc.,
soft actuators that can achieve shape control with zero energy
and control motion with a simple magnetic field can better
cope with complex application environments.

To address these limitations, it is highly desirable to design
soft robots that can lock onto a desired target shape without
relying on a continuous external energy supply. To date, soft
actuators based on magnetic shape memory polymers (M-
SMPs) have recently come to fore due to their shape can be
maintained without the need of a continuous external energy
supply.15,16 For example, Ze et al.17 mixed two kinds of
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magnetic particles into SMP to prepare an amorphous SMP
matrix. Through the inductive heating of Fe3O4 particles and
the actuation of NdFeB particles, the material could be
effectively unlocked and locked; thus, the as-prepared soft
robot grippers and deployable/reconfigurable antennas ex-
hibited high application prospects in the field of autonomous
soft robots. However, for many shape memory actuators, the
prestored strain is irreversibly released under the action of an
external stimulus, leading to difficulty in achieving program-
mable shape recovery.18,19 Therefore, it is particularly
important to develop soft actuators with a driving method
that can restore the initial state after fixed deformation and
drive with low energy consumption.

In recent years, thermally responsive actuators have attracted
increasing interest due to their capability of exhibiting large-
volume shape changes and enabling various actuation
mechanisms. Such actuators can respond to various heat-
generating methods such as joule heating,20,21 photothermal
heating,22,23 and magnetocaloric effects.24 However, conven-
tional thermally responsive soft actuators are actuated by the
difference in the thermal expansion coefficients of the
actuation materials. This driving mechanism is affected by
material instability factors and faces many problems such as
single shape deformation and large energy consumption.
Therefore, it is necessary to further develop fresh materials
and original ways to achieve a high driving performance of the
actuator. Liquid metal (LM, e.g., EGaIn containing 75%
gallium and 25% indium) has great potential in soft robots due
to the fluidity, metal conductivity, negligible vapor pressure,
and low toxicity.25 Researchers have recently applied LM to
thermally responsive actuators, and the prepared thermally
responsive actuators exhibit good thermal actuation perform-
ance.26−28 Wang et al. reported that the LM-based needle-like
liquid metal gallium nanoswimmer (LMGNS) could autono-
mously move forward along the tip direction under the
irradiation of a continuous near-infrared laser, and its speed
reached to 31.22 μm s−1 with a laser intensity of 5 W cm−2.29

However, LM-based liquid actuators with low energy

consumption also required an external continuous energy
supply to maintain deformation. Therefore, it is of great
significance to give LM-based flexible actuators with multi-
response response and recovery ability after plastic deforma-
tion.

Here, we report a triple-stimulus-responsive soft actuator
with plastically retentive deformation and magnetically
programmable recovery. The coupling synergistic effect of
thermal shrinkage of CNF/PVA/LM and thermal expansion of
MPDMS enables the actuator bends and undergoes plastic
deformation under electrothermal and photothermal stimuli
and exhibits programmable shape recovery in response to a
magnetic field in a thermal environment. The actuator is
fabricated by combining a CNF/PVA/LM film with good
electrical conductivity and photoresponse properties with a
magnetically responsive MPDMS film. Based on the good
electrical conductivity of LM, the as-prepared U-shaped
actuator can achieve a bending performance of 114° under a
low voltage of 1.2 V. Furthermore, the developed actuator
exhibits positive noncontact and long-distance actuation
performance under NIR light (0.64 W cm−2). With the good
multifield coupling energy conversion ability of soft actuators,
the successful application of carrier robots and handling robots
demonstrates the great potential of actuators in soft robots and
smart devices.

RESULTS AND DISCUSSION
Preparation and Characterization of CNF/PVA/LM/

MPDMS (CPLMMP) Film. The self-assembly fabrication steps
of the CNF/PVA/LM films are shown in Figures 1a and S1.
First, the CNF powder is dissolved in deionized (DI) water
and stirred to obtain a CNF aqueous solution. Subsequently, a
typical LM is dropped into the solution and ultrasonically
treated to form a suspension. Then the poly(vinyl alcohol)
(PVA) aqueous solution is mixed with the suspension and
ultrasonically homogenized. It is worth noting that CNF/
PVA/LM suspension maintains its stability even after more
than 2 weeks (Figure S3a,b). The CNF serves as a dispersant

Figure 1. Preparation and driving mechanism of CNF/PVA/LM/MPDMS(CPLMMP) film. (a) Schematic diagram for preparation of
CPLMMP film. (b) Schematic diagram of CPLMMP actuator deformation under external electric or NIR light stimulation and shape
recovery under magnetic stimulation in thermal environment.
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to stabilize the LM droplets, while the PVA is used as a
polymer dispersant and matrix toward a large-area CNF/PVA/
LM film with a flat surface. Then the suspension is poured into
a poly(methyl methacrylate) (PMMA) mold. After water
evaporation, the CNF/PVA/LM film with two different
surfaces is formed and peeled off from the substrate. As
displayed in Figures 2a and S3c, the CNF/PVA and LM-rich
surfaces of the prepared films display different colors due to
the difference in composition. The CNF/PVA surface is
mainly composed of nanocellulose and the PVA, displaying
gray black. The LM-rich surface is mainly composed of LM
droplets, exhibiting a silver white. Figure 2b exhibits the cross-
sectional SEM image of the CNF/PVA/LM film. LM droplets
are mainly distributed at the bottom due to their own gravity
and they stacked one by one. In addition, the mapping
indicates that elements C and O (as the main components of
CNF and PVA) are mainly distributed in the CNF/PVA layer,
while elements Ga and In are mainly distributed in the LM-
rich layer (Figure S4a).

Figures 1a and S2 present the scheme for the preparation of
CNF/PVA/LM/MPDMS(CPLMMP) film. First, the NdFeB/

PDMS (MPDMS) solution is spun onto the silicon wafer and
peeled off after curing. Then plasma treatment and mechanical
pressure are applied to form strong bonding between the
MPDMS film and the CNF/PVA/LM film. Finally, the triple-
responsive soft CPLMMP film is obtained. The schematic
diagram and microscopic cross-section of the CPLMMP
composite film (Figures 1b and 2c) demonstrate the CNFs
are distributed on the top and the LMs are evenly distributed
on the bottom of CNF/PVA/LM film. At the same time, in the
magnetized MPDMS film, the magnetic poles of the NdFeB
particles point in the same direction. Moreover, Fe is uniformly
distributed in the PDMS, while C, Ga, and In are mainly
distributed in the upper layer (Figures 2d and S4b) which is
consistent with the analysis results of Figure 1c. In the photo of
the CPLMMP composite film (Figure 2e), the CNF/PVA/LM
side appears gray, and the other side presents black due to the
presence of NdFeB particles.

Additionally, the CNF/PVA/LM film can be easily recycled
through cutting into pieces and dissolving in DI water,
followed by the previous fabricating steps. The CNF/PVA/LM
films after recycling 3 times display little difference in

Figure 2. Characterization of the CPLMMP film. (a) Photograph of the CNF/PVA/LM film (middle) and SEM images of its LM-rich and
CNF/PVA surface. (b) SEM image of the cross section of CNF/PVA/LM film. (c) SEM image and (d) the corresponding elemental image of
the cross section of CPLMMP film. Red is C element, green is In element, and yellow is Fe element. (e) Front and back photos of CPLMMP
film in flower shape. (f) The strain−stress curves of CNF/PVA/LM film and CPLMMP film. (g) Curves of the storage modulus of CNF/
PVA/LM film and CPLMMP film as a function of temperature.
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photographs (Figure S5a). The tensile curve of the CPLMMP
composite film displays two fracture points during the tensile
process (Figure 2f). The first point results from the fracture of
the CNF/PVA/LM film, and the second point is attributed to
the fracture of the MPDMS film. This result is consistent with
the experimental phenomenon in the tensile process. The
CPLMMP composite film exhibits distinct ferromagnetic
properties (Figure S5b) with large remanence and coercive
force, which arise from the ferromagnetic NdFeB particles
embedded in the PDMS. The magnetization of the sample
reaches saturation at ∼1.2 T and the maximum magnetization
of the 30 wt % CPLMMP film is 17.88 emu g−1. The
CPLMMP actuator can achieve significant bending under a 19
mT magnetic field (Figure S7b), demonstrating a good
magnetic driving performance. Figure S5c presents the
normalized UV−vis-NIR absorbance of the CNF/PVA surface
and LM-rich surface of CNF/PVA/LM film, respectively. The
absorption of the LM-rich surface is much greater than that of
the CNF/PVA surface. Since the CNF/PVA/LM films possess
good absorption of 808 nm infrared light, the temperature of
the CPLMMP composite film will increase when NIR light is

irradiated, demonstrating a good photothermal effect. Due to
the presence of LM in the composite film, the composite film
has good conductive properties. As shown in the Figure S6,
with an increase of the LM content, the resistance and surface
resistivity (Table S1) of the CNF/PVA/LM film decreases and
its surface conductivity (Table S2) increases. The resistances
of the CNF/PVA/LM films with LM mass fractions of 10,
12.5, and 15 wt % do not change much, but the weights of the
films increase, so it is a better choice to choose a LM mass
fraction of 10 wt %. In addition, the effect of different
ultrasonic time on the conductivity of the CNF/PVA/LM film
was also studied. When the ultrasonic time is too long, the
ultrasonic droplets of LM become smaller and do not
completely settle at the bottom of the film, resulting in a
decrease in the conductivity of the film. The short ultrasonic
time makes the LM droplets vary in size, but this has little
effect on the conductivity of the film. In summary, 60 min is an
appropriate ultrasound time. And the resistance of the
prepared U-shaped actuator is only 0.2 Ω (Figure S7c).
Based on the good conductive properties of the composite

Figure 3. Electrothermal drive performance of the CPLMMP actuator. (a) Schematic diagram of the electrothermal actuator mechanism. (b)
Resistance changes of the CPLMMP actuator at different voltages. (c) Resistance changes and (d) time-dependent temperature profiles
under different driving voltages for 300 s. (e) Cyclic electrothermal stability of the actuator at 0.8 V voltage. (f) Temperature stability of the
CPLMMP actuator at a constant voltage of 1.0 V. (g) Experimental results of the temperature as a function of U2. (h) The rate of heating and
cooling when the actuator is subjected to different voltages. (i) Bending angle as a function of different driving voltages. Insert is optical view
of bending curvatures of actuator at different voltages. (j) Maximal bending angle (black solid curve) and maximal temperature (red solid
curve) of the CPLMMP actuator as a function of voltage. (k) Comparison of the performance of the present work with previously reported
electro-responsive actuators in terms of maximum bending angle and driving voltage.30−40 (l) IR electrothermal deformation images of the
actuator after the voltage was increased from 0.2 to 1.2 V.
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Figure 4. Actuation performance of CPLMMP actuator in NIR light. (a) Schematic diagram and (b) photographs of photothermal
deformation and shape recovery under a magnetic field in a thermal environment. (c) Finite element simulation of actuator deformation
under NIR light and shape recovery under magnetic/thermal conditions. (d) Finite element simulation of the deformation process of the
actuator’s tip under NIR light irradiation. (e) Cyclic electrothermal stability of the actuator at 0.48 W cm−2 power densities. (f) Infrared
power density as a function of temperature. Insets are thermal images with infrared power density. (g) Tip displacement and execution speed
at different infrared power densities. (h) Optical images of actuators with hand and flower shapes molded under NIR light and recovered
under magnetic/thermal conditions.
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film, the actuator exhibits an awesome electrothermal effect
when the voltage is applied.

In order to further study the mechanical properties of the
composite films, the thermomechanical properties of the
composite films were tested. As shown in Figure 2g, the
modulus of CNF/PVA/LM film and CPLMMP composite
film decreases with the increase of temperature. The CNF/
PVA/LM film and CPLMMP composite film exhibit a storage
modulus of ∼4 and 1.2 GPa respectively at low temperature
(30 °C). As the temperature increases, the modulus of
CPLMMP composite film progressively decreases to 0.136
GPa at 90 °C. Before 55 °C, the deformation of the composite
film is elastic deformation. As the temperature increases above
55 °C, the CPLMMP composite film undergoes plastic
deformation. Therefore, the CPLMMP composite film exists
potential applications in electrothermal, photothermal, and
magnetic coupling drives (Figure 1b).
Electrothermal Drive Properties of the Flexible

CPLMMP Actuator. Based on the favorable electrical
conductivity of LM and the difference in thermal expansion
coefficients of the CNF/PVA/LM film and MPDMS film, the
CPLMMP actuator exhibits ideal electrothermal driving
performance. In order to prove the electrothermal driving
performance of the CPLMMP film, the CNF/PVA/LM film
was cut into a U-shape and the circuit was brushed out on the
LM-surface with a brush. Finally, the U-shaped actuator was
prepared by compounding the CNF/PVA/LM film with the
MPDMS film. The photos and dimensions of the U-shaped
actuator are exhibited in Figure S8a. When the actuator is
electrically stimulated, the LM converts the electrical energy to
heat. Due to the different coefficient of thermal expansion
between MPDMS layer (203.7 × 10−6 k−1) and CNF/PVA/
LM layer (−454.5 × 10−6 k−1), the MPDMS layer expands
while the CNF/PVA/LM layer shrinks when the actuator is
powered on. Under the action of two-layer expansion-
contraction coupling, the actuator is bent by being transferred
from a flat state to a curved state (Figure 3a). Different from
the previously reported elastic actuator, the CPLMMP actuator
can hold the bending angle after turn off the power. Because
when the power is stopped, the temperature of the actuator
decreases, the plastic deformation of the actuator allows it to
maintain its shape. However, the modulus of the actuator is
very low in the thermal environment of 80 °C, the actuator can
be restored to the original plane state when the film is cooled
again under the attraction of the magnetic field.

During the bending process, the resistance of the actuator
exhibits good stability. When the applied voltage increases
from 0.4 to 1.2 V (Figure 3b) and is energized for 300 s
(Figure 3c), the resistance of the actuator is basically
unchanged. Figure 3d displays the time−temperature correla-
tion curves of the actuators under different voltages. When a
voltage is applied to the actuator, the actuator temperature
rises rapidly until its heat production equals its heat loss, thus
reaching the saturation temperature. When the voltage is
removed, the actuator temperature quickly drops to room
temperature. Besides, cycle stability of the actuator’s electro-
thermal performance was also investigated by fixing both ends
of the actuator (Figure 3e). For each cycle, by applying and
removing applied voltages within 75 s, the temperature rises to
the saturation temperature and then drops to the initial
temperature. After 100 heating−cooling cycles, the CPLMMP
actuator still maintains its saturation temperature of around 55
°C at a 0.8 V applied voltage. Furthermore, the temperature

change over a long time at a constant voltage of 1.0 V is
recorded to evaluate the long-term heating stability of the
CPLMMP actuator (Figure 3f). It is observed (Figure 3g) that
the saturation temperature increases monotonically as the
applied voltage increases. In the first 9 s after turning on the
power, the heating rate (i.e., the rate of temperature increase)
is the highest. However, when the temperature achieves a
certain high level, the large heat loss results in a lower heating
rate, as displayed in the heating cycle of Figure 3h.

The maximum bending angle of the actuator increases with
the increase of applied voltage (Figure 3i) and the illustration
displays photographs of bending angles at different voltages.
Higher driving voltages lead to higher temperatures and greater
actuator deformation (Figure 3j), indicating that the temper-
ature is one of the main factors in actuator bending
deformation. When the drive voltage is increased to 1.2 V,
the actuator temperature reaches 82.5 °C and the bending
angle reaches 114°. The definition of the bending angle is
shown in Figure S8b. The infrared electrothermal deformation
image of the actuator in Figure 3l shows that the color of the
actuator changes from blue to red as the applied voltage
increases, corresponding to the rise in temperature and
bending angle. In comparison to the previously reported
electrothermal actuators, our actuators exhibit satisfactory
actuation performance (Figure 3k). Two key parameters
(bending angle and driving voltage) were used to compare
the driving ability of CPLMMP actuators. It is noted that the
CPLMMP actuator reported in this work has a larger bending
angle (114°) at a lower driving voltage (1.2 V) than most of
the previously reported actuators based on the electrothermal
mechanism. Therefore, this method provides an advanced idea
for the preparation of low-energy electrothermal soft actuators.
Photothermal Drive Performance of the Soft

CPLMMP Actuator. Interestingly, the actuator can also be
stimulated by applying NIR light. As shown in the Figure 4a
and b, under NIR light irradiation, the CNF/PVA/LM layer
shrinks and the MPDMS layer expands, causing the MPDMS
layer to bend toward the CNF/PVA/LM layer of the actuator.
After removing the NIR light, the plastic deformation of
CPLMMP actuator cannot be recovered, and the shape of the
actuator is fixed. However, similar to the electrothermal
actuation process, the actuator shape can be programmable
recovered by magnetic attraction in the thermal environment.
For the deformed CPLMMP actuator, if it is placed in a
thermal environment, the actuator can recover its original
shape under the action of an external magnetic field due to the
reverse deformation acted by magnetic forces on the MPDMS.
As previously described, the modulus of the composite film
changes dramatically at 55 °C. Above 55 °C, the actuator
undergoes plastic deformation by external stimulation. Below
55 °C, the composite film is in the elastic deformation stage,
and the high modulus and dead weight limit the deformation
of the actuator. By alternating the temperature between these
two states, the actuator can deform at T > 55 °C and transform
into the desired shape by turning on NIR light, and then locks
its shape at T < 55 °C (turning off NIR light). When the shape
of the actuator is locked, the actuator keeps its shape without
any energy input to hold the payload, thus exhibiting a shape-
memory behavior that can be exploited for soft gripping
applications.

In order to further study and verify the photothermal driving
mechanism of the CPLMMP actuator, the deformation
characteristics of the strip CPLMMP actuator were simulated
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by using the finite element method (FEM) (Figure 4c,d). The
geometric model designed by SolidWorks software was
imported into COMSOL. In the simulation of the noncontact
photothermal actuator, the three physical fields of optical field,
thermal field, and solid mechanics are used as the coupling
solution in the finite element, and the research type is steady
state. For the open strip actuator, when the light source
irradiates the middle part of the actuator, both ends of the
actuator begin to bend (Figure 4c), while for the strip actuator
fixed at one end, only unilateral bending occurs, and the
bending mainly appears in the light source irradiation part
(Figure 4d). The simulation results of the strip actuator under
NIR light are consistent with the experimental results as
presented in Figure S9a and Video S1.

When NIR light is irradiated in the middle of the strip
actuator, the photothermal effect of LM will heat the CNF/
PVA/LM layer and achieve driving behavior in response to
light. To further explore the photothermal properties of

CPLMMP actuator, four kinds of NIR light with different
powers were used to irradiate the composite film (Figure S9b)
and the temperature change during the whole process was
recorded by an infrared thermal imager (Figure 4f). The results
manifest that with the increase of light power the temperature
of the actuator is obviously enhanced. The photothermal
performance of the actuator depends on the light intensity of
NIR light and a larger bending displacement and larger velocity
can be produced by higher power density of NIR light (Figure
4g). Moreover, switching off the NIR light led to rapid cooling
of the actuator due to the large differences between the
temperature of actuator and the room temperature. After 100
times repeated NIR light irradiation, the actuator is found to
possess satisfactory photothermal stability, which guarantees
subsequent experiments of the actuator (Figure 4e).

As shown in Figure S10a, after being stimulated by NIR light
(0.64 W cm−2), one end of the strip actuator is bent from an
initial angle of 6° to 44°. Then a magnet is added below the

Figure 5. (a) The preparation diagram of the rolling robot. (b) Schematic diagram and optical photograph of linear motion of a rolling robot
as the direction of magnetic field changes. (c) Schematic diagram and optical photograph of a rolling robot changing direction as the
magnetic field direction changes. (d) Physical image of a rolling robot following a magnetic field to avoid obstacles. Scar bar: 2 cm.
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actuator and the strip actuator is attracted by the magnetic field
to deform at an angle of 0° under heating. Finally, the strip
actuator returns to its original angle after removing the
magnetic field. The results of 25 cycles of experiments have
proven that the actuator has good durability and long-term
stability (Figure S10b). The deformation and recovery process
of actuators in the shape of hands and flowers are displayed in
Figure 4h. When the response part of the actuator is
illuminated by NIR light, deformation occurs under the action
of photothermal effect. Subsequently, the NIR light is turned
off and the actuator shape is fixed. After heating it in an oven
(80 °C) for 3 min, and then placing it on a magnet, the
responsive part of the actuator is recovered to its original state,
demonstrating its potential application in complex environ-
ments. In addition, under the stimulation of NIR light, the
designed braille letters “I,”, “M”, “V”, and “C” deform and
bulge at fixed points and then recover under the attraction of a
magnetic field, successfully realizing a contactable and
refreshable braille array (Figure S11).

Based on the programmability of the CPLMMP actuator,
the strip actuator can be assembled as a rolling robot,
demonstrating the ability to avoid obstacles and continue
moving forward in complex environments (Figure 5). The
preparation method of the rolling robot is shown in Figure 5a.
First, a strip is cut on the film with a size of 4 × 0.5 cm2, and
then one end of the strip is irradiated with NIR light until it
bends to 90°. Finally, the other end is also irradiated with NIR
light until the strip turns into a circle. The rolling robot can

either roll as the magnet poles change, or change direction as
the magnet changes direction. Due to the ferromagnetic
properties of NdFeB (high remanence), the innovative
moment will be conserved when the external field is removed,
thus resulting in programmable magnetization profiles.41 For
example, the rolling robot will be attracted when a reverse
magnetic pole (≈ 200 mT) is placed at the bottom of the
rolling robot. When the magnetic poles rotate, the rolling robot
also rotates to align its own torque with the magnetic field
below the substrate (Figure 5b,c).

Through the repeated process of attraction and repulsion,
the rolling robot achieves a rolling motion. In nature, reptiles
have the ability to avoid obstacles, which is a challenge for
traditional soft robots, while our rolling robots have advantages
in rolling and avoiding obstacles in complex geographical
environments. Figure 5d exhibits the obstacle avoidance ability
of rolling robots. The speed of the roller can be adjusted by
rotating the magnet under the substrate. The rolling robot
passes through a road with four obstacles at a speed of ∼0.66
cm/s (Figure 5d). More importantly, the rolling robot can
return to its original shape under the attraction of magnets in a
hot environment, which has gratifying recyclability (Figure
S12). The flexible adjustment of the rolling robot’s straight and
turning during the journey demonstrates its broad application
prospects in complex environments.

In addition to the rolling robot, the carrier robot also
displays the programmable shape recovery characteristics of
the CPLMMP actuator. Based on the origami magnetization

Figure 6. (a−d) Preparation schematic diagram of four different modes (I−IV) of magnetization for carrier robots. (e−h) Optical
photographs of four kinds of carrier robots following a magnetic field for one cycle without loading.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c08888
ACS Nano 2023, 17, 24042−24054

24049

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08888/suppl_file/nn3c08888_si_009.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08888/suppl_file/nn3c08888_si_009.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08888/suppl_file/nn3c08888_si_009.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08888/suppl_file/nn3c08888_si_009.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08888?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08888?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08888?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08888?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c08888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


strategy, the composite film was fabricated into a regular
triangle carrier robot by the cutting method. In considering of
the programmable magnetization properties of NdFeB
particles, four different magnetization methods are used to
prepare a carrier robot with different combinations of
magnetization directions (Figure 6).

The first one (I) is that the three limbs of the composite film
are deformed and gathered together to form a pyramid shaped
carrier robot under NIR light (0.64 W cm−2) (Figure 6a). Due
to the unmagnetized NdFeB possessing soft magnetic
properties, the soft robots are attracted and dragged forward
(Figure 6e) when the magnet under the substrate rotates and
the magnetic field changes. As shown in Figure 6b, the second
(II) is a planar magnetized carrier robot that places the

composite film in a 1.5 T magnetic field. The M of the
magnetized film is presented in the inset schematic diagram,
and the arrow indicates the internal magnetization direction.
Then the magnetized composite film is irradiated with NIR
light, and the shape of the carrier robot is fixed after removing
the NIR light. The magnetization direction of the center of the
plane magnetized carrier robot is consistent with that of the
surrounding three limbs, so when attracted by the magnetic
field under the substrate, the converged three arms will be
slightly released. When the magnetic field below changes, the
carrier robot will undergo a rotation process of attraction and
repulsion attraction (Figure 6f). Due to the mutual repulsion
of the three limb magnetic poles, they sometimes eject the

Figure 7. (a) Schematic diagram of photothermal deformation and thermal/magnetic recovery of a carrier robot. (b) Three limbs of a carrier
robot released under magnetic attraction in a thermal environment. The illustration is the result of finite element simulation of magnetic
release process. (c) The carrier robot is wrapped in an optical picture of an object moving in a magnetic field for one cycle. (d) Process
optical image of a carrier robot wrapping an object through a frosted pipe and releasing the object at a fixed point. (e) A demonstration of a
carrier robot wrapping an object through a 30° ramp and through a transparent pipe.
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goods in the process of carrying goods, which possess poor
stability.

The third (III) is the forward magnetization carrier robot
(Figure 6c). First, the carrier robot is shaped under NIR light,
and then the pyramid shaped soft robot is placed in a (1.5 T)
magnetic field for magnetization. Thus, the carrier robot with
different magnetization directions between the center and the
three surrounding limbs can be obtained. When the magnetic
field under the substrate changes, one limb M of the carrier
robot forms an included angle with the direction of the
magnetic field under the deflection of the magnetic field, so the
robot rolls under the action of torque, and finally completes
the rolling motion cycle (Figure 6g). The carrier robot
prepared by this method exhibits transfer and fixed-point
release functions. The last (IV) is the reverse magnetization
robot, in which the composite film was first folded into a
pyramid shape and fixed with tape, then put into a (1.5 T)
magnetic field for magnetization, and finally the magnetic field
and the tape were removed and then shaped with NIR light
(Figure 6d). In this carrier robot, the center is opposite to the
magnetic pole of the third carrier robot. When the magnetic
field under the substrate changes, the limb M of the handling
robot forms an angle with the direction of the magnetic field
under the deflection of the magnetic field so that the robot
moves under the action of the torque and finally completes the
handling task (Figure 6h). In order to compare the shape fixing
ability of CPLMMP carrier robots (III) after plastic
deformation, carrier robots with the same magnetic field
distribution based on MPDMS film were prepared. As shown
in Figure S15 and Video S3, the planar carrier robot turns into
a triangular pyramid shape driven by the Y-axis magnetic field
and then moves forward under the guidance of the Y−Z
rotating magnetic field provided by the 3D magnetic field.
After one cycle, the magnetic field is removed and the carrier
robot returns to a planar shape. However, the carrier robot
prepared based on the CPLMMP composite film maintains its
shape without changing in the Y−Z rotating magnetic field
provided by the 3D magnetic field (Figure S16 and Video S4).
Based on the desirable shape fixing ability, the CPLMMP
delivery robot can well face complex environments even when
wrapping objects.

By adjusting the magnetic field, the carrier robot can be
remotely operated. In order to better understand the motion
mechanism of the carrier robot, the third carrier robot (III)
(Figure 6c) is chosen to study the transport performance. The
dimensional diagram of the photos before and after
deformation of the carrier robot is displayed in Figure
S13a,b. Figure 7a displays the process of retracting and
releasing the three limbs of the carrier robot. After being
heated, the moduli of the three limbs of the carrier robot
decrease. Under the attraction of the edge magnetic field of a 1
× 1 × 1 cm3 magnet, the three limbs that converge bend
outward, thereby the object was released (Video S5). The
simulation results of the release process of the carrier robot
under a magnetic field are shown in Figures 7b, S13c, and S14.
Appropriate plastic deformation and shape recovery under
magnetic-field-thermal attraction capabilities enable the
CPLMMP carrier robot to move forward in complex
environments and release objects at the target location.

As exhibited from the photographs of robot locomotion, the
carrier robot rotates for one revolution when the rotating
magnetic field operates for one cycle. Consequently, the speed
of the rolling motion of the carrier robot is closely related to

the rotational frequency of the rotating magnetic field. Driven
by magnetic force, the carrier robot wrapped around the cargo
achieved a rotational motion within 3 s, demonstrating good
transport speed (Figure 7c). Figure 7d and Video S6 illustrate
the carrier robot carrying goods, smoothly passing through a
frosted pipeline under a rotating magnetic field and achieving
the release of goods under the control of NIR and magnetic
field at the edge of the magnet. Compared with the movement
of objects wrapped by a carrier robot in the Y−Z rotating
magnetic field provided by the 3D magnetic field (Figure S17
and Video S7), it is more convenient to use small magnets to
control the movement of the carrier robot to release the object
at the target location. In addition, the carrier robot can carry
goods and smoothly pass through a 30° slope according to the
target trajectory and then pass through a flat straight surface
and pipeline until it reaches the destination, with no loss of
goods in the picture (Figure 7e and Video S8). Note that the
carrier robot can perform rolling and crawling motions in
different topographical conditions, including frosted pipelines,
paper surfaces, and slopes, without losing its precise
controllability. This simple and good photothermal plastic
thermal magnetic recovery feature greatly expands the
application field of soft actuators.

CONCLUSION
In summary, a soft actuator composed of a combination of
CNF/PVA/LM films with good electrical conductivity and
magnetic PDMS was designed and fabricated and possesses
electric-NIR-magnetic triple-response performance. The CNF/
PVA/LM layer of the actuator contracts under electrothermal
or NIR light stimulation, while the MPDMS layer expands,
resulting in bending deformation of the CPLMMP actuator.
After the stimulus is removed, the shape of the actuator is
fixed. Finally, programmable shape recovery of the actuator is
achieved by applying a magnetic field in a thermal environ-
ment. More importantly, the soft actuator can achieve large
bending (114°) at a low voltage (1.2 V) and long-distance
actuation is possible under low-intensity NIR light (0.64 W
cm−2). Through changing the direction of the simple magnetic
field, the obstacle avoidance ability of the rolling robot and the
complex continuous motion of the carrying robot are
demonstrated. This study develops an actuation strategy
integrated with multistimuli response, remote control, lower
driving voltage, and programmable complex deformation,
which will provide high potential in exploring smart materials
for complex biomimetic systems.

METHODS
Materials. The CNF powder was purchased from Qihong Co.,

Ltd., China. Poly(vinyl alcohol) powder (PVA-1799) was purchased
from Aladdin Inc. The liquid metal (75% gallium, 25% indium) with a
melting point of 16 °C was purchased from Yongcheng Co., Ltd.,
China. NdFeB powders were purchased from Guangzhou Nord
Transmission Co., Ltd., with an average particle size of 5 μm. The
polydimethylsiloxane (PDMS) precursor and curing agent (Sylgard
184) were purchased from Dow Corning. All of the above chemical
reagents were employed without further purification, and distilled
water was used.
Preparation of CNF/PVA/LM Film. CNF powder (0.1 g) was

dissolved in 10 mL of DI water and stirred with a glass rod for 20 min
at room temperature. The 1.91 g of LM was dropped into the CNF
solution and dispersed with an ultrasonic disruption system for 60
min. PVA powder (5 g) was mixed with 60 mL of DI water, and then
the solution was stirred for 1 h at 100 °C. Subsequently, 8 mL of PVA
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solution was poured into the CNF/LM suspension and ultrasounded
for 20 min to obtain a uniform mixed suspension. The prepared
suspension was cast in a PMMA mold at room temperature for 24 h
to be dried. The CNF/PVA/LM film was obtained after the complete
evaporation of water.
Fabrication of the CNF/PVA/LM/MPDMS Film and Photo-

thermal Response Actuator. First, MPDMS magnetic films were
synthesized by the spin-coating process. NdFeB powder (30 wt %),
PDMS and cross-linking agent (10:1) were added into a three-mouth
flask and stirred at a speed of 600 rpm for 30 min. Then 3 mL of
PDMS/NdFeB (MPDMS) mixture was poured on a silicon wafer for
spin-coating and cured at 90 °C. The obtained MPDMS film was
quickly coated with a layer of ultrathin PDMS solution after plasma
treatment, then affixed with CNF/PVA/LM film, and placed on the
90 °C heating plate for curing. Finally, the CNF/PVA/LM/MPDMS
film with a photothermal response was obtained. The CPLMMP film
is designed into the shapes required for the experiment (such as hand,
flower, strip, and triangle), and then cut with an art knife to obtain a
variety of shapes of photothermal response actuators.
Fabrication of the Electrothermal Response CNF/PVA/LM/

MPDMS Actuator. First, the LM-rich side of the CNF/PVA/LM
film was brushed out of the U-shape circuit through the PET mask
plate, and then, it was bonded with the MPDMS film after plasma
treatment through the PDMS solution. Finally, the composite film
was placed on a heating Table (90 °C) and pressed by the printed
plastic block. After curing for 15 min, the electrothermal response
actuator was obtained.
Characterization. The morphologies of CNF/PVA/LM film and

CNF/PVA/LM/MPDMS film were characterized by an SEM Gemini
500 (Carl Zeiss Jena, Germany) equipped with an energy-dispersive
spectroscopy (EDS) system. The mechanical properties of the CNF/
PVA/LM film and CNF/PVA/LM/MPDMS film were tested by the
Materials Test System (MTS). Electrical properties were measured
using ModuLab test system (Solartron Analytical, AMETEK
Advanced Measurement Technology, Inc.) with a sweep voltage
from −40 to 40 mV. The electrothermal performance of CNF/PVA/
LM/MPDMS actuator was explored by an auto range DC power
supply (IT8500, Itech electronic Co., Ltd.) and a thermocouple
device (DT-3891G, Shenzhen Everbest Machinery Industry Co., Ltd.,
China) with a multiple datalogger data analysis software. Infrared
electrothermal images were recorded with an infrared camera
(ImageIR 8325). The hysteresis loops of the materials were tested
by HyMDC (Hysteresis Measurement of Soft and Hard Magnetic
Materials). The thermomechanical properties were measured by a
dynamic mechanical analysis (DMA Q800). The test temperature was
raised from 25 to 95 °C by 10 °C min−1.

The electrical conductivity of the CNF/PVA/LM film is calculated
by the formula:

= =
×
L

R S
1

where σ is the surface conductivity of the CNF/PVA/LM film, ρ is
the surface resistivity of the CNF/PVA/LM film, R is the measured
resistance of the CNF/PVA/LM film, L is the effective length when
measuring the resistance of CNF/PVA/LM film, and S is the effective
area when measuring the resistance of CNF/PVA/LM film.
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