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Soft actuators and microrobots that can move
spontaneously and continuously without artificial energy supply
and intervention have great potential in industrial, environ-
mental, and military applications, but still remain a challenge.
Here, a bioinspired MXene-based bimorph actuator with an
asymmetric layered microstructure is reported, which can
harness natural sunlight to achieve directional self-locomotion.
We fabricate a freestanding MXene film with an increased and
asymmetric layered microstructure through the graft of
coupling agents into the MXene nanosheets. Owing to the
excellent photothermal effect of MXene nanosheets, increased
interlayer spacing favoring intercalation/deintercalation of
water molecules and its caused reversible volume change, and the asymmetric microstructure, this film exhibits light-driven
deformation with a macroscopic and fast response. Based on it, a soft bimorph actuator with ultrahigh response to solar energy
is fabricated, showing natural sunlight-driven actuation with ultralarge amplitude and fast response (346° in 1 s). By utilizing
continuous bending deformation of the bimorph actuator in response to the change of natural sunlight intensity and
biomimetic design of an inchworm to rectify the repeated bending deformation, an inchwormlike soft robot is constructed,
achieving directional self-locomotion without any artificial energy and control. Moreover, soft arms for lifting objects driven
by natural sunlight and wearable smart ornaments that are combined with clothing and produce three-dimensional
deformation under natural sunlight are also developed. These results provide a strategy for developing natural sunlight-driven
soft actuators and reveal great application prospects of this photoactuator in sunlight-driven soft biomimetic robots, intelligent
solar-energy-driven devices in space, and wearable clothing.

soft actuator, sunlight-driven actuation, photoactuator, self-locomotion, soft robot

oft untethered microrobots that can move without melanogaster can sense and fly toward a light source to produce
artificial energy supply and control have great potential phototactic motion.” Inspired by these living organisms with
in industrial, environmental, and military applications intelligent stimuli-response features, soft actuators for generat-
but still remain a big challenge. Among them, one of the key ing mechanical deformation under external energy stimulation
factors is to develop soft actuators that can harness have been greatly developed, which have received enormous

environmental natural energy. In this respect, nature has
provided us the inspiration. Many plants and animals in nature
have evolved the capability of responding to the change of
environmental stimuli (e.g., natural sunlight, ambient humidity,
and earth’s magnetic field) and producing corresponding
mechanical motions. For example, young sunflowers can track
the sun’s movement because of the asymmetric elongation on
opposite sides of stems from the solar irradiation;" pine cone
scales bend to release the ripe seeds in dry ambient air and
close in wet conditions due to the migration of water
molecules inside the aligned microstructures,” and Drosophila

interests in the fields of soft robotics, artificial muscle, smart
wearable clothing, and MEMS.*”"” Among various types,
actuators driven by light have emerged as one of the most
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Figure 1. Fabrication and characterization of the I-MXene film. (a) Schematic diagram for the fabrication of I-MXene film. (b) Optical image
of the bending of the freestanding I-MXene film. (c) Cross-sectional SEM image of the I-MXene film. The inset is a TEM image of the
MXene nanosheets. (d) XRD patterns of the I-MXene film and MXene film. The inset is a magnified XRD pattern. (e, f) High-resolution
cross-sectional TEM images of the top and bottom regions of the I-MXene film, respectively. (g) Comparison for the XRD patterns of the

top and bottom of the I-MXene film.

attractive actuators owing to the advantageous features of
untethered actuation, no contact, concise control, and rich
sources (eg, endless sunlight).lg_26 However, most of the
reported photoactuators need to use artificial light energy
supply (e.g, xenon light, LED, or laser) and generate
continuous deformation by artificial control of the on/off
switching of the light irradiation. These may greatly increase
the complexity of the actuation system and limit its
miniaturization and further application range. Therefore, it is
significant to design soft actuators and related microrobots that
can harness natural sunlight and generate designed continuous
locomotion.

To achieve directional locomotion driven by natural
sunlight, several aspects need to be considered. One aspect is
to fabricate soft actuators that generate continuous repeated
motion under natural sunlight, and the other is the robot
configuration design for regulating repeated motion into the
locomotion in a desired direction.'" Just as the motions of
living organisms (e.g, pine cones and sunflowers) are derived
from the reversible shape change of the aligned microstructures
under environmental stimulation,"” the actuator performance
is intensely affected by the microstructures and their reversible
deformation. Carbon nanomaterials, such as one-dimensional
(1D) carbon nanotubes and two-dimensional (2D) graphene
with excellent optical and mechanical properties and ideal
structure assembly features, have been widely used to prepare
photoactuators with layered or network microstructures, which
exhibit high-performance actuation and promising applications
in soft robotics.”’ "> For instance, Wang et al. reported a
somatosensory light-driven robot capable of integrated
perception and motility, in which the polydopamine-reduced
graphene oxide is used as one of the core active materials to
enable light actuation.” However, it is still difficult to achieve
large deformation as well as directional locomotion under
natural sunlight for the studied nanocarbon-based photo-
actuators and soft robots. Therefore, developing promising
light-responsive materials and ideal microstructures that can
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exceed the performance of currently used materials is highly
desirable.*

Recently, MXene, a type of 2D transition metal carbide and/
or nitride, has attracted great research interests recently by
virtue of excellent properties and promising applications in
energy storage and conversion, sensinﬁ, electromagnetic wave
shielding, biomedicine, and so on.>” ™% Among numerous
types of MXenes, Ti;C,T, is the most widely studied MXene
material. In particular, Ti;C,T, has shown high light
absorption across a broad range of wavelengths and an
outstanding internal fhotothermal conversion capability
(efficiency of ~100%),""** 2D layered structure favored for
the intercalation and deintercalation of ions and water
molecules,” and abundance of surface hydrophilic functional
groups, which shows potential for the construction of high-
performance soft actuators.**”* For instance, Cai et al.
integrated cellulose nanofibers into Ti;C,T, MXene nano-
sheets to form an MXene—celloluse composite and combined
it with polycarbonate film to develop a bilayer soft actuator
that produces large bending deformation (angle change
~169°) driven by artificial near-infrared (NIR) light.47
However, in addition to combining with other materials to
achieve light-driven deformation, there is a lack of research on
the photomechanical deformation characteristics of pure
MZXene films, which is significant for the improvement of the
light-driven actuation performance. Moreover, MXene-based
actuators driven by natural sunlight as well as directional
locomotion without artificial control are still not realized up to
now. Therefore, the exploitation of various MXene materials
with an elaborately designed microstructure and excellent
light-responsive performance and their derived natural sun-
light-driven actuators and microrobots are still promising.

In this paper, an MXene-based bimorph actuator with an
enlarged and asymmetric microstructure is designed, which
harnesses natural sunlight and achieves directional self-
locomotion through the biomimetic design. A freestanding
MZXene film with increased interlayer spacing, asymmetric
layered microstructure, and enhanced mechanical properties is
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fabricated through the intercalation of a coupling agent 3-
isocyanatopropyltriethoxysilane (IPTS) into the MXene nano-
sheets. This freestanding film shows reversible bending
deformation with macroscopic amplitude and fast response
(3 mm in 0.6s) to the light, which is attributed to the excellent
photothermal effect of MXene, increased interlayer spacing
favoring intercalation/deintercalation of water molecules and
its caused reversible volume change, and the asymmetric
microstructure for amplification of the microdeformation.
Based on it, a soft bimorph actuator with ultrahigh response
to natural sunlight is fabricated, showing natural sunlight-
driven actuation in the ambient environment with outstanding
performance (346° in 1 s). When the incident light intensity is
increased to 200 mW/cm?, the actuator outputs an ultralarge
deformation (~700° in 2.1s) which exceeds the performance
of most of the reported soft photoactuators. By utilizing
continuous repeated bending deformation of the bimorph
actuator in response to natural sunlight fluctuation and a
biomimetic “inchworm” design to rectify the repeated bending
deformation, an inchwormlike soft robot is constructed to
locomote spontaneously and directionally without artificial
energy and control. It can also transport an object and be
disguised as a real inchworm to crawl in the wild environment.
Moreover, soft arms for lifting objects and a “panda” robot that
can change facial expression and body movements from
depressed and huddled to happy dancing in the natural
sunlight are also constructed. In terms of intelligent wearable
applications, wearable ornaments and brand logos that can
integrate with clothes and produce three-dimensional (3D)
deformation under natural sunlight to protect the skin from
strong sunlight and make clothes more intelligent are also
designed. Compared to previous work about MXene
actuators,””*® we have not only designed a freestanding
MZXene film with increased and asymmetric interlayer spacing
that can generate visible macroscopic light-driven deformation
but also realized this asymmetric microstructural MXene-based
actuator with ultrahigh response to solar energy and its
spontaneously directional self-locomotion under natural sun-
light. These results provide insight for designing natural
sunlight-driven actuators and reveal the potential applications
of the intelligent bimorph photoactuator in sunlight-driven
biomimetic soft microrobots, self-deployable sun sails in space,
smart sun visors in space, intelligent solar energy devices, and
wearable clothing.

RESULTS AND DISCUSSION

The freestanding MXene film with an enlarged as well as
asymmetric layered microstructure was prepared by IPTS
modification and subsequent solution filtration, as shown in
Figure la. The MXene (Ti;C,T,) was fabricated by the clay
method. A Tyndall scattering effect was observed in the colloid
solution of exfoliated MXene nanosheets, which indicates the
good dispersion (Figure S1). IPTS, a coupling agent with
isocyanate, shows excellent performance in the surface
modification of the organic and inorganic materials, improving
their mechanical properties.””*’ Here, the purpose of using
IPTS is to enlarge the interlayer spacing of the stacked MXene
film and at the same time improve the mechanical flexibility.
The IPTS solution is hydrolyzed first, with ethoxyl end groups
removed. Then, the hydrolyzed IPTS is added into MXene—
EtOH solution to modify the MXene nanosheets. The
hydroxyl group of MXene is grafted with the —NCO groups,
forming IPTS-modified MXene nanosheets.’"”>> Afterward, by
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the vacuum filtration method, IPTS-modified MXene (I-
MXene) film is obtained. As a result of the great interaction
between the MXene and IPTS, the filtrated I-MXene film can
be easily peeled off to form a freestanding film with an
excellent mechanical property. As shown in Figure 1b and
Movie S1, this I-MXene film is highly flexible and compliant,
which is suitable for constructing large-deformation soft
actuators. The stress—strain curves (Figure S2) show the
high tensile strength (~140 MPa) of the freestanding I-MXene
film, which is greatly enhanced compared to the pure MXene
film without IPTS modification. Figure 1c and Figure S3 show
the cross-sectional SEM images of the obtained I-MXene film,
indicating the loosely lamellar structure. The inset TEM image
indicates that the lateral size of the MXene nanosheets is
between 200 and 500 nm. The X-ray diffraction (XRD) pattern
of I-MXene film is also measured to investigate the layered
microstructure (Figure 1d). It can be seen that the character-
istic diffraction peak corresponding to the (002) crystal plane
of MXene in I-MXene film is shifted to 5.9° compared with
that of the pure MXene film (6.8°), indicating the increase of
the interlayer spacing in the stacked MXene nanosheets
through the intercalation of IPTS.

In order to validate that IPTS is successfully grafted onto the
MXene nanosheets, the FTIR spectra of the as-prepared I-
MXene (black curve) and pure MXene (red curve) are
measured, as shown in Figure S4. In contrast to the pure
MXene, the peak intensity of 3400 and 1630 cm™ in the FTIR
spectra of I-MXene apparently decreases, indicating that the
hydroxyl groups on the MXene nanosheets are occupied and
participated in the grafting reaction. Meanwhile, the weak
peaks at 882 and 1090 cm™' in I-MXene correspond to the
vibration peak of —Si—OH and —Si—O—, respectively,
indicating the existence of the IPTS in the films. There is an
obvious peak at 1450 cm™" in I-MXene, which corresponds to
that of the R—COO— group. It is worth noting that the peak
at 2400 cm ™' corresponding to —N=C=0 in IPTS does not
appear in the I-MXene, revealing that IPTS and MXene are not
simply mixed. Reactions occurred between —N=C=0 and
—OH on the MXene surface, forming —COO— groups.”’

Besides the increased interlayer spacing and the enhanced
mechanical properties, the I-MXene film also possesses an
asymmetric microstructure. Figure S5 gives the SEM images of
the top and bottom surfaces of the I-MXene film, respectively.
It is clearly seen that the wrinkles on the bottom surface
adjacent to the filter paper are greater in number and smaller
than on the top surface exposed to air. This morphology
difference is consistent with the observation from the AFM
images (Figure S6). In order to verify the asymmetric
microstructure, Figure lef gives the high-resolution cross-
sectional TEM (HRTEM) images of the top and bottom
regions of the I-MXene film. The top region of the I-MXene
film has a crystal lattice fringe with an interlayer spacing of 1.49
nm, while the bottom region shows an interlayer spacing of
1.41 nm. Moreover, XRD patterns at the top and bottom of the
I-MXene film are also investigated. As given in Figure 1g, the
(002) diffraction peaks from the top and bottom are,
respectively, located at 5.9° and 6.3°, further confirming that
the I-MXene film has asymmetric interlayer spacing in the top
and bottom of the film. In addition, the hydrophilicity of the
top and bottom surfaces of the I-MXene film is also measured
(Figure S7). Both surfaces show good hydrophilicity, and the
water contact angle on the top surface is smaller, indicating the
asymmetric hydrophilicity. Here, the formation of this
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Figure 2. Light-driven deformation of the freestanding I-MXene film with asymmetric microstructure. (a) Optical images of the reversible
deformation for the freestanding single I-MXene film under simulated sunlight irradiation (265 mW/cm?). The light is incident from the
right side. The insets are the corresponding infrared thermal images. (b) Displacement of the I-MXene film tip under the light stimulation
and its simultaneous temperature variation. The inset shows the actuated displacement and temperature variation of the freestanding pure
MXene film under light irradiation. (c) Schematic diagram showing the mechanism of the light-driven deformation for the I-MXene film. (d)
XRD patterns from the top and bottom of the I-MXene film under different temperatures. (e) Interlayer d-spacing of the top and bottom of

the I-MXene film as a function of the temperature.

asymmetric film with different interlayer spacing may be
attributed to the pressure gradient change in the assembly of
the MXene nanosheets during the filtration process. In the
vacuum filtration process, the deposited MXene nanosheets at
the bottom endure a higher filtration pressure, which induces a
denser structure and a smaller interlayer spacing of the bottom
layer. With the continuous deposition of the nanosheets on the
filter membrane, the pressure on the upper layer decreases
correspondingly, leading to the relatively loose structure of the
upper layer and an increase of the interlayer spacing. In the
meantime, compared with the top layer, the bottom MXene
layer suffers the filtration pressure for a longer time, which also
contributes to a smaller interlayer spacing. Besides, a similar
phenomenon has also been observed in some reports.”*™>® In
order to further confirm this phenomenon, the pure MXene
film without any modification is also prepared by the same
method, and the microstructure of the top and bottom is also
characterized by HRTEM and XRD. As shown in Figure S8a,b,
the interlayer spacing in the top of the unmodified pure
MZXene film is different from that in the bottom. The XRD
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patterns (Figure S8c) also reveal that the interlayer spacing
decreases from the top to the bottom of the pure MXene film,
which is consistent with the trends of I-MXene film.

This freestanding I-MXene film can produce macroscopic
reversible bending deformation with a fast response when
exposed to light irradiation. As shown in Figure 2a, when the
light is incident from the right side, the freestanding I-MXene
film generates bending deformation with the bending direction
toward the top surface and bending displacement of about 3
mm in 0.6 s. After the light irradiation is turned off, it recovers
to the original state within 3.8 s (Movie S2). The
corresponding infrared thermal images in the insets of Figure
2a show that the temperature of the film increases with the
deformation (Movie S3). Figure 2b gives the detailed bending
displacement change of the film as well as the simultaneous
temperature variation during the light-driven actuation process.
The temperature variation is nearly consistent with the
displacement change, indicating that the deformation is related
to the temperature change. The light-driven deformation of the
freestanding I-MXene film with different incident direction is
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Figure 3. Natural sunlight-driven actuation of the bimorph actuator. (a) Schematic diagram of the I-MXene/PE bimorph actuator. (b)
Optical images of reversible bending deformation of the bimorph actuator exposed to the natural sunlight irradiation. (c) Optical images and
infrared thermal images of the light-driven actuation of the bimorph actuator. (d) Bending angle change and the simultaneous temperature
variation of the bimorph actuator under light irradiation. (e) Maximal angle change and temperature variation of the bimorph actuator as a
function of light intensity. (f) Natural sunlight-driven angle change of the bimorph actuator with different sunlight intensity. The insets are
the corresponding optical images of the natural sunlight-driven deformation.

also measured (Figure S9). When the film is irradiated from
the left side, it still bends toward the top surface, revealing that
its deformation is independent of the incident light direction.
Furthermore, the bending displacement can be reduced with
the decrease of the light intensity (Figure S10). Besides the I-
MZXene film, the deformation of freestanding pure MXene film
under the same stimulation condition is also investigated for
comparison. As shown in the inset of Figure 2b and Figure
S11, the pure MXene film also bends to the top surface after
exposed to the light irradiation, accompanied by the temper-
ature variation. However, the generated bending displacement
(0.9 mm) is smaller than the displacement of the -MXene
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film, indicating the improved actuation performance through
the IPTS modification.

The mechanism for the light-driven deformation of the
freestanding I-MXene film is deduced in Figure 2c. It is well-
known that MXene nanosheets have excellent hydrophilicity
and can adsorb water molecules through hydrogen bonding
between surface groups and water molecules, and the
interaction is reversible.® Meanwhile, the modification of
MXene with the grafted IPTS provides a favorable increased
interlayer spacing for the fast intercalation/deintercalation of
more water molecules. Moreover, the MXene nanosheet is also
excellent at absorbing light and converting it to heat. When the
light is irradiated on the I-MXene film, the fast loss of adsorbed
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Figure 4. Self-locomotion driven by ambient natural sunlight fluctuation. (a) Schematic diagram of the inchworm motion with head and tail
alternately moving forward. (b) Schematic of the design of the inchwormlike soft robot with continuous directional crawling motion driven
by natural sunlight fluctuation. (c) Optical images of the directional self-locomotion for the inchwormlike soft robot driven by natural
sunlight fluctuation. This robot can continuously crawl forward for 19 mm in 21S s without artificial control. (d) Crawling distance of the
robot’s head and tail under natural sunlight irradiation as a function of time. (e) Length change of the soft robot (black curve) and the
corresponding real-time fluctuation of the incident natural sunlight intensity (blue curve) with change in time.

water molecules occurs due to the excellent photothermal
property of MXene nanosheets, leading to the decrease of
interlayer d-spacing and thus the contraction deformation of
the film.”” Because of the asymmetric interlayer spacing, the
contraction of the top may be greater than that of the bottom,
resulting in the bending deformation of the whole film with the
bending direction toward the top surface. After the light source
is turned off, the film reabsorbs the surrounding water
molecules and returns to the original shape. In order to
validate the mechanism, the interlayer d-spacing at the top and
bottom of I-MXene film with different temperatures is
measured by XRD, as shown in Figure 2d. With the increase
of temperature, both of the (002) diffraction peaks from the
top and bottom are shifted to the right, indicating the decrease
of the d-spacing due to the desorption of water molecules in
the interlayers. Figure 2e shows the temperature dependence
of the d-spacing of the top and bottom of the I-MXene film. It
can be seen that the change of d-spacing at the top is greater
than that at the bottom. When the temperature increases from
25 to 100 °C, the d-spacing at the top decreases from 14.9 to
13.2 A, while that at the bottom decreases from 14.1 to 13.0 A,
confirming that the bending deformation is induced by the
asymmetric d-spacing change between the top and bottom.
Furthermore, the actuation of the freestanding I-MXene film in
different humidity environments is also studied (Figure S12).
With the increase of the relative humidity (RH), the I-MXene
film bends toward its bottom surface, which is opposite to the
direction of light-driven deformation. This further reveals that
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the top of the I-MXene film with larger d-spacing and better
hydrophilicity can absorb more water molecules, leading to the
larger swelling compared with that of the bottom.

Owing to the excellent light-driven deformation, the I-
MXene film can be used as a promising component to further
construct natural sunlight-driven high-performance photo-
actuators. As shown in Figure 3a, the actuator is composed
of an I-MXene/polyethylene (PE) bimorph structure. Here, a
bimorph structure is employed because it could generate
bending motion by using the deformation mismatch between
the two layers, which can maximize the actuation performance
of the I-MXene film. As we know, PE is a commercially used
polymer material with large coeflicient of thermal expansion
(about 500 X 107¢/°C).” The bimorph actuator is constructed
by attaching the bottom surface of the I-MXene film to the PE
film, in which the output bending deformation can be
maximized. Under light irradiation, the I-MXene film generates
contraction-induced bending deformation. Meanwhile, it
absorbs light and converts it into thermal energy to heat the
PE film, causing the thermal expansion of the PE film. Because
of the bimorph structure, a large bending deformation can be
achieved for this actuator. The bimorph actuator exhibits an
excellent light-driven actuation performance and can be
directly driven by natural sunlight. As shown in Figure 3b,
when the actuator is placed in the natural environment, under
the illumination of natural sunlight (80 mW/cm?), it generates
bending deformation with the bending angle up to 346°.
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Figure S. Natural sunlight-driven locomotion controlled by the human hand. (a) Optical images showing the reversible natural sunlight-
driven deformation of this robot by blocking/unblocking the incident sunlight with the human hand. (b) Natural sunlight-driven locomotion
controlled by the human hand. (c) Transportation of an object by the robot driven by natural sunlight. (d) Directional crawling of a
biomimetic “inchworm” robot on a fallen leaf driven by natural sunlight in the wild environment. In the crawling process, an ant appears on

this leaf and comes into contact with the “inchworm”.

For the purpose of quantitatively analyzing the light-driven
actuation, simulated sunlight instead of natural sunlight is
employed as the light stimulus to stimulate the bimorph
actuator. As shown in Figure 3¢, under the light irradiation
(200 mW/cm?), the bimorph actuator bends into a circle in
0.8 s. After continuous irradiation for 2.1 s, the bending angle
can reach as large as nearly 700°. After turning off the light
source, the actuator returns to its original shape in 11 s,
indicating the good reversibility (Movie S4). The correspond-
ing infrared thermal images of the actuation process are also
provided in Figure 3¢, showing the photothermal-effect-
induced deformation (Movie S5). Under two cycles of light
stimulation, the change of bending angle is consistent with the
corresponding temperature variation (Figure 3d), further
confirming the photothermal mechanism. The light-driven
deformations with different light intensities are also measured,
as shown in Figure 3e. With the decrease of the incident light
intensity, both the bending angle and temperature of the
bimorph actuator reduce linearly, indicating the good
controllability of this bimorph actuator. Long time stability
of the light-driven actuation is also examined (Figure S13).
Under the cyclic light irradiation for about 500 cycles, the
maximal bending angle change keeps stable without obvious
change. Moreover, the weight change of the bimorph actuator
during light-driven actuation is also investigated (Figure S14).
The weight of the actuator is reduced by 1.5 wt % (0.25 mg)
under light irradiation for 6 s, indicating the release of water
molecules in this actuation process. After light irradiation is
turned off, the weight quickly returns to the initial weight
within 10 s in the ambient air condition, further confirming the
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fast actuation response. We also compare the performance of
our actuator with that of other reported photoactuators, as
shown in Figure S1S. Our I-MXene-based actuator exhibits
outstanding performance in terms of deformation angle and
the response time.

The deformation of the bimorph actuator under the
irradiation of natural sunlight is also studied, as shown in
Figure 3f and Movie S6. With the variation of the ambient
natural sunlight intensity, the bending deformation angle of the
actuator changes accordingly. This result proves that the
actuator can produce significant continuous deformation in
response to the natural sunlight due to the fact the intensity of
natural sunlight in the ambient environment usually fluctuates
and does not remain constant, offering a foundation for the
construction of a natural sunlight-driven soft robot with
continuous self-locomotion. Furthermore, in terms of the
actuator shape design, in addition to the flattened shape, we
can also adjust the initial shape of the actuator by using the
heat setting process,”® so as to prepare the bent-shaped,
circular-shaped, and S-shaped actuator, which can realize the
reversible deformation from upward bending to downward
bending, from circular to straight, and from S-shape to straight
under the natural sunlight irradiation (Figure S16). This is also
very useful for the construction of soft robots with different
shapes.

By taking the ambient natural sunlight as the energy source
and simulating the crawling motion of the inchworm, we
further designed a biomimetic soft robot based on the bimorph
actuator, which can locomote spontaneously and directionally
(Figure 4). The inchworm is a kind of soft invertebrate in
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Figure 6. Natural sunlight-driven soft robot and wearable ornaments. (a) Weight lifting performance of the soft arms driven by natural
sunlight. (b) Schematic diagram as well as optical images of reversible deformation of the “panda” robot from an unhappy and huddled state
to happy and dancing state with natural sunlight off and on. (c) Schematic and optical images of reversible blooming of the wearable artificial
lilac flower in the sunlight. (d) Schematic and optical images showing the wearable eagle ornament spreading its wings in the sunlight and

folding them without sunlight.

nature with a distinctive way of crawling. It uses the stretching
and contraction of the back muscle to realize the directional
crawling motion. As shown in Figure 4a, the inchworm’s
crawling process can be simply divided into two ways: (1) the
tail is fixed, and the body is stretched to drive the head
forward; (2) the head is fixed, and the body is arched to drive
the tail to move forward. Through the alternate motion of
stretching and bending, the inchworm realizes the directional
crawling. By mimicking the principle of this crawling, we
design an inchwormlike soft robot that can crawl directionally
and continuously by making use of the fluctuation of natural
sunlight. As shown in Figure 4b, the soft robot has an original
asymmetric curved shape through the heat setting process. The
angles between the head (right) and tail (left) of the robot and
the ground are named as 8, and 6, respectively, and 6, > 0, at
the initial status without sunlight irradiation. The robot takes
the natural sunlight as the energy source and generates
continuously spontaneous motion driven by the fluctuation of
natural sunlight in the ambient environment. As we know, the
sunlight irradiated on the ground can be affected by the natural
environmental factors such as clouds, trees, and illumination
angle. Therefore, natural sunlight intensity is not a fixed value
but fluctuates in a certain range. This ambient sunlight
fluctuation can be used as a natural energy source to realize the
continuous directional locomotion of the robot without
additional control. When the sunlight becomes stronger, the
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robot with the original curved shape bends upward to become
stretched. The friction between the tail and the ground is
greater than the friction between the head and the ground due
to 0, > 0,, which leads to the head stretching forward to the
right side while the tail remains stationary (Figure 4bi). When
the sunlight weakens, the robot bends downward to contract.
Due to 6, < 0,, the head of the robot stays fixed, and the tail
shrinks to the right (Figure 4bii). Thus, a cycle of forward
crawling motion of the soft robot is achieved. Under the
fluctuation of ambient natural sunlight, this robot can
continuously crawl forward, so as to realize directional
locomotion. Figure 4c gives optical images of the self-
locomotion for the inchwormlike soft robot driven by natural
sunlight fluctuation. The robot is placed in the natural sunlight.
When the sunlight intensity becomes weaker (13.3 s in Figure
4c), its tail moves to the right. As the sunlight intensity
becomes stronger (26.5 s in Figure 4c), the head moves to the
right. After being placed in the natural sunlight for 215 s, the
robot crawls spontaneously to the right for about 19 mm
(Movie S7). To the best of our knowledge, up to now, reports
are still rare for the realization of the directional crawling
motion of a soft robot driven by natural sunlight, without any
extra artificial energy and control. Figure 4d shows the crawling
distance of the robot’s head and tail as a function of time,
revealing the detailed process of the self-locomotion. The
length change of the robot during the crawling process and the
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Figure 7. Continuous locomotion of the soft robot with controllable direction under laser irradiation. (a) Schematic diagram showing the
continuous directional crawling motion of the soft robot controlled by cyclical laser scanning (from left to right). (b) Optical images of the
directional crawling motion driven by the cyclical laser scanning (808 nm). (c) Infrared thermal images of the directional crawling motion.

(d) Turning motion of the soft robot controlled by the laser.

corresponding fluctuation of the ambient natural sunlight
intensity are also provided (Figure 4e). We can see that the
fluctuation of the sunlight intensity is nearly consistent with
the change of the robot’s body length, which confirms that the
robot’s motion is caused by the natural fluctuation of incident
sunlight.

Besides directly using ambient natural sunlight fluctuation,
we can also control the deformation of the robot by using a
human hand to cyclically block and unblock the natural
sunlight, so as to achieve fast directional locomotion. As shown
in Figure Sa, when the natural sunlight is blocked with the
human hand, the robot is in the original curved shape. Once
the hand is removed, the robot stretches into a straight shape
under the natural sunlight irradiation. The cyclical deformation
of the robot can be controlled through the repeated blocking/
unblocking of the natural sunlight by the human hand; thus,
the directional locomotion is realized (Figure Sb and Movie
S8). Through this simple method of control, the robot crawls
for a 73 mm displacement in 225 s. Besides the locomotion,
the robot can also transport an object. As shown in Figure Sc
and Movie S9, driven by natural sunlight, the robot can
transport an object with a weight of 7.5 mg which is 1.7 times
its own weight. Furthermore, a more realistic biomimetic
“inchworm” robot that is disguised as a real inchworm is
developed, and its sunlight-driven crawling on a fallen leaf in
the wild environment is realized (Figure Sd and Figure S17). It
is worth noting that, during the crawling process of the
“inchworm”, an ant appears on the leaf. The ant may be
attracted by the “inchworm”, crawls to the “inchworm”, and
makes contact with it (Movie S10).
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Moreover, we further designed soft arms for weight lifting
driven by natural sunlight, a “panda” robot that can change
facial expression and body movements under natural sunlight
irradiation, and wearable ornaments combined with clothes
(Figure 6). Under natural sunlight, the soft arms with an
original curled shape can bend downward to touch a plastic
dumbbell (50 mg). After blocking the sunlight, it can lift the
dumbbell that is 3 times heavier than its own weight (Figure 6a
and Movie S11). Figure 6b shows the “panda” robot with
mouth and limbs composed of the bimorph actuators. In the
absence of sunlight, the robot is shown in an unhappy and
huddled state. Once under the sunlight, it smiles and dances
with all its limbs, showing a very happy state. Besides, a
combination with fabric to develop intelligent wearable
clothing is also an important application for the soft actuators.
Here, the bimorph actuator can also be utilized to prepare
wearable ornaments and brand logos that can generate 3D
deformation in response to natural sunlight, which can prevent
the skin from being exposed to strong sunlight as well as make
our clothes more intelligent and fashionable. For example, we
made an artificial lilac flower (Figure 6¢) and integrated it with
the T-shirt. When a person wearing it walks in the sun, the
flowers on the clothes bloom automatically. An eagle ornament
made of the bimorph actuator is attached to the front chest of
a shirt and spreads its wings in the sunlight (Figure 6d).

In addition to natural sunlight, we also use an artificial light
source (near-infrared laser) to realize the controllable crawling
motion (directional and turning motion) of the soft robot
(Figure 7). In order to make the robot more controllable, this
crawling robot is designed to be a triangle shape, which can
generate asymmetric friction at the front and back ends. As
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shown in Figure 7a, the triangular crawling robot is initially
placed on the right side. Once the laser beam is controlled to
scan the robot from left to right, the irradiated part of the robot
produces stretching deformation. After the laser spot moves
away, it recovers to the original bending shape. When the robot
is cyclically scanned from left to right by the laser, it
continuously crawls to the left side, with a distance of 73
mm in 173 s (Figure 7b and Movie S12). The infrared thermal
images of this laser-controlled crawling motion are also
provided in Figure 7c, revealing the precise control of the
laser on the temperature and deformation of the irradiated part
of the soft robot. Moreover, by dynamically changing the
scanning direction of the laser beam on the robot, a turning
motion with a rotation angle of 125° is also achieved (Figure
7d and Movie S13), which confirms the excellent controll-
ability of the soft robot under laser stimulation. The
mechanism of the light-driven rotation motion is further
clarified (Figure S18). As shown in Figure S18a, the moving
direction of the robot is controlled by the scanning path of the
laser dot. In general, the head of the robot can be divided into
two parts: the left wing and the right wing. When the left side
is illuminated, it absorbs more heat than the right (phase 2),
making the deformation of the left wing much greater than that
of the right (phase 3). Then, after recovering, the moving
direction of the actuator is changed (phase 4). Figure S18b
shows the superimposed images of the turning motion of the
soft robot, which further reveals this rotation process.

CONCLUSIONS

A freestanding I-MXene film with increased and asymmetric
layered microstructure and enhanced mechanical properties is
fabricated. It shows light-driven reversible deformation with
macroscopic bending and a fast response (~3 mm in 0.6 s)
mainly due to the excellent photothermal effect of MXene
nanosheets, increased interlayer spacing favoring reversible
volume change, and the asymmetric microstructure. Based on
it, a soft bimorph actuator with ultrahigh response to solar
energy is fabricated, showing a natural sunlight-driven
outstanding actuation performance including large amplitude
and fast response (346° in 1 s). By utilizing this high-
performance bimorph actuator, together with the biomimetic
design of the inchworm to rectify the locomotion, an
inchwormlike soft robot is constructed to realize directional
locomotion under ambient natural sunlight without any
artificial control. Moreover, the soft robot can transport an
object and be disguised as a real inchworm to crawl on a fallen
leaf in the wild environment. Moreover, soft arms for a weight
lifting performance driven by the natural sunlight, a “panda”
robot that can change facial expression and body movements
in the sunlight, and wearable smart ornaments that are
combined with clothing and produce 3D deformation under
natural sunlight are also developed. In comparison with the
reported work, the innovation of this work lies in the following:
(1) the design of a freestanding MXene film with increased and
asymmetric interlayer spacing with a facile filtration method,
and realization of its visible deformation under light
irradiation; (2) the fabrication of the soft actuator based on
the asymmetric microstructural MXene film, which shows an
ultrahigh response to the light and outstanding actuation
performance compared to many of the reported photo-
actuators; (3) the achieving of multiform actuation of the
actuator under natural sunlight, and even the spontaneously
directional self-locomotion with no artificial energy and
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control. Therefore, this work not only provides a useful way
for developing a soft actuator and robots driven by natural
sunlight but also reveals the great prospect of this actuator in
solar-energy-driven intelligent devices in space, wearable
clothing, and next-generation sunlight-driven biomimetic soft
microrobots.

EXPERIMENTAL SECTION

Materials. The precursor MAX was purchased from Forsman
Scientific (Beijing) Co., Ltd. HCI was purchased from Shanghai Titan
Scientific Co., Ltd. LiF and 3-isocyanatopropyltriethoxysilane (IPTS)
were purchased from Sinopharm Chemical Reagent Co., Ltd. Acetic
acid was purchased from Shanghai Lingfeng Chemical reagent Co.,
Ltd. PE films were purchased commercial products.

Fabrication of the I-MXene Film. MXenes (Ti;C,T,) were
prepared by the clay method, in which the Al layers in the MAX phase
were selectively etched using LiF/HCI mixtures. First, 3 g of Ti,C,T,
was added into 67 mL of HCI (6 M) containing 6 g of LiF. After
being stirred at 60 °C for 48 h, the resultant product was washed with
deionized water and centrifuged several times until the pH of the
supernatant was above 6. Afterward, the dried sediments were
dispersed in deionized water with a certain ratio and then
ultrasonicated under an Ar, atmosphere for 2 h to exfoliate the
MXene nanosheets. Centrifugation at 3500 rpm for 1 h was
performed to remove the unexfoliated MXenes in the solution. The
concentration of the obtained MXene solution was about 8 mg/mL.
25 mL of the obtained MXene solution was diluted with 165 mL of
ethanol and stirred for 30 min for better dispersion. 210 mg of IPTS
(95%) was dissolved in 10 mL of ethanol. Then, a few drops of acetic
acid were added to promote the hydrolysis of IPTS until the pH of
the mixture was between 4 and 5. After that, the IPTS—ethanol
solution and the MXene—ethanol solution were transferred to a 500
mL three-necked round-bottom flask in sequence. After being stirred
under an Ar, atmosphere for 24 h, the dispersion was washed with
ethanol and then with deionized water and centrifuged 2—3 times to
remove the redundant IPTS. After the last centrifugation, the
sediments were dispersed in deionized water and stirred for 1 h.
The concentration of the obtained IPTS-modified MXene solution
was about 4 mg/mL. Then, the IPTS-modified MXene solution was
filtrated to obtain the [-MXene film, and the thickness can be tuned
by adjusting the volume of the filtrated I-MXene solution. Here, the I-
MXene film with a thickness of about 2 pm is selected for the
actuation measurement.

Fabrication of the Bimorph Actuator. The I-MXene/PE
bimorph actuator was fabricated simply by directly pasting the
adhesive PE film onto the top surface of the I-MXene film, and then
cutting it into the predesigned shape for further treatment. Here, the
thickness of the I-MXene film was about 2 ym, and the PE film with
thickness of 40 ym was chosen. The bent-shaped actuator was
prepared through the heat setting process. To be specific, the actuator
was bent into the desired bending shape and fixed and then heated at
40 °C for 24 h. After being cooled down to room temperature, the
actuator with a bending shape was obtained.

Characterizations and Measurements. The TEM images were
obtained by a field-emission transmission electron microscope (JEM-
2100F, JEOL). The HRTEM images were obtained by using a
transmission electron microscope (JEM-1400, JEOL), and a focused
ion beam electron beam double beam microanalysis system (Versa
3D, FEI) was used to prepare this ultrathin section sample. The XRD
pattern was performed on an X-ray diffractometer with high-intensity
graphite monochromatized Cu Ka radiation (Rigaku-TTR3). FTIR
spectra were measured by a Fourier transform IR spectrometer (iN10
iZ10, Thermofisher). The SEM images were captured by a field-
emission scanning electron microscope (SEM, SU8220, HITACHI).
The AFM images were obtained by an atomic force microscope
(NTEGRA, NT-MDT). The mechanical strength was measured by a
high-precision electronic universal testing machine (CMT6103, MTS
Systems). Simulated sunlight irradiation was provided by a xenon
lamp (AULIGHT) equipped with the simulated sunlight filter. The
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displacement of the I-MXene film was measured by a laser
displacement sensor (Keyence, LK-G80). The actuation performance
of the bimorph actuator was recorded by digital camera, and the data
of bending angle was obtained from the analysis of the camera
recording. A thermal infrared imager (Fotric 225-1) was used to
capture the infrared thermal images and record the temperature
variation during light-driven actuation.
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