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1. Introduction

Soft actuators have attracted extensive interest and intensive
research due to their superiority in simulating biological
behaviors.[1,2] Soft actuators made of soft materials are expected
to perform tasks in unstructured environments due to their soft

and deformable bodies.[3] Compared with
rigid manipulators, soft manipulators are
usually lighter and smaller with more
degrees of freedom. Therefore, they can
easily complete diverse grasping tasks
and can be applied to grasp fragile
items, which is challenging for rigid
manipulators.[4–8] These characteristics
make soft manipulators ideal choices in
applications in a complex environment.

In recent years, biomimetic soft actua-
tors have been widely studied due to their
excellent flexibility and maneuverability,
showing great potential and broad applica-
tion prospects.[9–14] Soft actuators can be
driven by various external stimuli, such
as light,[15–17] temperature,[18] magnetic
field,[19] humidity,[20] electricity,[21] pH,[22]

or multiple stimuli,[23–25] to achieve differ-
ent functions, such as grasping,[26] crawling,[27] jumping,[28]

swimming,[29] obstacle crossing,[30] and rolling.[31] Among the
earlier functions, the grasping of soft actuators has drawn the
attention of researchers due to the better flexibility and capability
of grasping fragile objects harmlessly than conventional rigid
grippers. Light has several advantages compared with other
stimuli.[16,23,32,33] For example, it can realize long-distance and
wireless control with the freely adjusted intensity. In addition,
light can illuminate different parts of the actuator according to
the needs of the task, thereby stimulating the actuator to respond
accordingly. For example, Deng et al. proposed a light-driven
flexible robotic arm based on an aligned carbon nanotube
(CNT)/paraffin wax composite layer that can achieve the func-
tions of extending/contracting and grasping/releasing objects.[32]

Chen et al. proposed a grasping actuator with an integrated
sensing function based on reduced graphene oxide, paper,
and a biaxially oriented polypropylene composite that can moni-
tor its states in action through the change of resistance.[33] Lan
et al. proposed that a UV-driven soft actuator based on liquid
crystalline networks can achieve continuous action of grasping,
lifting, transferring, and releasing a stick-like object by curling
and stretching.[34] In addition, Tao et al. proposed a gecko-like
structure on polydimethylsiloxane (PDMS), which can be used
to capture objects in a clean vacuum environment.[35] Dong
et al. proposed a humidity-driven eagle claw-like actuator.[36]

The actuator can maintain an open state at lower humidity
and can bend inward to grasp objects when the humidity
increases. However, most of the grasping actuators mentioned
before only demonstrate grasp-and-release functionality, and
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Soft robotics has been widely adopted in numerous applications of soft grip-
pers, which utilize compliance to achieve superior grasping performances with
excellent simplicity, adaptability, and robustness. The critical concerns for soft
grippers are insufficient grasping ability and the limitation of functions. Herein,
a multibionic soft gripper with multiscale microstructures is demonstrated,
featuring light weight (12 mg), versatility, and endurance to heavy dust. The
multibionic gripper mimics the grasping structure of eagle claws, the friction-
increasing structure of gecko feet, and the shining structural color on butterfly
wings. External laser stimuli allow the grasping of various objects and precise
measurement of the target sizes. The soft actuator realizes a systematic bionic
function rather than a single bionic function, providing new possibilities for
miniaturization, environmental adaptation, and multifunctionality of grasping
actuators.
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the grasping force provided was generally insufficient. Moreover,
the environmental robustness and the dust resistance of existing
grasping actuators are far from ideal, resulting in a sharp
decrease in grasping force in undesired environments such as
heavy dust. Thus, how to improve the functionality and dust
resistance of soft grippers and further realize bionic actuators
with multiple functions remains challenging.

Biological systems present various amazing examples of
adaptive and active behaviors. Eagles can efficiently hunt with
the delicate structure of their claws. Their claws can flexibly
extend and close in four different directions to firmly grasp
the prey. Geckos can easily crawl on eaves, walls, and many other
surfaces.[37–39] This is attributed to the evenly distributed layered
microstructures on the surface of their feet,[35] which allow
geckos to obtain enough friction force during climbing. The
wings of butterflies have intriguing mimetic patterns, consisting
of countless microstructures. When illuminated by sunlight,
these microstructures can display bright structural colors.[40–42]

Inspired by these biological functions, a multiscale and tribio-
mimetic soft actuator (MTSA) with microstructures varying from
submicrometer to millimeter has been designed and fabricated
to mimic the functions of eagle claws, gecko feet, and butterfly
wings (Figure 1). The main body of the MTSA is a claw-shaped
actuator (in the range of millimeters) imitating the eagle claw,
while the gecko-like friction-enhancing sheets (in the range of
micrometers) and the butterfly-like structural color sheets
(in the range of hundreds of nanometers) are integrated into
it. The claw-shaped actuator can perform a series of actions, such
as grasping, transporting, and releasing objects, under the irra-
diation of near-infrared (NIR) light. The friction-enhancing
sheets were integrated on the ends of the actuator’s fingers by
self-assembly with the help of van der Waals force to provide
enough friction force and enhance the grasping ability. The
structural color sheets were integrated on the outer surface of
the actuator with the help of glue to show different colors based
on the sizes of the grasped objects. Therefore, the size of an
object can be measured by analyzing the wavelength of its struc-
tural color. In this study, the influence of NIR light power on the

actions of MTSA is investigated. In addition, the relationship
between femtosecond (Fs) laser-processing parameters and the
friction forces of friction-enhancing sheets is quantitatively ana-
lyzed, and the relationship between the structural color and the
observation angle is systematically studied to support further
measurements of the sizes of objects. Furthermore, the grasping
capabilities of the MTSA in both clean/heavy dust environments
are investigated and compared. In the end, the whole process of
the grasping, releasing, and size sensing of objects is shown as a
proof-of-concept demonstration.

2. Results and Discussions

2.1. Fabrication of Claw-Shaped Actuator, Friction-Enhancing
Sheets, and Structural Color Sheets

Claw-shaped actuators were obtained by cutting a CNT/PDMS
bilayered film using an Fs laser direct writing system. The shape
of the actuator was designed to be a symmetrical four-finger
structure inspired by the eagle’s claw, which can apply a uniform
grasp force around the grasped object. In terms of size design,
the mechanical strength of the actuator will be reduced if the
sizes of its fingers are too narrow, resulting in weak grasping
capability. In addition, the bending state of four fingers will
be non-uniform if the width of fingers is too wide,[43] as shown
in Figure S1, Supporting Information. After full consideration,
the sizes of the actuator fingers were designed to be 8� 2mm,
which can prevent the actuator from bending along a symmetry
axis while ensuring its mechanical strength. In the fabrication
process, the CNT/PDMS bilayered film was flatly placed on a
glass slide for further cutting. The laser power and scanning
times were set to 280mW and 5 times, respectively. After cutting,
the film was peeled off and attached to a handle to form the
claw-shaped actuator (Figure 2a). When the NIR light
(808 nm) irradiated the middle part of the actuator, the four
finger-like structures can flatten to imitate the eagle’s opened
claws. When the NIR light was turned off, they bent inward
to imitate the eagle’s closed claws, as shown in Figure 2b and

Figure 1. The design schematic diagram of MTSA and its application.
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S2, Supporting Information. The claw-shaped actuator can
respond quickly under irradiation with NIR light, mainly
due to the excellent photothermal characteristics of the
CNT/PDMS bilayer (Figure 2c). Under irradiation with NIR
light, the stress generated by the CNT layer is greater than that
generated by the PDMS layer, which will make the actuator bend
toward the side of the CNT layer. When the NIR light is turned
off, the bilayered film bends to the initial state.[31]

The friction-enhancing sheets were fabricated on PDMS films
by an Fs laser direct writing system with a high-speed motion
stage that can scan the X/Y coordinate directions. The laser
power, scanning area, scanning space between two adjacent
lines, and scanning times were set at 280mW, 5� 5mm,

100 μm, and 10 times to shape the microgroove structures.
The scanning speeds were 2, 4, 6, 8, 10, and 12mm s�1, as shown
in Figure 2d. The depth of the microgrooves can be controlled by
simply changing the scanning speed of the Fs laser. Moreover,
the microgrooves have a trapezoidal cross section with
micronmeter-scale substructures distributed on top. The sizes
of the microstructures decrease as the scan speed increases,
while the number of microstructures decreases, as shown
in Figure 2e,f, and S3, Supporting Information. These
substructures, together with the microgrooves, determine the
performance of the friction-enhancing sheets.

The structural color sheets were processed by the nanosecond
laser interferometry processing system. First, the PDMS film was

Figure 2. The fabrication and surface topography of the claw-shaped actuator, friction-enhancing sheets, and structural color sheets. a) The fabrication
processing of the claw-shaped actuator in the fs laser direct writing system. b) The structural composition and schematic diagram of the claw-shaped
actuator. c) SEM images of the claw-shaped actuator. d) The fabrication processing of the gecko-like friction-enhancing sheets in fs laser direct writing
system. e,f ) The SEM images of the top view and 45° tilted view of the gecko-like friction-enhancing sheets processed by fs laser. The scanning speed was
8mm s�1. g) The fabrication processing of structural color sheets in a nanosecond laser focusing interference processing system. h,i) SEM images of
structural color sheets with different processing parameters, θ1¼ 8.98°, W1¼ 0.25mW cm�2 in (h) and θ2¼ 11.69°, W2¼ 0.45mW cm�2 in (i).
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cut to a suitable size and cleaned with absolute ethanol. Second,
the carbon ink was drop cast on the surface of the PDMS film.
Third, the carbon-coated PDMS film was placed in an oven for
30min at 60 °C to form a carbon layer (Figure S4, Supporting
Information). After that, the coated PDMS film was placed on
the 2D moving stage to be processed by a focused interference
light field. The moving speed of the 2D stage was 0.2 mm s�1

(Figure 2g). The interference light field was formed by two con-
verged coherent laser beams. Thus, the period of microgrooves
can be modified by changing the interference angle θ of the two
laser beams. The fringe period Ds of the interference light field
can be expressed as

Ds ¼ λ=ð2 sin θÞ (1)

Here, the wavelength of the ns laser was 355 nm. When the
interference angle θ increases, the fringe period Ds of the inter-
ference light field decreases. Two different sets of interference
angles (θ) and power densities (W ) were selected: θ1¼ 8.98°,
W1¼ 0.25mW cm�2 and θ2¼ 11.69°, W2¼ 0.45mW cm�2

based on our previous work.[44] The theoretical fringe periods
of the corresponding interference light field were calculated to
be 1137 and 875 nm, respectively. The scanning electron
microscope (SEM) images of the structural color sheets proc-
essed by these two sets of processing parameters are shown
in Figure 2h,i. Our measurement showed that the periods of
the micro-/nanogrooves were 1137� 10 nm and 875� 10 nm,
respectively, consistent with the theoretical values. However,
due to the lower laser power density of the former sample group,
the depth of the micro-/nanogrooves was too shallow to form
bright colors. Thus, the latter fabrication parameters were chosen
to process the structural color sheets. Considering that the struc-
tural color sheets may fail due to dust accumulation in heavy dust
environments, the structural color sheets were covered by a layer
of polyester (PET) film. With the help of PET’s smooth surface
and good thermal stability, it can prevent dust from accumulat-
ing on structural color sheets in a heavy dust environment with
constant temperature changes. In addition, because PET has
excellent optical properties, such as good light transmittance
and low haze, it will not affect the application of structural color
sheets, as shown in Figure S5, Supporting Information.

2.2. Properties of the Claw-Shaped Actuator

The claw-shaped actuators are essentially driven by the
temperature-induced mismatched strains of the CNT films
and PDMS films. Since it is difficult to reach a sufficiently high
temperature (�110 °C) on the actuators by direct sunlight, the
responses of the actuators are very weak under the irradiation
of sunlight unless the light is focused by a convex lens, as shown
in Figure S6, Supporting Information. In contrast, because of the
high absorption and photothermal conversion of CNTs in the
NIR spectrum, soft actuators can be precisely driven by a
power-tunable NIR light. Therefore, NIR was chosen to stimulate
the actuators. In the experiment, an NIR light irradiated the
middle part of the claw-shaped actuator. Here, the distance
(operating range) between the ends of two symmetrical fingers
of the actuator was used to measure the response to the laser
power. To better analyze the influence of the friction-enhancing

sheets on the light response of the actuator, claw-shaped actua-
tors with and without friction-enhancing sheets have been pre-
pared. In the initial state, the operating range of the former was
8.58mm and that of the latter was 8.86mm, which were
extremely close. When the power of the NIR light increased from
0 to 300mW with a gradient of 25mW, the operating range of
both actuators increased. When the NIR light power was
275mW, the operating ranges of the two actuators were 17.15
and 16.67mm, respectively, as shown in Figure 3a, Movie S1
and S2, Supporting Information. The results show that the fric-
tion-enhancing sheets have little effect on the light-response
characteristics of the claw-shaped actuator. Figure S7,
Supporting Information, shows the relationship of NIR power
to temperature and operating range of the actuator. Clearly, a
higher NIR power results in a higher temperature and larger
operating range of the actuator. The maximum temperature
was up to 106 °C, and the operating range was 17.15mm when
irradiated by NIR light (250mW). Figure S8, Supporting
Information, shows the real-time temperature changes of the
actuator with irradiation of the NIR light (250mW). The surface
temperature of the actuator increased from 29 to 106 °C after 20 s
of irradiation and returned to the initial temperature �23 s after
turning off the NIR. The real-time IR images of the actuator actu-
ation process with the irradiation of NIR (250mW) are also pre-
sented in Figure S9, Supporting Information, which illustrate the
reversible open-to-close actuation process and associated temper-
ature changes. In addition, the actuators can still maintain a good
response to NIR in a low-temperature (�18 °C) environment, as
shown in Figure S10, Supporting Information. In the study of the
light-response property of the actuator, as shown in Figure 3b and
Movie S3, Supporting Information, the operating range increased
from the initial 8.76 to 16.52mmwhen the actuator was irradiated
by a 250mWNIR light for 11 s and decreased to 9.35mm after the
NIR light was turned off for 16 s. It should be noted that within the
first 5 s of NIR irradiation, the increment of the operating range of
the actuator reached 90% of the total increment, and within the
first 10 s after turning off, the reduction of the operating range
of the actuator also reached 90% of the total reduction, which dem-
onstrated the fast responsiveness of the actuator. In addition, the
claw-shaped actuator integrated with friction-enhancing sheets
was repeatedly irradiated by 250mW NIR light for 100 cycles
to show excellent stability (Figure 3c).

2.3. Properties of the Friction-Enhancing Sheets

To analyze the influence of fabrication parameters (fs laser
scanning speed: 0, 2, 4, 6, 8, 10, and 12mm s�1, other
processing parameters unchanged) on the friction forces of
friction-enhancing sheets, a homemade friction force measure-
ment device was set. The device was mainly composed of a
weight, fixed pulley, aluminum block, glass slides, upper splint,
lower splint, and tensiometer to test the maximum static friction
force shown in Figure S11, Supporting Information. The
principle of the friction force measurement is shown in
Section S1, Supporting Information.

Here, the properties of friction-enhancing sheets were tested
in both clean/heavy dust environments. First, the friction-
enhancing sheets were tested in a clean environment. The
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maximum friction forces of friction-enhancing sheets (processed
by different fs laser scanning speeds: 0, 2, 4, 6, 8, 10, and
12mm s�1) were tested along the direction perpendicular to
the fabricated microgrooves. The maximum friction forces were
1.045, 0.186, 0.49, 0.597, 0.65, 0.859, and 0.717 N, respectively
(Figure 3d). It is obvious that the 1.111 N friction force of the
unprocessed (had not been processed by the Fs laser) friction-
enhancing sheet was the largest. This was mainly due to the
van der Waals force on the clean PDMS surface. The friction-
enhancing sheet made at a scanning speed of 2mm s�1 pro-
duced the smallest friction force, which was only 0.196 N
(Figure S12a, Supporting Information). With the increase of
scanning speed, the maximum friction forces generally showed
an increasing trend. In addition, the maximum friction forces of

the friction-enhancing sheets (processed by different Fs laser scan-
ning speeds: 0, 2, 4, 6, 8, 10, and 12mms�1) were tested along the
direction parallel to the fabricated microgrooves and had similar
properties. The maximum friction forces were 1.045, 0.304, 0.402,
0.511, 0.511, 0.741, and 0.622 N, respectively (Figure 3e). The
friction force of the unprocessed friction-enhancing sheet was
the largest. Meanwhile, the friction-enhancing sheet made at a
scanning speed of 2mms�1 produced the smallest friction force,
which was only 0.33N, as shown in Figure S12b, Supporting
Information.

To investigate the performance degradation of the
friction-enhancing sheet in heavy dust environments, the
friction-enhancing sheets were tested after being treated with
dry grass ash. The friction-enhancing sheets were processed

Figure 3. The properties of the claw-shaped actuator, friction-enhancing sheets, and structural color sheets. a) The photothermal response characteristics
of MTSA. b) The cyclic operating range versus irradiation time curves of MTSA. c) The cycle versus operating range curves of the MTSA. d,e) The influence
of the scanning speed of the fs laser on the friction forces of friction-enhancing sheets in a clean environment. The friction force tested in the direction
perpendicular to the microgrooves is shown in (d). The friction force tested when the direction of the tension was parallel to the fabricated microgrooves
is shown in (e). f,g) The influence of the scanning speed of the fs laser on the friction force of friction-enhancing sheets in a heavy dust environment. The
friction force tested when the direction of the tension was perpendicular to the fabricated microgrooves is shown in (f ). The friction force tested when the
direction of the tension was parallel to the fabricated microgrooves is shown in (g). h) The structural colors at different observation angles β. i) The
theoretical curves and experimental points of the relationship between the sample center structural color and observation angle β when the diffraction
order n¼ 1.
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by different Fs laser scanning speeds at 0, 2, 4, 6, 8, 10, and
12mm s�1. First, the maximum friction forces were tested along
the direction perpendicular to the fabricated microgrooves,
which were 0.224, 0.225, 0.323, 0.46, 0.498, 0.425, and
0.361 N, respectively, as shown in Figure 3f. Because the van
der Waals force did not work in heavy dust environments, the
friction force of the unprocessed friction-enhancing sheet
decreased sharply compared with that of the clean sheet, which
was only 0.256 N. The friction-enhancing sheet produced by the
scanning speed of 8mm s�1 generated the largest friction force,
which was 0.553 N, as shown in Figure S13a, Supporting
Information. Moreover, the maximum friction forces increased
as the scanning speed increased from 2 to 8mm s�1 but
decreased gradually when the scanning speed was greater than
8mm s�1. When the friction-enhancing sheets (processed by dif-
ferent fs laser scanning speeds: 0, 2, 4, 6, 8, 10, and 12mm s�1)
were tested along the direction parallel to the fabricated micro-
grooves, the maximum friction forces were 0.224, 0.308, 0.236,
0.329, 0.305, 0.385, and 0.302 N, respectively, as shown in
Figure 3g. Similar to the previous results, the friction force of the
unprocessed friction-enhancing sheet was the smallest.
Meanwhile, the friction-enhancing sheet made at a scanning
speed of 10mm s�1 produced the largest friction force of
0.409 N, as shown in Figure S13b, Supporting Information.

From the earlier experimental results, it can be concluded that
friction-enhancing sheets with layered microgrooves have
obvious anisotropy in both clean/heavy dust environments. In
general, the friction-enhancing sheets with microgrooves can
produce superior friction force in the direction perpendicular
to the microgrooves. In addition, although the unprocessed
sheets have shown a good friction-enhancing ability in clean
environments, the friction forces dropped sharply in heavy dust
environments, while the processed (fs laser scanning speed was
8mm s�1) one maintained higher friction forces in both clean/
heavy dust environments. For example, the former maximum
friction force was dropped to 0.232 N in a heavy dust environ-
ment, which was only 20.8% of that in clean environments.
In contrast, the maximum friction force of the latter was
0.553 N in heavy dust environments, which maintained 80.9%
of the friction force in a clean environment and showed good
stability. Moreover, the friction forces of the latter were 238%
of the former in heavy dust environments.

2.4. Properties of the Structural Color Sheets

When a structural color sheet was irradiated by an LED lamp at a
fixed angle, it could show different colors at different observation
angles β, defined as the angle between the camera and the XY
plane, as shown in Figure S14, Supporting Information. In this
experiment, the structural color sheet with microgrooves was
placed flatly on a horizontal table. An LED lamp was used to irra-
diate vertically above the structural color sheet. A camera was set
on the right side of the structural color sheet to record the struc-
tural colors at different observation angles. To facilitate the quan-
titative characterization of the structural color sheets, we
simplified the periodic microgroove structure as a rectangular
reflection model. Then, the diffraction spectrum can be deduced
from theoretical analysis, and the relationship between the

wavelength of structural colors and the observation angle β
can be expressed as

nλw ¼ Tðsin α� cos βÞ (2)

Here, the diffraction order n¼ 1, the wavelength range of the
observed light is 400 nm< λw< 700 nm, and the period of
microgrooves T¼ 875 nm. The incident angle (α) is 0 because
the light was incident perpendicular to the structural color sheet.
Only the observation angle β was changed in the experiment.
When the observation angles were 38.2°, 44.6°, 51.9°, 54.3°,
56.1°, 64.1°, and 66.1°, the structural colors were red, orange, yel-
low, green, indigo, blue, and purple, respectively (Figure 3h). The
wavelengths of all structural colors were measured by a
spectrometer to be 662, 602, 572, 528, 488, 442, and 426 nm, con-
sistent with the wavelengths calculated by the above formula
(Figure 3i). The errors may be caused by deviations in the
incident angle.

2.5. Analysis of the Weights and Sizes of Objects Grasped by
MTSA

To test the grasping and sensing ability of the actuator, a
multiscale bibiomimetic soft actuator (MBSA) composed of a
claw-shaped actuator and structural color sheets (Figure 4a)
and an MTSA composed of a claw-shaped actuator, structural
color sheets, and friction-enhancing sheets (Figure 4b) were ana-
lyzed and compared. The experimental results showed that the
MBSA could grasp cubes with a size of 7–10mm, as shown in
Figure S15, Supporting Information. When the sizes of the
objects were less than 7mm, which was close to the minimum
opening size of the MBSA, the griper could not produce enough
friction force to the object and tended to release it. When the
sizes of the object were larger than 10mm, it was close to the
maximum opening range of the MBSA, making the contact area
too small to provide enough friction force. In addition, when the
sizes of objects were 7, 8, 9, and 10mm, the maximum weights
that could be grasped by MBSA were 20, 23, 71, and 47mg,
respectively, as shown in Figure S15, Supporting Information.
However, the MBSA can only grasp objects within a relatively
narrow size range (8–9mm) after being treated with grass
ash. The corresponding maximum grasping weights of them
were also reduced greatly, which were 13 and 21mg, respectively,
as shown in Figure S16, Supporting Information. This was
mainly due to the sharply decreased van der Waals force of
MBSA in a heavy dust environment. Meanwhile, to test the
grasping ability of the MTSA, an MTSA1 with friction-enhancing
sheets that had not been processed by fs laser and an MTSA2
with friction-enhancing sheets processed by fs laser (scanning
speed was 8mm s�1) were chosen. It showed that both
MTSA1 and MTSA2 could grasp objects within the size range
between 4 to 10mm in a clean environment. When the sizes
of the objects were 4, 5, 6, 7, 8, 9, and 10mm, the maximum
grasping weights of MTSA1 were 13, 46, 97, 120, 153, 171,
and 47mg, respectively. Meanwhile, the maximum grasping
weights of MTSA2 were 13, 56, 57, 110, 173, 141, and
47mg, respectively (Figure 4c). The results showed that the
laser-processed microgrooves had little influence on the grasping
capability of the MTSA in clean environments. However, after
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being treated with grass ash, the grasping capability of MTSA1
and MTSA2 was noticeably different. First, MTSA1 can grasp
objects with a size of 5–10mm. Meanwhile, the grasped size
range of MTSA2 was 4–10mm. Second, when the sizes of the
objects were 4, 5, 6, 7, 8, 9, and 10mm, the maximum grasping
weights of MTSA1 were 0, 16, 27, 70, 83, 91, and 57mg, respec-
tively. The maximum grasping weights of MTSA2 were 13, 56,
67, 100, 173, 111, and 47mg, respectively, as shown in Figure 4d.
It can be concluded that MTSA2 has a significantly better grasp-
ing capability than MTSA1 in terms of antifouling ability.
MTSA2 showed better performance in the captured size range
and the maximum grasping weights in both clean/heavy dust
environments. Remarkably, when the size of the grasped object
was 8mm, the maximum grasped weight of MTSA2 (12mg) was
173mg under heavy dust, which was 1462% of MTSA2’s own
weight (Figure 4b). However, under the same conditions, the
maximum grasping weight of MBSA (9mg) was 13mg, which
was only 140% of its own weight, as shown in Figure 4a. It
can be concluded that integrating the friction-enhancing sheets
processed by the fs laser on the claw-shaped actuator can signifi-
cantly improve its grasping ability.

In the study of the correspondence between structural colors
and object size, three structural color sheets (P1, P2, and P3)
processed by the same processing parameters were evenly
attached to the upper surface of the MTSA finger structure
(Figure 4e). An LED lamp was placed vertically on the top of
the MTSA with a camera set on its right side to record the cor-
responding color-rendering area and structural colors. According
to the experimental results, when the sizes of the objects were 4,
5, 6, and 7mm, only the P1 area had obvious structural colors,
which were red, orange, yellow, and indigo with corresponding
wavelengths of 634, 618, 583, and 485 nm, respectively. When
the sizes were 8 and 9mm, only the P2 area had obvious
structural colors, which were red and yellow with corresponding
wavelengths of 635 and 588 nm, respectively. When the sizes
were 10 and 11mm, only the P3 area had obvious structural
colors, which were red and indigo with the corresponding wave-
lengths of 631 and 505 nm, respectively, as shown in Figure 4f,g.
By establishing a corresponding relationship between the struc-
tural color area, the wavelength of the structural color, and the
size of the object, the size of an object can be reliably determined
by identifying the wavelength of the structural color.

Figure 4. Analysis of the weights and sizes of objects grasped by the MTSA. a,b) The maximum weight of objects (the size was 8mm) can be grasped by
MBSA (a) and MTSA2 (b) in a heavy dust environment. The maximum weights of objects with different sizes (4, 5, 6, 7, 8, 9, and 10mm) can be
determined by MTSA1 and MTSA2 in a clean environment c) and heavy dust environment d). e) The schematic diagram of measuring the sizes of
objects by the structural colors and the areas of structural color sheets. f,g) The correspondence among the color areas, the wavelengths of the structural
colors, and the sizes of the objects.
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As a proof of concept, a homemade experimental device
(Figure 5a) was set up to show the whole process of object
grasping, transferring, releasing, and size measurement.
The tested object was a cube with a size of 5 mm and a weight
of 26 mg. The MTSA can open under irradiation with the NIR
light and close inward after the NIR light was turned off, as
shown in Figure 5b. The MTSA tried to move the object from
place A to place B, which was 15 mm from place A, as shown in
Figure 5c. Irradiated by NIR light #1 for 4 s, the MTSA opened
to the graspable range and approached the object by raising the
lift. Then, NIR light #1 was turned off and the MTSA firmly
grasped the object in 9 s. Meanwhile, a camera recorded the
structural color (P1, orange, and 620 nm) at this moment.
After that, MTSA moved together with the object to transfer
it to place B in �20 s. After the movement, NIR light #2 irra-
diated the MTSA to release the object. In the end, NIR light #2
was turned off when the object was released, as shown in
Figure 5c–k and Movie S4, Supporting Information. The cor-
responding displays in the heavy dust environment are shown
in Figure S17, Supporting Information. In addition, MTSA also
has excellent performance in grasping objects of different
shapes, such as spheres, cylinders, triangular prisms, and
irregularly shaped objects, in both clean/heavy dust environ-
ments (Figure 5l–o), showing that the MTSA has wide
applicability.

3. Conclusion

In summary, an MTSA composed of three kinds of biomimetic
structures was fabricated. A CNT/PDMS-based claw-shaped
actuator with excellent photothermal response characteristics
was applied to imitate the behavior of the eagle claw to
grasp objects. In addition, friction-enhancing sheets with
microgrooves were applied to improve the grasping capability
of MTSA in both clean/heavy dust environments. Moreover,
butterfly-like structural color sheets were used for the measure-
ment of object size. The proposal of MTSA helps to promote
bionics from the single-structure bionic to the systematic
bionic. Due to its light weight, small size, versatility, and adapt-
ability to complex environments, it provides a solution to the
problems of light weight, miniaturization, and functionaliza-
tion of manipulators in aerospace and engineering. In addition,
there are also potential applications in grasping objects, collect-
ing samples, and measuring the size of objects in future space
exploration.

4. Experimental Section
The detailed experimental section can be found in Section S2,

Supporting Information.

Figure 5. The whole process of object grasping, transferring, releasing, and size measurement. a) The homemade experimental device for testing the
process of object grasping, transferring, releasing, and size measurement. b) The responses of MTSA with/without irradiation with the NIR light. c–k) The
process of object grasping, transferring, releasing, and size measurement. l–o) Excellent performance in grasping spheres, cylinders, triangular prisms,
and irregularly shaped objects in clean/heavy dust environments.
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