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Abstract

Bionic water strider robots (BWSRs) have been a hot spot in research due to their unique biological inspiration and
versatile applications in environmental monitoring. However, creating aquatic micro-robots with combined
structure and function that can walk freely and perceive environmental information on water surfaces remains a
challenge. Herein, self-propelled and integrated aquatic microrobots that can be remotely controlled by light and
wireless environment detection are designed and fabricated by combining the actuating polydimethylsiloxane
(PDMS)/carbon nanotube (CNT) substrate with heterogeneous wettability and the fully integrated wireless
sensors. The substrate generates thrust on water through the photothermal Marangoni effect, serving as the
propulsion system for this water-gliding microrobot. The heterogeneous wettability design features the robot with
a hydrophobic body and four hydrophilic footpads. The hydrophobic body creates an air gap between the device
and water, providing waterproof protection for electronics, making the robot move faster with smaller power and
enabling greater load-carrying capacity. The hydrophilic footpads help the robot stand firmly on water, resisting
overturn by waves and also enable modular assembly between robots. The load ability of a typical robot is 1,089%
of its weight, resulting in the manufacture of microrobots with fully integrated visible light sensors and Bluetooth
(BT) chips that can be steered by near-infrared laser. Hopefully, this strategy shall help to develop untethered
aquatic robots with sophisticated actuation and wireless sensing for complex aquatic environments.

Keywords: Water-gliding microrobots, photothermal Marangoni effect, self-propelled actuator, wireless sensing,
heterogeneous wettability
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INTRODUCTION

Natural creatures with biologically evolved unique structures always inspire us to develop advanced systems
and robots"”. The water strider is a long-legged inset that can effortlessly stand and sprint on the water
surface at an average velocity of 60 body lengths per second. To mimic the agile movement of water
striders on water surfaces, bionic water strider robots (BWSRs) have been developed with an emphasis on
their ability to remain and propel themselves**. After achieving floating on the water surface by the
hydrophobic interfaces of surface-water robots, enabling them to move at high speeds and carry loads has
become a widely recognized research hotspot. According to the movement of water strider’s leg on the
water surface, most BWSRs use mobile parts to beat the water surface to obtain the driving force. Moreover,
various steering actuators have been utilized, such as shape memory alloys, ionic polymer-metal composites,
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Marangoni actuators and conventional motors”'*. However, as people pay growing attention to maritime
rights and interests, the collection of water-related information becomes more crucial. This necessitates that
aquatic robots possess capabilities in information perception, data processing, and transmission. As a type
of aquatic robot, the BWSR is characterized by its small size. However, it faces challenges in performing

water surface environment detection due to the lack of integrated sensing systems.

Sensing systems based on traditional rigid semiconductors have been widely used commercially because of
their high technical maturity. Their large volume and heavy mass make them suitable for rigid robots but
may cause interface mismatches when coupled with soft robots, leading to the failure of integrated systems.
The intrinsic limitation of rigid electronics prohibits their integration in a flexible, lightweight, and compact
fashion, which is extremely desirable for soft micro-robots. In contrast, the emerging flexible electronics
demonstrate soft, small, and thin, which is very suitable for the structure of micro-robots, and promotes the
multi-function integration of micro-bionic robots!
bionic robots have emerged, such as wind-dispersal dandelion microfliers, octopus robots, and flapping-
wing microscale aerial vehicles!
integrating electronic systems and robot substrates in materials and structures, further promotes the
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I In recent years, various highly integrated micro-
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| In particular, the structure-function integration manufacturing, that is,

miniaturization and functionalization of bionic robots, which inspired our research on BWSR. However, the
key difficulty of manufacturing integrated BWSRs based on flexible electronic systems is the compact
integrated design of structure and function. The goal of this design is to pursue structural lightweight, high
functional integration, and maintain the floating stability of BWSRs in complex surface environments
(current, wind, waves, etc.).

Herein, this work reports the facile fabrication of a photothermal-driven water-gliding BWSR based on fully
integrated flexible sensors with heterogeneous wettability. As shown in Figure 1, the BWSR is designed as a
three-layer structure by utilizing polydimethylsiloxane (PDMS) as the substrate for the actuator and the
encapsulation layer for the wireless sensing platform. PDMS is well known as an excellent packaging
material for electronic devices and is easy to compound with other materials. The obtained PDMS/carbon
nanotube (CNT) with photothermal conversion is selectively designed as a four-legged structure, forming a
heterogeneous wettable surface with superhydrophobicity in the middle and hydrophily around. This
results in an air gap at the solid-liquid interface in the central area of the BWSR, which helps to isolate the
erosion of the circuit by liquid water and improves the robot’s floating stability. Based on photothermal
Marangoni effect, the obtained robot can walk freely on the water under near-infrared light irradiation,
revealing great potential for cutting-edge applications in environment monitoring.

EXPERIMENTAL
Preparation of the floating device
The devices were fabricated using a commercially available PDMS elastomer (Sylgard 184 Silicone
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Figure 1. A schematic illustration of the structure of the integrated BWSR in this work. The microrobot is composed of an actuating
layer, a sensing layer and an encapsulating layer. The PDMS/CNT composite is the basis for micro-robots to realize water surface
sliding based on the photothermal effect. The propulsion force is generated by the Marangoni effect and buoyancy flow, which are
created by the laser local heating actuating layer. The reasonably designed solid-liquid interface structure of the actuator provides
conditions for robot integration. BWSR: Bionic water strider robot; PDMS: polydimethylsiloxane; CNT: carbon nanotube.

Elastomer, Dow Corning Corporation) and CNTs (XFM13, Nanjing XFNANO Materials Tech Co., Ltd).
Typically, a PDMS prepolymer was mixed with a curing agent (10:1 by weight) and CNTs (5 wt%), and then
a membrane with a thickness of about 200 pm was prepared after the curing process at 80 °C for 2 h. A
carbon dioxide laser engraving machine [DL300U, DCT(Tianjin) Direct Laser Technology Co., Ltd.] was
used to pattern the device with programmable shapes and to separate it from the base materials. Then, the
patterned PDMS composite was laser-treated for surface modification. The laser scanning speed is
200 mm/s and the fabrication efficiency is 50 kHz.

The Bluetooth (BT) wireless transmission sensing system is customized with surface-mounted electronic
components [Such as: Ambient light sensor, PT19-315C (Everlight); Bluetooth chip, PAN102 (Panchip);
Digital conversion chip, MS1112 (Relom)]. An integrated actuator can be obtained by encapsulating the
customized circuit board on a prefabricated PDMS/CNT film using PDMS. The following is a brief
description of the preparation process. First, the circuit board is placed in the middle area of the actuator.
The PDMS prepolymer is then poured onto the circuit board to make it fully coated. After the PDMS is
cured, an actuator loaded with a wireless sensing system can be obtained.

Characterization

Scanning electron microscopy (SEM) images were obtained using a field emission scanning electron
microscope (Sirion 200, FEI). A digital microscope (VHX-5000) was used to observe the 3D microscopic
morphology of the samples. The contact angle measurements were conducted using a contact angle meter
(JY-82C, Dingsheng Tech. Chengde). Thermal images were obtained using an infrared thermal camera
(2265, FOTRIC). The laser used in this study was a handheld infrared laser with a center wavelength of
808 nm and tunable energy density, a model of MDL-SN-808-12W. A white light-emitting diode (LED)
light (Bull, China) is used to create ambient light, and the light intensity is calibrated using an
illuminometer (1801C, DELIXI).
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RESULTS AND DISCUSSION

Design and fabrication

To achieve the photo-response actuating material, the typical soft PDMS was used as the matrix, and CNTs
with a length of approximately 20 pm were used as the additive. The required materials were synthesized
and the structures of actuators were tailored, as shown in Figure 2A, which shows the preparation diagram
of actuators. Firstly, an uncured composite solution with a uniform mixture of PDMS, curing agent, and
CNTs was prepared. Then, the composite solution was poured into the template, blade-coated, heated, and
solidified for a certain period to obtain the PDMS/CNT composite films. Finally, patterns on different scales
were produced by laser engraving technology. By controlling the power of the laser and the scanning path, a
concave-convex microstructure can be formed on the surface of the composite film. As shown in the SEM
images [Figure 2A(i) and (ii)], ablation grooves were formed on the PDMS/CNT surface, surrounded by
redeposition areas. Moreover, the rough surface is also shown in 3D optical photographs [Supplementary
Figure 1]. When the laser power is large enough, the laser can burn through the film, and macroscopic
samples with various shapes can be obtained by designing the laser path, such as round, square, and
polygon [Figure 2A(iii)]. Importantly, the resulting microstructure shows significant superhydrophobicity.
In Figure 2B, the water drops form a large contact angle on the rough film surface. At the same time, the
water droplets can easily leave the material surface, indicating that this rough structure has
superhydrophobicity and low adhesion. More comparative experimental results are shown in
Supplementary Figure 2. At any tilt angle, the water droplet can adhere to the surface of the uncarved
material, but on the carved rough surface, the water droplet can easily slide away. According to the water
contact angle tester, the water contact angle of this rough surface is about 160°, and the rolling angle is less
than 1°. In comparison, the water contact angle on the initially uncarved surface of the film is 89°. The
significant change in membrane surface wettability after structural modification provides a basis for
subsequent research on the motion performance of actuators.

Self-propulsion of the floating actuator

In this section, a square actuator (10 mm x 10 mm) was used to verify the effect of the solid-liquid interface
on sliding motion performance. Figure 3A shows the motion phenomenon of a typical actuator based on
the photothermal Marangoni effect. Under near-infrared light irradiation, the film actuator is heated based
on the photothermal conversion effect of CNTs. The high-temperature film transfers heat to the low-
temperature liquid at the solid-liquid interface, resulting in differences in surface tension around the film.
Then the film actuator slides on water by exploiting the propulsive force (F,) generated by surface tension
differences. Furthermore, given the significant influence of rough microstructure on the wettability of
membrane materials, the sliding behavior of actuators with different solid-liquid interfaces is investigated.
Figure 3B and C shows the statistical results of sliding behavior parameters of wetted samples and non-
wetted samples, respectively. Response time is the time for accumulated irradiation before the actuator slips,
and sliding velocity refers to the average speed after the actuator starts moving. Obviously, for the original
sample [Figure 3B], when the laser power density is low (< 0.6 W/cm?®), the actuator needs a longer
excitation time. As the laser power density increases, the response time gradually decreases, which is
determined by the photothermal conversion characteristics of the actuating material. The longer the
illumination time, the greater the light power and the higher the temperature of the sample [Supplementary
Figure 3]. Although the superhydrophobic sample also shows a similar phenomenon, the response time of
the superhydrophobic sample is less than that of the original sample under the same irradiation condition
[Figure 3C]. Moreover, both the superhydrophobic and original samples require high-power illumination to
achieve maximum gliding speed. This phenomenon can be explained by the Marangoni-driven flow, which
generally occurs at a liquid-air or liquid-liquid interface®. At the solid-liquid interface, buoyancy flow
predominates, with Marangoni flow playing a secondary role. Superhydrophobic surfaces provide the
necessary liquid-air interface to trigger evident Marangoni flows. When the superhydrophobic sample is
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Figure 2. (A) Diagram of the preparation process of photothermal PDMS/CNT composites with different structure; These inserted
SEMs show the surface (i) and section (ii) structures of the carved sample. The picture (iii) shows macroscopic samples of various sizes;
(B) Schematic of the superhydrophobic structure and superhydrophobic phenomenon of PDMS/CNT composite showing that a drop of
water does not adhere to the material surface. 8 is the water contact angle. PDMS: Polydimethylsiloxane; CNT: carbon nanotube; SEMs:
scanning electron microscopes.

locally heated with a laser, the very small solid-liquid contact area allows for rapid heating of the liquid,
forming a significant temperature gradient between the liquid and its surrounding environment. This leads
to a significant Marangoni flow in a short time. In contrast, for the original sample, the larger solid-liquid
contact area results in a more uniform photothermal distribution, causing slower liquid heating. It takes
longer to accumulate sufficient heat to produce a large temperature difference, which generates more
significant buoyancy flow.

To better comprehend the effect of the solid-liquid interface structure on the motion performance of the
actuator, a schematic diagram is shown in Figure 3D. The actuator is known to be driven by the
photothermal-induced Marangoni effect, which is related to the liquid surface tension. According to the
Harkins formula and the temperature rise range (< 100 °C)"*”, the surface tension was calculated using
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Figure 3. (A) Thermography images of the movement of the light-driving actuator at different time points; (B) Relationship between
driving characteristic and light intensity of actuator with the original surface; (C) Relationship between driving characteristic and light
intensity of actuator with superhydrophobic surface; (D) Schematic of actuator with different surface structures based on Marangoni
effect. y, is the surface tension with low temperature. y,, is the surface tension with high temperature. F, is a propulsive force caused by a
buoyant flow. F, is the resultant propulsive force. f;is the friction resistance.

Y = bO + blT + szZ (1)

where y is the surface tension, b is a constant term (b, = 75.796 mN-m’, b, = -0.145 mN-m".°C",
b, = -0.00024 mN-m™-°C?), and T is the temperature; the surface tension of water is inversely proportional
to the temperature. According to this mechanism, the higher the temperature, the lower the surface tension
(yy) of the water. When the asymmetric temperature field of the water surface under light irradiation is
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more significant, the tension difference (y;-yy) formed is larger, which leads to a large F,. Moreover, the
heated liquid can also produce a F, caused by a buoyant flow. At the same time, the actuator would suffer
friction resistance (F;) when sliding, which is related to the structure of the solid-liquid interface. For the
original sample, the solid and liquid are in complete contact at the interface, while for the superhydrophobic
sample with convex and convex microstructure, the solid-liquid interface is composed of both solid-liquid

23,24],

contact and gas-liquid contact. The Cassie-Baxter formula is written as'

cosf, = fl(ys#g;m) — f, = ficos8 — f, (2)

where 6. and 0 are the apparent and intrinsic contact angles of droplets placed on rough surface and
homogeneous smooth surface, respectively. f, and f, are the percentages of the solid-liquid contact surface
and gas-liquid contact surface in the entire composite contact surface, and f, + f, = 1. In this study, it is
calculated that the solid-liquid contact area is only about 3% for the superhydrophobic interface, meaning
that the F; of the rough surface is very small. The superhydrophobic sample, therefore, necessitates a brief
response time to generate sufficient F, for overcoming frictional resistance and achieving propulsion.
However, compared with the original sample with a long response time under the same lighting conditions,
the moving speed of the superhydrophobic sample would be lower. Moreover, the Janus wettability of the
material affects the stability of the actuator on the surface of water. No matter in what direction the floater
was incorporated on the water surface, it will automatically rotate to its normal orientation; that is, the
superhydrophobic part is upward and the hydrophilic part is downward [Supplementary Figure 4]. This
self-regulated floating ability is attributed to the wettability difference between superhydrophobic surface
and wetted surface™. Accordingly, an actuator with different surface structures is designed and
manufactured. The detailed structural parameters of the unconventional actuator are shown in
Supplementary Figure 5.

The actuator is typically characterized by central symmetry, with superhydrophobic surfaces in their central
regions. During the underwater floating process, this actuator can keep its superhydrophobic surface always
located at the solid-liquid interface [Supplementary Figure 6]. To analyze the influence of the device
structure on the motion characteristics, the irradiated region of the actuator was shaped in different sizes.
As shown in Figure 4, we designed three types of actuators with different structures, the total area of which
is unchanged while the shape of the irradiated region is changed, including roundness, triangle, and
rectangular. As illustrated in the first two rows of Figure 4A, the actuators with different shapes are activated
by directional irradiation of the photo-response area. The trajectory of the representative locations on the
actuator is recorded in the third row in Figure 4A. Only the actuator of which the photo-response region is
rectangular exhibits linear motion, while the rest exhibits rotational motion. For the actuator with rotational
motion, the motion directions of the recording points A and B are opposite, and the rotational radius of A is
significantly larger than that of B. When the actuator is placed on the water surface, the force of the
microrobot is shown in the fourth row in Figure 4A.

The actuator was mainly subjected to gravity (G), water support force (Fy), and surface tension. When the
infrared light irradiates the left side of the actuator, the surface tension on the left side of the actuator
decreases, and the resultant force of the surface tension. Therefore, the resultant force (F) can be formulated
as:

F =y, —vq —F (3)


ss4071-SupplementaryMaterials.pdf
ss4071-SupplementaryMaterials.pdf
ss4071-SupplementaryMaterials.pdf

Page 8 of 13 Zhang et al. Soft Sci. 2025, 5, 15 | https://dx.doi.org/10.20517/ss.2024.71

A Round sample Regular triangle | Rectangular sample B
g Laser radiation Laser radiation Laser radiation L=11mm
= Location _ .
gﬂ A A n\= L
=
s
E 161 —u—1,=5.50
‘s »§14_ —e—1,=3.67 .
= Location] < —a—1,=2.75 "
175} - 124 * v
< -3 B 2 10 —v—1,=2.20 Eaks
g —&—n,=1.83 /0/' v :/‘/‘
P Ty g s Ll
— 5 ./ V/A’ L
=) ' z ¢ 2
£ Fd  pbiie
= op A e
° 2{ eiga
: .a N :*;"
I-'g 0 2 4 6 8 10 12 14 16 18
= Ty Time (s)
s 3 6
= - ——A R —3 E—y
= HA T J gl s C [ ]
= 5|/ s \ a5 -9—a | g
[} A "N - B f . g
&4 \ ! o 4 '] \ ‘ C 4 |mrnnnservmwensewon o080 a
B Fal a,_fibx 1 =3 (N = . L=11mm
3 3 3 . i s : :
g | - 1 -
2, 0 e 0 2 i h
= 1234567 1234567 024 681012141618
& X(cm) X(cm) s] X(cm) m— A=L/h
L
14
E Fy —m—7=5.50
= 12 _a—3=220 2
= .
~— —A—)=138 4
g T . bl G »;3)/“
8f o =073 7
£ g $ .
YL < V. -
g > 6 /‘X. 2 4 ¢
- *
; G 4 / o -
] 2 gl
Linear motion; == o L
0o 2 4 6 8 10 12 14
Time (s)

Figure 4. (A) Structure diagram, thermal imaging, trajectory and mechanism of actuators with irradiated region of the same area and
different shapes. f is buoyancy. G is gravity. The distance between the resultant force and the axis of the actuators is L. Schematic and
motion trajectory of the actuator with adjustable rectangular irradiated region: (B) adjustable length-width ratio (7;) with the constant
length and (C) adjustable length- distance ratio (1) with the constant length.

where y,, is the surface tension after infrared irradiation, and y, is the surface tension without irradiation.
Once the resultant force of the surface tension intersects the center of gravity of the actuator, the actuator
will move in a straight line. For these actuators with roundness structures, or triangle structures, when the
infrared laser irradiates, the surface tension decreases, and the resultant force of the surface tension does not
intersect with the center of gravity. The distance between the resultant force and the axis of the actuators is
L. Therefore, a torque T is generated on the actuator, which causes these actuators to rotate. Notably, the
rotation direction of the actuator is random. Clockwise or counterclockwise rotation of the actuator occurs
depending on the initial resultant force direction formed when the laser begins to irradiate. Moreover,
because of the continuous irradiation of the infrared laser, the actuator can realize fast and continuous
rotation. Ultimately, the different motion forms of these actuators can be attributed to the coupling of the
size of the laser spot and the irradiated region. As illustrated in the second row of Figure 4A, the resulting
high-temperature regions (T};) overlapped with the irradiated regions of the circle, and triangle, resulting in
the rotational motion of the actuator. However, the irradiated regions of the rectangle only partially formed
at high temperatures, which causes linear motion of the actuator.
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To further investigate the influence of the irradiated region on the motion pattern of the actuator, the size of
the rectangular irradiated region was adjusted, and the corresponding actuators exhibited different motion
characteristics under the action of an infrared laser. As shown in Supplementary Figure 7A, the width of the
radiation region is a fixed constant (W = 6 mm), and its length is adjusted to obtain actuators with different
sizes. When the length is less than 10 mm, the actuator exhibits a typical rotational motion. When the
length is 11 mm, the actuator moves in a typical linear motion. The motor behavior of an actuator with a
square irradiated region is shown in Supplementary Figure 7B. This means that the larger the length of the
rectangular irradiated region, the more the actuator tends to move in a straight line. Furthermore, When the
length of the rectangular irradiated region is constant (L = 11 mm), 5, (length-width ratio, , = L/W) only
affects the motion speed of the actuator but does not affect the motion forms [Figure 4B]. It can be seen that
as 5, increases, the motion displacement of the actuator becomes smaller at the same time. The larger 7, is,
the smaller the width of the irradiated region, which means that the irradiated area of the actuator is smaller
and the F, generated is smaller under the same illumination condition, resulting in a decrease in the motion
speed. Moreover, the effect of the distance between the irradiated region and the central subject on the
actuator was also analyzed. As shown in Figure 4C, the irradiated region is a rectangle of 6 mm x 11 mm,
and the distance h is adjusted to obtain different Z (length-distance ratio, 2 = L/h). When 1 2 1, that is,
h <11 mm, the change of & has little effect on the sliding behavior of the actuator. However, when 4 is less
than 1 (h > 11 mm), the sliding performance of the actuator has a significant decline. This may be because
the increase of h improves the kinematic friction of the actuator. Therefore, the structural factors should be
fully considered in the design of Marangoni effect-based actuators.

Demonstration of an integrated microrobot

As a robot that can glide on the water surface, it is more capable of performing complex work through the
multifunctional integration of actuation and perception by loading function circuits. Because flexible
electronics have the characteristics of light, flexible, and small, soft actuators integrated with flexible
function circuits have developed vigorously in recent years™ ™. In this section, we design a sensing
platform that detects ambient light intensity and transmits electrical signals wirelessly to a terminal device.
The circuit configurations are shown straightforward in Figure 5A, including the following: a system on a
chip (SoC) with BT functionality and microcontroller unit (MCU); an analog to digital conversion (ADC)
chip integrated with an operational amplifier (OPA); a photodiode (PD) with broadband response aligned
to the visible region of the spectrum; a low dropout regulator and a battery providing power. The PD
generates a photocurrent with a magnitude that correlates with the exposure intensity. The antenna
provides a wireless interface for data extraction, causing the photoelectric signal detected by the sensing
system to be displayed on the terminal device.

Based on this wireless photoelectric detection system, a structure-function integrated microrobot is
designed and fabricated [Figure 5B]. The circuit board can be completely sealed against water vapor
interference using encapsulated polymer (PDMS). Under laser irradiation, the integrated microrobot still
exhibits controllable photo-induced sliding behavior [Figure 5C]. In previous studies, there were few robot
cases that integrated functional circuits due to the lack of data on the load capacity of Marangoni effect
actuators. Figure 5D provides relevant data based on the actuator in this work. A no-load actuator with a
mass of 0.28 g was first manufactured. By constantly loading heavy loads until the actuator begins to sink to
the bottom, the maximum load weight of the actuator is obtained at 3.05 g, which is equivalent to 1,089% of
its weight. The load of the integrated actuator is 1.7 g including the encapsulation layer and the circuit
board. Although the integrated microrobot can float on water, there is still a risk of sinking in the face of
wind and waves. To achieve an integrated microrobot with stable floating on the surface and the ability to
float from under the water to the surface, the maximum load of an actuator was obtained at 0.16 g, which is
more than half its weight (57%). This means that the weight of the functional circuit system needs to be
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Figure 5. (A) Circuit diagram of the device and wireless communication to a terminal equipment; (B) Schematic diagram and photo of
the microrobot integrated with flexible circuit; (C) Photos of the microrobot sliding on water under light action; (D) The weight and load
of the actuator manufactured in this part under different conditions; (E) The linear relationship between the output signal strength of the
sensing system and the luminous intensity; (F) The response of the sensing system of the microrobot to bright and dark fields under
different soaking time in water; (G) A non-uniform ambient light detection diagram and results.

further reduced, which can be achieved in the future by using ultra-thin chips and other means.

For the integrated microrobot prepared in this section, the signal output strength of its photoelectric sensing
system is linear with the luminous intensity [Figure 5E]. Due to the tight packaging, the sensing system of
the microrobot remains photoelectric responsive after three days in water [Figure 5F], which means that the
obtained actuator can perform ambient light detection tasks well. As a demonstration, a non-uniform light
environment is created [Figure 5GJ. As the microrobot moves from one end of the sink to the other, it is
exposed to different levels of light. Based on the output signal received from the microrobot, the
corresponding light intensity is easily obtained, which is of great significance for the detection of the water
surface environment and the fine cultivation of aquatic organisms.

For complex detection tasks, the functions of a single microrobot may be limited, and a large-scale cluster of
microrobots is more advantageous. Microrobots with different device structures and functional circuits can
be designed and fabricated [Figure 6A]. Notably, the microrobot constructed in this work can be self-
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Figure 6. (A) Integrated microrobot models with different structures and circuits; (B) The self-assembly phenomenon and mechanism
diagram of the microrobots on water surface. The size of the square sample is 10 mm x 10 mm; (C) Microrobot aggregates with
different cluster forms generated by the self-assembly. The smallest square in the background is 5 mm x 5 mm; (D) Application
scenario diagram of multi-mode information detection based on actuator cluster.

—— e —————

AVA
—

assembled in large-scale distribution [Figure 6B and C]. This is because floaters with identical wettability
can self-assemble at the right distance depending on lateral capillary interaction”**". The critical distance of
self-assembly of the square sample in this work is about 10 mm. When the distance between two samples is
less than the critical distance, they will attract each other and automatically assemble, resulting from
minimization of the interfacial free energy of the liquid-liquid interface. Based on this self-assembly
characteristic, microrobots with different structures can be assembled into different forms of clusters to
meet the working needs [Figure 6C]. In terms of application, we have made an assumption that by
distributing the integrated microrobots with different sensing systems on the target water surface, taking
advantage of the cooperative operation of large-scale microrobots, a variety of environmental information
can be collected [Figure 6D]. Moreover, we further compare structural parameters and properties between
well-known BWSRs and this work. As shown in Supplementary Table 1, our robot showed a better
parameter in terms of size and weight than those based on traditional DC motors. Although it was not as
light as those actuated by piezoelectric effect, the structure-function integrated robot in this work can sense
environmental information and transmit it wirelessly, which means that this kind of robot can meet diverse
needs.

CONCLUSIONS

In summary, the preparation of structure-function integrated microrobots has been demonstrated for
application as wireless environment detection. The structure of microrobots is derived from the PDMS/
CNT actuators that can be patterned freely via laser engraving technology. The patterned floating PDMS/
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CNT integrated with different wettability was fabricated for linear and rotation movements via the
photothermal Marangoni effect. In particular, the motion mode and performance of the actuator can be
controlled by changing the size and structure of the irradiated region in the actuator. The functionality of
the microrobot is realized by the loaded wireless sensing system through the tight encapsulation of the
functional platform on the actuator. The actuating PDMS/CNT substrate acts as part of the encapsulation
layer to block the impact of water on the sensing system. As a result, a functional conceptual microrobot
with a photoelectric detection system was demonstrated, which can detect the visible light intensity of the
water surface and wirelessly transmit the data to a terminal device. Furthermore, the self-assembly behavior
of these patterned robots at the water surface has been presented. It is believed that this work represents a
general and promising strategy in the development of structure-function integrated microrobots with high
controllability and integration.
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