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Transparent Light-Driven Hydrogel Actuator Based  
on Photothermal Marangoni Effect and Buoyancy Flow  
for Three-Dimensional Motion
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Marangoni-effect-driven actuators (MDAs) have the advantages of direct 
light-to-work conversion and convenient operation, which makes it widely 
researched in the cutting-edge fields including robots, micromachines, 
and intelligent systems. However, the MDA relies on the surface tension 
difference and it only works on the 2D liquid–air interface. Besides, 
the MDAs are normally pure black due to the light-absorption material 
limitation. Herein, a transparent light-driven 3D movable actuator (LTMA) 
and a 3D manipulation strategy are proposed. The LTMA is composed 
of photothermal nanoparticles-doped temperature-responsive hydrogel, 
whose surface energy changes as the nanoparticles absorb light energy. The 
3D manipulation strategy combines Marangoni effect with photothermal 
buoyancy flow for realizing complex self-propellant and floating/sinking 
motions. The LTMA can perform more advanced tasks such as 3D obstacle 
avoidance and 3D sampling. Benefiting from the porous structure of 
hydrogel, LTMA can naturally absorb the chemical molecules for remote 
sampling and automated drug delivery. The light-driven, transparent, 
three-dimensionally movable, and programmable actuator has promising 
prospects in the field of micromachines and intelligent systems.
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1. Introduction

Light-driven actuators can convert light 
energy into mechanical work and realize 
movements such as bending, rotation, 
translation, sinking, and floating, which 
makes them widely used in the field of 
robots, micromachines, and intelligent 
systems.[1] Compared with other driving 
methods including heat, electricity, 
humidity, pneumatic expansion, and mag-
netic, the light-driven strategy is advanta-
geous because it does not require complex 
equipment and can be remotely controlled 
in a noncontact manner.[2,3] Moreover, 
light is a clean, safe, and sustainable 
energy source and its parameters (inten-
sity, polarization, wavelength, and repeti-
tion frequency) can be precisely adjusted.[4] 
To realize the light-driven movements of 
an actuators, researchers have proposed 
several light-driven manipulation methods 
based on different mechanisms including 
optical tweezers, photochemical effects, 

photoelectric conversion, and photothermal effects.[5] Optical 
tweezers utilize the force of light momentum to manipulate 
and capture nano/microparticles, but the force is too small to 
manipulate large objects. The photochemical-effect-driven actu-
ators are usually based on some specific photoresponsive chem-
ical materials such as azobenzene or spiropyran derivatives that 
can change their molecular properties under the light stim-
ulus, but this method suffers from relatively small deforma-
tion. The photo electric-conversion-driven actuators can realize 
high-speed propulsion and rotation motions by absorbing light 
energy and emitting energetic electrons, but this method needs 
a harsh vacuum environment to perform the photoelectric con-
version. Among these light-driven strategies, the photothermal-
driven actuators based on light-induced heat have the distinct 
advantages of simple design principles, controllable reconfigu-
rations, and outstanding performance.

Photothermal-driven strategies can be classified into two 
categories. One of the photothermal strategies relies on 
the periodic deformation caused by light-induced heat. For 
example, Jiang  et  al. used the grapheme nanoplatelets-doped 
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polydimethylsiloxane (PDMS) as the light-absorbing deforma-
tion material to constitute actuators that can float, bend, and 
swim to a preset location.[2,6] However, the high temperature 
(usually >100  °C)  caused by the photothermal effect weakens 
the safety and durability of actuators. Another light-driven 
strategy relies on the Marangoni effect that has the advan-
tages of directly realizing the light-to-work conversion.[7–9] The 
Marangoni effect drives actuators by the liquid surface tension 
difference because the liquid with high surface tension will pull 
on the surrounding liquid with low surface tension spontane-
ously.[10] Therefore, as long as the surface tension gradient is 
produced at the desired position through the photothermal 
effect, the driving force can be effectively generated for driving 
the actuators. Based on this mechanism, considerable research 
efforts have been devoted for realizing the motions of actua-
tors. For example, Okawa  et  al. combined a PDMS block and 
the vertically aligned carbon nanotube forests to make the light-
driven actuator. The carbon nanotube can absorb light energy 
and generate surface tension gradients so that this actuator 
can realize the linear and rotational motions under the drive of 
photothermal surface tension.[9] Maggi  et  al. developed asym-
metric microgears around which the surface tension gradients 
generated a nonzero total torque, leading to efficient conver-
sion of light energy into rotational motion.[11] Zhang et al. used 
femtosecond laser to treat the PDMS surface into a black pho-
tothermal layer with superhydrophobicity, making the PDMS 
block float on the water surface and be driven by the photo-
thermal effect.[12] Liao  et  al. enhanced the actuating speed by 
utilizing aligned thermally conducting 1D multiwalled carbon 
nanotubes that can generate a localized surface tension gra-
dient for high spatial resolution propulsion.[7]

However, the Marangoni effect occurs only at the 2D liquid–
liquid or liquid–air interface, and the marangoni effect driven 
actuators (MDA) can only float on liquids, limiting its further 
application. Furthermore, due to the material limitations, the 
previous MDAs are pure black. The black actuators will limit its 
application such as optical detection, optical communication, and 
optical camouflage. Until now, transparent light-driven actuators 
based on the Marangoni effect that can realize the 3D motions 
both on liquid and under liquid have not yet been developed.

In this work, we report a transparent light-driven 3D movable 
actuator (LTMA) that can perform not only programmable self-
propellant but also floating–sinking motions under the control 
of the near-infrared (NIR) laser beam or sunlight. The LTMA is 
composed of a temperature-responsive hydrogel (pNIPAM) and 
photothermal nanoparticles (CuS nanoparticles). The surface 
energy of pNIPAM changes as the CuS nanoparticles absorb 
the light energy and convert it into thermal energy. As a result, 
the self-propellants of LTMA can be realized based on the sur-
face tension difference. Besides, inspired by the buoyancy flow 
in nature that is caused by liquid temperature and concentra-
tion changes,[13] the porous hydrogel can sink by absorbing 
liquid molecules, and then float by using the NIR laser beam to 
heat up the LTMA and subsequently generate the buoyant flow 
around it. The floating/sinking ability based on the buoyancy 
flow is not limited by the liquid depth. Due to the lower crit-
ical solution temperature (LCST = 32  °C) of the pNIPAM,[6,14] 
the 3D manipulations of the LTMA require low input energy, 
which means it can be operated under the irradiation of the low 

power NIR laser or the sunlight. The thickness of LTMA is only 
100  µm and the concentration of photothermal nanoparticles 
is low (0.001–0.006  mg  mL–1), which enable the LTMA trans-
parent. To the best of our knowledge, it is the first time that the 
hydrogel is used to prepare a transparent actuator that is able to 
move three-dimensionally based on the photothermal Maran-
goni effect and photothermal buoyancy flow.

2. Results and Discussion

2.1. The Fabrication of Transparent Light-Driven Actuators

Intelligent hydrogels, which can respond to external stimulation 
including temperature, pH, and light, have been widely used in 
the field of biosensors, drug delivery, and smart actuators due 
to their unique responsibility and biocompatibility. Thermal-
stimuli-responsive hydrogels are the most widely used polymer 
system because the temperature is easy to control. The material 
used in this work is composed of a thermal-stimuli-responsive 
hydrogel (pNIPAM) and photothermal nanoparticles (CuS). 
The pNIPAM is a kind of widely used thermal-stimuli-respon-
sive hydrogel whose surface energy changes as the tempera-
ture changes,[15] and it can be fabricated by the UV light or IR 
femtoseconds beam[16] and the reason for choosing CuS nano-
particles as the photothermal material is that their preparation 
does not require expensive equipment. A typical movement 
process of LTMA under the light drive is shown in Figure 1a,b. 
First, as the laser is irradiated on the LTMA, the photothermal 
nanoparticles convert the laser energy into heat and generate 
buoyant flow around it, causing the LTMA floating. After 
floating onto the liquid–air interface, the LTMA was heated 
unevenly by the laser beam that caused the temperature and 
surface energy difference between two sides of LTMA. As a 
result, the LTMA can move controllably under the light drive. 
Finally, when the LTMA arrives at the preset position, and the 
LTMA without the laser irradiation sinks naturally by absorbing 
the surrounding liquid molecules. The LTMA is a hydrogel 
film formed by UV exposing the homemade hydrogel and CuS 
nanoparticles mixture, and the preparation process is shown 
in Figure S1, Supporting Information. The nanoparticles and 
hydrogel formed stable dispersion systems by magnetic stir-
ring and ultrasonic mixing. The thickness of hydrogel mixture 
was controlled as about 100 µm by spin coating. A UV exposure 
system consisting of a DMD and a 4× long working distance 
objective lens (Figure 1c) was used to expose the hydrogel to a 
predesigned shape such as panda, fish, and Chinese character 
(Figure  1d–f). Finally, the hydrogel film was transferred into 
ethanol to remove the unprocessed area and release the trans-
parent LTMA. As a demonstration of transparence, the fish-
like LTMA is placed on the photo and the colors and graphics 
below LTMA can be clearly seen, proving that the LTMA has 
good optical transparent characteristics (Figure  1g). Besides, 
the transparency can be adjusted by controlling the concentra-
tion of CuS nanoparticles. As the volume ratio of CuS/pNIPAM 
increase from 1:6 to 6:6 (Experimental Section, Preparation of 
the LTMA), the LTMA becomes more opaque (Figure  1h) and 
absorbs more light energy with wavelengths above 750  nm 
(Figure 1i).[17] It is worth noting that the conventional MDA are 
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pure black. This is because the conventional actuators contain 
a large amount of light-absorbing materials to generate a high 
temperature difference for obtaining an enough Marangoni 
driving force, which leads the actuators to be pure black and 
limits its further applications. Herein, the LTMA is transparent 
for two reasons. On the one hand, the main material of LTMA 
is pNIPAM that is transparent, and a thinner film of 100  µm 
thickness further improves the transparency. On the other 
hand, the pNIPAM can make a significant surface energy dif-
ference with small temperature differences because the LSTC 
of pNIPAM is only 32  °C, which means that LTMA does not 
need to contain a large number of photothermal particles. 
The polymer chains inside pNIPAM have hydrophobic and 
hydrophilic domains below and above the LCST, which means 
that the contact angle (CA) changes along with the change of 

pNIPAM temperature (Figure  1j,k).[18] Figure  1l shows the 
dynamic CAs of pNIPAM–ethanol, from which we can see 
that the CA in higher temperature is larger than that in lower  
temperature.

2.2. The Floating and Sinking Process of LTMA

The floating and sinking process of LTMA in ethanol is shown 
in Figure  2a, and the relationship between height and time 
are shown in Figure 2b. After 5.5 s laser irradiation, the LTMA 
started to float up, and it reached liquid–air interface at 8.5 s. 
Once the LTMA reached the liquid–air interface, it would float 
on the liquid surface steadily and not sink under the action of 
surface tension because the LTMA repelled the liquid molecules 

Figure 1. The processing, characterization, and movement of LTMA. a) The schematic diagram of LTMA moving process, which consists of floating, 
moving, and sinking movement. b) The coordinates of LTMA in a typical moving process. c) The fabrication system of LTMA that consists of a UV 
light, DMD, 4f system, 4× long working distance objective lens, and a 3D platform. d–f) The UV system can fabricate the LTMA to arbitrary patterns, 
such as panda, fish, and Chinese character. g,h) The optical images of LTMA film, scale bar 5 mm. i) The UV−vis−NIR spectra of LTMA under different 
nanoparticle concentrations. The inset photographs are LTMA films with different nanoparticle concentrations, and the ratio refers to the volume ratio 
of CuS nanoparticle solution to pNIPAM hydrogel. The volume ratio of 1:6, 2:6, 3:6, 4:6, 5:6, and 6:6 correspond to CuS nanoparticles concentration 
of 0.001035, 0.00207, 0.003105, 0.00414, 0.005175, and 0.00621 mg mL–1,  respectively.  j) The polymer chains  inside pNIPAM have hydrophobic and 
hydrophilic domains below and above the LCST. k) The CA of LTMA–ethanol is 31.2° and 20.6° when the temperature is 70 and 30 °C, respectively.  
l) The CA of LTMA–ethanol will increase as the temperature increase.
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under the laser-induced heating. However, when the laser was 
turned off, the LTMA cooled down and gradually absorbed 
liquid molecules, sinking into the bottom under the action of 
gravity. Therefore, the controllable floating and sinking motions 
can be realized by heating up and cooling down the LTMA. 
The liquid used in this work is ethanol because ethanol can 
easily penetrate LTMA, which leads to a rapid sinking process. 
Besides, the LTMA can float and sink in many organic solutions 
such as n-propanol, isopropanol, and acetone. The floating–
sinking cycles can be repeated for many times (Video S2,  
Supporting Information, and Figure 2c). It is worth noting that 
the floating is not limited by depth. As shown in Figure 2d, as 
the liquid depth changes from 10 to 50 mm, the floating speed 
is constant at about 38 mm s–1. As a demonstration, an experi-
ment was conducted in a 240  mm deep ethanol whose depth 
was 24 000 times of the thickness of the LTMA (Video S1, Sup-
porting Information). After 30 s of laser irradiation, LTMA 
floated up to the liquid–air interface successfully (Figure  2e). 
The LTMA has the characteristics of controllable and repeatable 
floating–sinking ability that is not limited by the liquid depth, 
providing the possibility of remote and cordless control.

2.3. The Mechanism of LTMA Floating under the Light Drive

The reason why LTMA can float in the liquid is that it 
converts the light energy into heat and generates a buoyancy 
flow around it. In nature, temperature and concentration 
affect the density of the flowing fluid resulting in buoyancy. 
Similarly, there was also buoyancy flow around the LTMA 
due to the temperature difference between LTMA and the 
surrounding liquid environment. We use the ρ0gp(T − T0) to 
describe the temperature-related force that causes the fluid 
flow and convective heat transfer, in turn affecting tempera-
ture distribution, where ρ0 is the fluid density, αp is the coef-
ficient of volumetric thermal expansion, T is the temperature 
of LTMA, and T0 is the temperature of the surrounding 
environment. According to the law of conservation of heat, 
we have

· · 00C T k Tpρ υ ( )∇ − ∇ ∇ =  (1)

where k denotes the thermal conductivity, v is the fluid velocity, 
and cp is the specific heat capacity of the fluid. Besides, based 

Figure 2. The process that LTMA moves up and down. a) LTMA moves up when the laser is on and moves down when the laser is off. b) The 
height changes when LTMA is floating and sinking. c) The floating speed stays constant when the depth of liquid changes. d) The time that 
LTMA moves from the bottom to the top of liquid increase as the depth of liquid increase. e) The change of height with time under 50 floating-
and-sinking cycles.
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on the Navier–Stokes equations, the relationship between the 
fluid velocity υ and temperature can be written as

· ·0 0 0
t

p g T T
T

pρ υ υ υ µ υ υ ρ α( )( ) ( )∂
∂

+ ∇



 = −∇ + ∇ ∇ + ∇ + −  (2)

where p is the fluid pressure and μ is the dynamic viscosity. 
Here, in order to analyze the dynamic process of buoyancy 
flow, the finite element simulation software was used to cal-
culate the flow velocity and temperature distribution at dif-
ferent times based on the Equations  (1) and (2). Besides, an 
experiment was conducted to confirm our hypothesis. First, 
as the laser turned on, the LTMA absorbed the laser energy 
and changed the temperature distribution around. When the 
temperature difference (ΔT) is set to 10 K, the temperature 

distribution and floating velocity distribution at different 
times are shown in Figure  3a,b, respectively. At 0.5 s, the 
high-temperature and high-floating-speed zone mainly con-
centrated near the LTMA. As the liquid density decreased with 
increasing temperature, the liquid flowed upwards causing a 
buoyancy flow. Then, the buoyant flow rose to the top of the 
liquid surface during 0.8 s, and the max floating speed (MS) 
increased from 3 to 16 mm s–1 (Figure 3d,e). The experimental 
results are consistent with the simulation results (Videos S3 
and S4, Supporting Information). In order to clearly show 
the buoyant flow, a drop of blue ink was dropped on LTMA 
in advance. The buoyant flow occurred after the laser irradi-
ated the sample for 1 s. At 1.8 s, the buoyant flow reached the 
top of the liquid surface. The time of the buoyant flow from 
bottom to top is 0.8 s and the floating speed is 15  mm  s–1, 

Figure 3. Simulation and experimental results of LTMA rising under buoyancy flow. a) Simulation results of temperature distribution at different times 
when the initial temperature difference is set to be 20 K. b) Simulation results of flow velocity distribution at different times when the initial temperature 
difference is set to be 20 K. c) The experimental results that a buoyancy flow generates as LTMA is heating up and the LTMA moves from the bottom 
to the top of liquid under the action of liquid flow. d) The floating speed under different laser power. e) The floating speed under different nanoparticle 
concentrations. f) Simulation results of maximum flow velocity at different times under different temperature difference.
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which are exactly consistent with the simulation results. 
Then, the LTMA was driven to float up under the action of the 
flowing liquid. The LTMA started to rise at 5.3 s and reached 
the top of the liquid surface at 7.3 s (Figure 3c). Furthermore, 
according to Navier–Stokes equations, when the laser power is 
greater or the nanoparticle concentration is higher, the LTMA 
will rise faster due to more light energy absorption and faster 
flow velocity (Figures S3 and S4a,b, Supporting Information). 
In order to further validate it, we characterize their floating 
speeds at different laser power and nanoparticle concentra-
tions (Figure 3d,e). As the laser power increased from 0.5 to 
2 W, the surface temperature increased from 31.4 to 64.1  °C 
(Figure S2, Supporting Information) and the floating speed 
increased from 7 to 13.5  mm  s–1 with the CuS nanoparticles 
concentration of 0.003  mg  mL–1. As the CuS nanoparticles 
concentration increased from 0.002 to 0.005  mg  mL–1, the 
floating speed increased from 8 to 43  mm  s–1 with the laser 
power of 2 W. The experimental floating speed is the same 
order of magnitude as the simulation results, as shown in 
Figure  3f, Figure S4c,d, Supporting Information. When the 
temperature difference increases from 10 to 50 K, the theo-
retical flow speed increases from 13 to 42 mm s–1. Besides, the 
speed of LTMA can be flexibly adjusted by the laser energy and 
the CuS concentration, because the flow speed can be con-
trolled by the temperature difference. In order to clarify the 
driving effect of buoyant flow, we fabricated LTMA with thick-
ness varying from 50 to 225 µm (Figure S5, Supporting Infor-
mation). The laser power intensity was set to be 1  W  cm–2,  
and the driving effects were shown in Table S1, Supporting 
Information. When the thickness of LTMA is smaller than 
150  µm, the buoyancy flow can successfully bring the LTMA 
to the top of ethanol. When the thickness of LTMA is between 
125 and 200  µm, the lift force of the buoyant flow can only 
flip the LTMA. Finally, as the thickness of LTMA is further 
increased to more than 200  µm, buoyant flow cannot make 
LTMA move. The possible reason is that the floating of LTMA 
is the result of the counterbalance between the lift force of the 
buoyant flow and the gravity of LTMA. When the lift force is 
greater than the gravity, the LTMA can reach the liquid surface 
successfully. When the lift force is slightly greater than the  
gravity, the LTMA will flip. When the lift force is less than 
the gravity, the LTMA will not be able to move. In addition, 
there are two feasible methods to increase lift force, one is to 
increase the energy density of the laser, and the other is to 
incorporate more photothermal particles in the LTMA.

2.4. 2D Self-Propellant Motions of LTMA

The LTMA can be driven by light–thermal effect for two rea-
sons. First, as the LTMA is floating on the liquid–air inter-
face and irradiated by a NIR laser beam, the laser-induced 
heat generates a local temperature that changes the sur-
rounding liquid surface tension. Second, as the LTMA is 
heated by a NIR laser beam, the CA of pNIPAM/liquid will 
increase (temperature from 30 to 70 °C, CA from 20° to 30°) 
leading to an increasing system energy of pNIPAM/liquid in 
heated area. Therefore, the liquid surface tension and system 
energy difference cause the formation of the Marangoni flow 

and the motion of LTMA. The moving direction of LTMA 
can be controlled by adjusting the light irradiation posi-
tion (Figure 4a). In this way, the on-demand motion can be 
realized, including going straight, turning left, and turning 
right (Figure  4b–g; Videos S5–S7, Supporting Information). 
More programmable self-propellant motions of LTMA can 
be achieved by real-time manipulating the laser irradiation 
position. As a demonstration, the fish-like LTMA was fabri-
cated and manipulated for obstacle avoidance in complex sit-
uations. As shown in Figure 4h,i, and Video S8, Supporting 
Information, the fish-like LTMA first floated up to the liquid 
surface and then moved from start position to end posi-
tion along a W-shaped route and avoided obstacles success-
fully under the light drive. Moreover, the programmability 
of LTMA makes it possible to perform complex functional 
tasks. As demonstrations, the LTMA is used to finish the 
Sokoban game and push the cargo from the start location 
to the storage location (Figure S5 and Video S9, Supporting 
Information). Due to that the LTMA can float under the 
action of surface tension, it can be used to carry the objects. 
As shown in Figure S6 and Video S10, Supporting Informa-
tion, a plastic ball was placed on the LTMA and transported 
from the start position to the end position. During the whole 
process in Figures S5 and S6, Supporting Information, the 
LTMA was under real-time manual control. Although it is 
still to be improved of the controllability of LTMA, we believe 
that fully automatic motion control functions and a predict-
able trajectory can be realized by using an automated real-
time control system that integrates manipulation, detection, 
and feedback. In addition, the LTMA can be driven by the 
solar energy because it does not require much energy input 
to realize the motion. As shown in Figure S7 and Video S11, 
Supporting Information, the LTMA was driven under the 
irradiation of sunlight that was focused by a 5× magnifying 
glass. The use of clean energy for driving LTMA can expand 
the application fields of LTMA.

2.5. 3D Motions and Advanced Applications of LTMA

The LTMA can not only move on the liquid–air surface but 
also float/sink in the liquid, which enables the LTMA to play 
an important role in more advanced fields and applications. 
For example, LTMA can avoid obstacles on the liquid surface 
through another dimension by floating and sinking. As a 
demonstration of concept, we design an obstacle that blocks 
the liquid surface on the liquid–air interface (Figure 5a). How-
ever, LTMA is able to sink to the bottom of obstacle and cross 
it through the under-liquid route. As shown in Figure 5b, and 
Video S12, Supporting Information, the fish-like LTMA suc-
cessfully overs the obstacle by sinking to the obstacle bottom, 
and then reached the end position. Furthermore, hydrogels 
are polymers with porous networks and can naturally absorb 
the surrounding chemical molecules, which makes the LTMA 
act as samplers. Hence, the LTMA can be used to absorb mole-
cules from the target area and bring them back for further 
analysis. As a demonstration of concept, we drove LTMA to 
the target area for absorbing the target molecules (rhodamine 
6G), and then manipulated it back for finishing the sampling 
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process (Figure  5c; Video S13, Supporting Information). The 
LTMA was transparent before sampling while it absorbed 
rhodamine 6G molecules and became orange-red after sam-
pling (Figure 5d). In the process of sampling, theoretically, the 
ability of LTMA to bring the signal back from the target area 
is not limited by distance, which is much more accurate and 
faster than detecting natural diffusion chemical signals. In the 
Video S13, Supporting Information, fluorescent also floats as 
the LTMA floats, which shows that the buoyancy flow not only 
raises the LTMA, but also raises the fluorescent molecules. In 
addition, by analyzing the RGB gray values of the collected 
LTMA optical photos, the color change of LTMA before and 
after sampling can be obtained quantitatively. As shown in 
Figure 5e,f, the peak value of the red channel has moved from 
128 to 140, the gray value peak of the blue channel has moved 
from 101 to 44, and the peak of the green channel has moved 
from 130 to 105.

3. Conclusion

In conclusion, a transparent LTMA based on a nanoparticles-
doped temperature-responsive hydrogel and a 3D manipula-
tion strategy combining Marangoni effect with photothermal 
buoyancy flow has been reported. The LTMA can realize the 
programmable self-propellant motions on the liquid surface 
based on the Marangoni effect that relies on the surface tension 
difference, and can float/sink in the liquid by generating tem-
perature-difference-induced photothermal buoyancy flow and 
absorbing liquid molecules. The dynamic generation process of 
buoyancy flow has been systemically investigated by the finite 
element simulations and experiments. The process of floating 
and sinking can be repeated as many times as required. The 
programmable controllability of LTMA makes it possible to per-
form complex tasks including finishing a Sokoban game and 
pushing/carrying the objects. Owing to that LTMA can move  

Figure 4. The principle and control process of propulsion motion. a) Schematic illustration of directional motions induced by the Marangoni effect. 
Driven by laser beam, LTMA can finish self-propulsion motion such as b,c) moving down/up, d,e) moving left/right, and f,g) turning right/left. h,i) The 
schematic illustration and experimental results of conducting complex obstacle avoidance by LTMA.
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three-dimensionally, it can be used in more advanced appli-
cations such as 3D obstacle avoidance that is difficult for the 
traditional MDA with 2D movement on the liquid surface. 
Besides, the LTMA mainly contains hydrogel that can natu-
rally absorb the chemical molecules and can be used in remote 
sampling. This work extends the movements of traditional 
MDA from two dimensions to three dimensions by combining 
the photothermal buoyancy flow with Marangoni effect. The 
light-driven, transparent, three-dimensionally movable, and 
programmable actuator has promising prospects in the field of 
micromachines and intelligent systems.

4. Experimental Section
Materials: Copper bromide (CuBr2, Sigma-Aldrich, 98%), sodium 

sulfide nonahydrate (Na2S·9H2O, Sigma-Aldrich, 98%), and sodium 
citrate (99%) were purchased from Sinopharm Chemical Reagent 

Co. Other materials used in this study were N-isopropylacrylamide 
(Sigma-Aldrich, >97%),  N,N′-methylenebis(acrylamide) (Sigma-Aldrich, 
>99%),  lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (TCI Tokio 
Chemical Industry, >98%),  fluorescein for fluorescence, and free acid 
(Sigma-Aldrich, 46955).

pNIPAM Resist: The resist was prepared dissolving 400  mg 
N-isopropylacrylamide, 40  mg N,N′-methylenebis(acrylamide), and 
10  mg lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate in 450  µL of 
ethylene glycol.

Synthesis of the CuS Nanoparticles: CuS nanoparticles were 
synthesized in mild conditions with a simple procedure. First, CuBr2 
(0.028 g) and sodium citrate (0.020 g) were added into deionized (DI) 
water (40.0  mL), and the mixture was stirred at room temperature 
for 1 h. After that, 50 µL Na2S·9H2O (0.024 g in 50 µL water) solution 
was added to the mixture with vigorous stirring and the solution was 
stirred for another 10 min at room temperature. Next, the mixture was 
transferred to a 90 °C water bath and reacted for 15 min to form the CuS 
nanoparticle. During the heating process, the color of mixture will turn 
to green. Finally, the CuS nanoparticle was obtained by cooling down the 
mixture to room temperature with an ice–water bath.

Figure 5. The applications of LTMA. a,b) LTMA can sink to the bottom of “iceberg” and pass over it. c,d) The processes of LTMA departing from the 
start position, sampling in the unknown area, and getting back for delivering the target-area signal. e,f) The RGB channel gray histogram of LTMA 
photographs before and after sampling, respectively.
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Preparation of the LTMA: A total of 300  µL of DI water containing 
nanoparticles was taken and centrifuged at 1000  rpm for 5 min to 
remove the supernatant. The nanoparticles were taken out and added 
into 300 µL of pNIPAM resist. The volume ratio in this work refers to the 
ratio of the volume of the nanoparticle suspension to the volume of the 
hydrogel solution before centrifugation.

Laser Information: The laser used in this study was a handheld IR 
laser with center wavelength of 808 nm and energy density of 1 W cm–2, 
model of ZLM2000AD808-34F.

Characterization: SEM images were obtained using a field emission 
scanning electron microscope (Sirion 200, FEI). The fluorescent images 
of the structures were taken by an inverted microscope with fluorescence 
(DMI 3000B, Leica). The CA tests were made using a CA100C contact-
angle system (Innuo). UV−vis−NIR spectra were characterized by UV-3600 
produced by Shimadzu. The surface temperatures of the LTMA were 
measured by a thermal infrared camera (VarioCAM hr head 680, InfraTec).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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