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Abstract

Light controlling actuators are promising in many fields due to their
contactless and eco-efficiency features. However, their application in
liquid environments is complicated by the challenges of rapid deformation
in liquids, light absorption by the liquid media, and environmental
contamination. Here, we design a photothermal pneumatic floating robot
(PPFR) applicable to shallow liquid. Light energy is converted into thermal
energy of air by an isolated photothermal composite, which is converted
into mechanical energy of liquid to drive the robot. By understanding and
controlling the photothermal actuation, the PPFR can achieve an average
velocity of 13.1 mm s in water, and can be modified for remote on-
demand differential steering, and self-sustained oscillation. The PPRF may
be modified to provide a lifting mechanism, capable of moving four times
the PPFR mass.. Various shapes and materials are suitable for the PPFR
providing a platform for liquid surface transporting, water sampling,
pollutant collecting, underwater photography and photocontrol robots in

shallow water.

Summary
A light-driven robot, prepared without chemical synthesis, targeted at fast
and heavy-load vehicle in shallow water.

INTRODUCTION



Stimulus-responsive swimming actuators hold potential across a range of applications
in liquid environments [1-6]; with various driving mechanisms explored, utilizing
vibration [4, 7], interfacial tension [2, 8], deformation [1, 3, 6, 9, 10], and mass center
displacement [5, 11]. The energy for driving actuators can be thermal [2, 5, 12],
photonic [1, 3, 4, 6, 7, 9-11], magnetic [8, 13], or chemical [14]. Light is arguably the
ideal option, being a non-contact light source, allowing actuating devices to be small
and lightweight without carrying a power supply. The light power itself is clean,
adjustable/programmable and may make use of highly ambient (e.g. solar) light, or
directional light (e.g. laser) to enable accurate and remote control of movement.
However, light-responsive swimming actuators often face the challenges of contact
pollution, small deformation, and poor diaphaneity, which may be mitigated through
using light to power photothermal actuation.

Thermal energy has always been an important energy source in scientific research
and industrial development. However, difficulty in controlling conduction, dissipation
and thermal gradients prevents efficient, and spatially accurate, application for long-
distance power transfer. The photothermal effect provides elegant way to solve the
above limitation. Energy transport between power source and actuator may occur
photonically through light-transparent media with high spatio-temporal resolution and
negligible loss. When light irradiates photothermal reagents, the surrounding media
heat [15, 16], which may be used to drive a local actuator through thermally-induced
interfacial tension changes [2], deformation [17, 18], or mass center displacement [5,

19]. Generally, gases have larger thermal expansion coefficient and smaller volumetric



heat capacity than most solids components and liquids components albeit at lower
thermal conductivity. Here, we create a light-operated swimming actuator with high
speed, heavy payload capacity, on-demand direction control, and good transparency. To
obtain a light-induced deformation large enough in a short time, we develop a
photothermal pneumatic device by using the deformation of air, for a range of
underwater mechanical motions to create a family of photothermal pneumatic floating

robots (PPFRs).

When the PPFR is swimming, most of the photothermal energy is converted and used
to overcome the liquid resistance, and the horizontal component of the liquid resistance
acts as the driving force. Relatedly, some light-controlling underwater robots use
photoinduced deformation of polymer materials, and the deformation causes the water
reaction force to drive robots swim [1, 3, 6]. The main challenge of light-controlling
underwater robots is to achieve deformation large enough underwater in a short time,
because water suppresses the photoinduced deformation as well as absorbs part of the
light.

RESULTS AND DISCUSSION

Structure Design of the PPFR

The design of the PPFR was based around a duck (Fig. 1B), with a floating body on the
water surface, propulsed by drag from a swinging quasi-rhombus ‘foot’, designed to
maximize water resistance, as has been seen in previous swimming robots [34]. The

paddle is connected to a hollow transparent tube which leads up to the floating body



consisting of a hollow transparent sphere housing the photothermal material (Fig. 1A).
The device rests on the water with the tube/foot submerged, sealing the air within the
body and tube; the pneumatics in the device arise from thermal control of this air, acting
as a piston. Once heated or cooled, the enclosed air in this piston expands/contracts
respectively in accordance with the ideal gas law. Upon expansion of air, water in the
tube is displaced, while contraction of the air leads to partial (re)filling of the tube with
water [17, 20, 23]. The use of pneumatics as a driving force for the device makes it well
suited in the future for elastic soft robots [20-22]. By irradiating the photothermal
composite through the transparent body, part of the transmitted light energy is converted
into the thermal energy of air, which is subsequently converted into mechanical energy
for driving the robot.

Many photothermal agents are known including carbon nanomaterials [17, 24], azo
compounds [17], polypyrrole [25-27], polydopamine [2, 28], semiconducting metal
chalcogenides [29, 30], and metal nanoparticles [31-33]. Among these, graphene-based
materials are widely used, with light absorbance over 270 — 2500 nm (Fig. S1A),
suitable for synthetic and solar light sources. Here, a reduced graphene oxide-doped
sponge was selected, with the porous substrate maximizing surface area for heat-
transfer to mitigate the slow intrinsic kinetics of heat transfer of a gas (Fig. S1, B to E).
In contrast to submerged-photothermal devices, the use of a floating air chamber
ensures that, the light illuminates the photothermal composite without passing through

any liquid, and the photothermal agents does not contact or pollute any liquid.



Swimming Mechanism of PPFR

There are two behaviors involved with the motion of the PPFR associated with light
irradiation and relaxation once illumination ceases. For the former, when light irradiates
the photothermal composite, the air heats and expands, expelling liquid as the pressure
in the air chamber is higher than the liquid pressure at the tail end of the tube, until the
pressures match. The length of air column in tube increases, the center of buoyancy
lowers, and the end of tube rises under buoyancy, with the rising paddle pushing liquid
backward to accelerate the robot forward (Fig. 1C). When light irradiation is stopped,
a relaxation process occurs with air cooling and contracting, lowering the pressure in
the air chamber below the liquid pressure at the tail end of the tube. The buoyancy
decreases as the tube refills with water, leading to the paddle falling, pushing liquid
forward and accelerating the robot backward. (Fig. 1D). While the PPFR is dragged by
the liquid resistance in both periods (in opposite directions), it only receives energy
input during irradiation, while the relaxation process is passive. Thus, the horizontal
movements of two periods are asymmetric, and the forward horizontal displacement
from irradiation is larger than the backward horizontal displacement during relaxation.
Hence, the net result of irradiation and relaxation is the PPFR moving forward (Fig. 2,
A and B). Though a PPFR moves backward in relaxation, the resultant conditions (low
air pressure, high center of buoyancy) are prerequisites for the forward motion under
irradiation, with cycling the two processes leading to sustained net-forward motion.
Therefore, a PPFR can run continuously under intermittent lighting, with the PPFR

developed here reaching averaged velocities up to 13.1 mm s,



(Fig. 2A). The concept of intermittent short-time irradiation control for devices has
been utilized previously [1, 3, 17, 39] and is seen commonly in nature, notably in
photosynthesis [38], although it should be noted that the input type and approach to
control varies significantly from continuous irradiation actuators [2, 11, 36, 37] and
other continuous irradiation approaches (e.g. photothermal therapy [24, 31],

photothermal desalination [35]).

Light Driving behaviors of PPFR

The intermittent nature of the powering the PPFR provides intrinsic programmability
to the motion, through control over the duration of irradiation/non-exposure times, with
different irradiation programs providing different PPFR performances. We plot the
displacement-time curve and measure the averaged horizontal velocity (v) of the
movement cycles. (Fig. 2A) To calculate v, we divide the total displacement by the total

movement time. The energy efficiency EE can be calculated by the following formula,

muv?

PSt

N =

EE =

where m is the mass of PPFR, P is the power density of the irradiation, S is the
irradiation area on the photothermal composite, and ¢ is the irradiation time in one cycle.
For a specified PPFR under controlled irradiation, the velocity and EE can be mapped
as a function of both irradiation and (non-irradiated) relaxation time. As strong
horizontal forces propelling the PPFR can be related to large air temperature gradients
causing rapid changes in volume, the temperature profile of the photothermal element

provides insight into the timescale of ideal irradiation/non-irradiation parameters. The



temperature-time curve of graphene is known to follow exponential trends, both during
photothermal heating and ambient cooling [17]. Here, more than 94.0% of air
temperature gradient happens in the initial 8s in both temperature-rise and temperature-
fall stages (Fig. 3), so irradiation/relaxation times were limited to < 8 s.

Here, intermittent 980 nm light irradiation (power density of 170 mW cm™ power
density, 2.35 cm?) was tested with 3 — 9 s irradiation and 5 — 8 s relaxation highlighting
the controllable behavior, achieving average speeds of 6.4 — 13.1 mm s*! (Movie S1)
and energy efficiencies of 9 x 10 — 3.0 x 107 (Table 1, Fig X). The highest
performance occurring at 6 s irradiation (5 s non-irradiated), highlighting the success
of using temperature profiles to design parameter space; more rapidly hating
photothermal elements may facilitate faster speeds for future devices.

In addition to directed synthetic irradiation, solar power is feasible, using intermittent
shading to stop irradiation and enter the relaxation phase. While sunlight had a lower
power density (37 mW cm?), it was offset by the higher irradiated area (9.0 cm?),
facilitating average speeds of 7.3 - 9.6 mm s™! (Fig. 4, Movie S2) providing the fastest
sunlight-driven robot swimming speed reported to date.

Leverage of PPFR

Because the air chamber is partially submerged, a load may be hung from the bottom
of the chamber and the PPRF; the behavior of the device depends on the density of the
payload, (Fig. 5). When the density of the load is about equal to the density of the
surrounding water, the system was capable of towing 31.7 g (~4 x the PPFR, 8.3g) at

an average speed of 3.9 mm s!. This response is the highest payload for any light-driven



swimming robot at this speed to the authors knowledge.

However, when the payload density is notably higher than water (>1.1 g cm), under
irradiation, the PPFR tilted up and down, without significant directional motion across
the water surface. Instead, the system may be seen as a lever rotating about a
hypothetical fulcrum near water surface. Under irradiation, the changing buoyant force
counterbalancing gravity rotates the lever (as seen for the swimming motion), but the
additional load impedes the rotation, leading to near-symmetric forwards/backwards
accelerations and no net movement across an irradiation/relaxation cycle. The rotational
drag comes from the resultant of buoyant force and gravity to the hanging load. (Fig.
5A) By adjusting the load density to about 1.0 g cm, the rotation drag can negated.
(Fig. 5B) Though the velocity of PPFR is decreased, the rotation of the loaded PPFR is
unlimited as there is no extra load, which provides a large enough water resistance to
drive the loaded PPFR. (Fig. 5C, Movie S3) Hence, by adjusting the load density, the
total weight may be enlarged, with potential for different PPFR tasks, such as water
sampling, pollutant collecting and underwater photography.

Integration and on-demand control of PPFRs

With the driving mechanism in place, the PPFR may be modified to provide more
advanced behaviors, such as controllable directionality and continuous mobility under
non-intermittent light sources.

Real-world swimming robots require controllable mobility beyond simply moving
forward. Taking advantage of the programable nature of the iiradiation/relaxation

cycling, multiple PPFR drivers may be connected to a fixed device to achieve on-



demand turning (Fig. 6A). As a demonstrator, two identical PPFRs were connected at
their air chambers. To go straight, both PPFR may be irradiated with the same power
density. Conversely, turning is possible by irradiating a single PPFR to provide
differential steering; for example to turn left, only the right PPFR is irradiated, causing
the right hand side of the device to accelerate forward, (Fig. 6B) while only irradiating
the left device causes a right turn (Movie S4).
Self-sustained oscillating PPFR

The use of a non-modulating light sources is preferable in many situations and is
an advantage intrinsic to continuous irradiation actuators. For internment irradiation
devices, self-sustained oscillation can be used to provide cycling under a constant
external light source [10, 40, 41], which may be provided through self-shadowing. Here,
the side of the air chamber is covered with opaque tape (Fig. 7A, Movie S5). Upon
irradiation of the uncovered photothermal composite from above, the PPFR tube rose
and the air chamber rotated on the liquid surface. In the rotated position, the
photothermal composite was shaded by the tape, initiating the relaxation stage (Fig.
7B), causing the tube to fall and rotating the chamber to expose the photothermal
composite to irradiation again. In this manner, the PPFR achieves self-sustained
oscillating irradiation and sustainable movement under quasi-uniform light, such as

sunlight.

CONCLUSION

In summary, an environmentally friendly light-operated photothermal pneumatic



floating robot (PPFR) has been developed with high speed, directional control, and high
loadbearing capacity. Light energy is effectively converted into the kinetic energy of
the PPFR through a photothermal composite, and by understanding and optimizing the
photothermally-driven mechanics, an average speed of 13.1 mm s! has been achieved
in shallow water. The PPFR may be modified to operate under continuous irradiation,
or to enable remote differential steering. The modular design does not rely on one
specific photothermal agent, so may be fitted with any commercial photothermal agent
for driving with a matching light source. Through use of a leverage model the payload
capacity of the PPFR to at least four times of its own mass. This PPFR is a potential
platform for liquid surface transporting, water sampling, pollutant collecting,

underwater photography and photocontrol robots in shallow water.

MATERIALS AND METHODS

Materials

Reduced graphene oxide (XFSGO04, Nanjing Xianfeng Nanomaterial Technology Co.,
Ltd.), hollow polymethylmethacrylate halfsphere and polyethylene terephthalate
capsule (Yiwu Guangren Trading Co., Ltd.), polyurethane sponge (Freudenberg),
polyvinyl chloride sheet (0.2 mm in thickness, Shandong JTC Plastic Products Co.,
Ltd.), polypropylene tube (4 mm in diameter, Shenzhen Chenjing Plastic Products Co.,
Ltd), silicone tube (Ningbo Yili New Materials Co., Ltd.), epoxy adhesive (WD3620,

Shanghai Kangda New Materials Co., Ltd.), ethanol and glass capillary (Beijing



Tongguang chemical company).

Fabrication of the Photothermal Composites

Reduced graphene oxide (XXX g) was mixed with ethanol (XXX mL) and sonicated in
a bath sonicator/with a probe sonicator for XXX min. The resultant dispersion was
injected into a piece of 3 x 3 x 0.2 cm polyurathane sponge and dried at 50 °C for XXX
hours to give the photothermal composite, containing 33 wt.% reduced graphene oxide

(as measured by XXX).

Fabrication of the PPFR

The photothermal composite was placed into a hollow polymethylmethacrylate sphere
with a diameter of 4 cm. A hole was drilled into the sphere and a polypropylene tube (4
mm inner/outer diameter, XXX mm length) was inserted. The gap between sphere and
tube was sealed with an epoxy adhesive. A thomboid polyvinyl chloride sheet (XXX x
XXX mm) was adhered to the end of the tube wall as a paddle. A metal clip was affixed
on the paddle-end of the tube; the final PPFR weighed 8.3 g. Analogous designs of
different sizes and with different materials were shown to also be feasible.

The driving of a PPFR

A light source (HTLD-411, Shenzhen HEIGHT-LED Co., Ltd.) was set to irradiate the
photothermal composites in the transparent air chamber. The first way, the PPFR went
forward or backward when the light source was on or off. The second way, the PPFR
went forward or backward when light point to photothermal composite or not, with the

light source on all the time.



Characterizations

The surface temperature of the air chamber (containing a sponge doped with graphene

inside) was monitored using an infrared thermometer (CEM DT-810) equipped with a

digital camera. The movement movies were converted to displacement-time data with

the software Adobe After Effects CC 2018. The microscopic structure of the doped

sponge was observed with a scanning electron microscope (SEM; S-4800, Hitachi).

light absorption of the reduced graphene oxide-doped sponge was performed through

UV-Vis-NIR spectroscopy (190 — 3300 nm, Lambda 750, Perkin Elmer).
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Fig. 1. Structure and swimming mechanism of PPFR. (A) Schematic illustration of

a photothermal pneumatic floating robot (PPFR) exposed to light. (B) A painting

illustrating the duck-foot inspired concept of the PPFR. (C and D) Schematic

illustration of the forward and backward movement of PPFR. (Side view)
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Fig. 2. Light driving performance of PPFR. (A) Air column length changing with
time in a driving PPFR (black curve), horizontal displacement of the PPFR changing
with time (blue curve), and diagrams of PPFR at the beginning of forward driving (in
green) and at the beginning of backward driving (in blue). (B) Digital images showing

the forward driving and backward driving of PPFR through time.
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Fig. 3. Photothermal performance of the photothermal composite at different
environment temperatures. Line graph showing the surface temperature of the sponge
doped with graphene versus time at different ambient temperatures, with normal time
axis and logarithm time axis (the inset graph). The 7—¢ curve shows an approximate

exponential decay in both exposure and non-exposure periods.



Table 1. Movement performances in various irradiation programs.

IRRADIATION/ AVERAGED ENERGY EFFICIENCY
RELAXATION HORIZONTAL (107)
RATIO* VELOCITY (mm s)

3s/5s 7.6 2.0
45s/5s 6.6 1.1
455/6s 7.9 1.6
45/7s 6.5 1.1
5s/6s 6.4 0.9
5s/7s 7.7 1.2
5s/8s 8.0 1.3
65s/5s 13.1 3.0
65/6s 12.2 2.6
7s/6s 11.0 1.8
8s/5s 9.2 1.1
8s/6s 11.7 1.8
95s/6s 10.9 1.4

Footnotes: The active/passive transport time ratio* is a feature of a periodic irradiation
program. For example, the 6 s/5 s ratio represents a periodic irradiation program of 6 s

light on, 5 s light off, 6 s light on, 5 s light off and so on periodically.
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Fig. 4. Sunlight driving PPFR. Digital images showing a PPFR swimming, when it is
exposed and unexposed to outdoor sunlight alternately. The average swimming speed

achieves 9.6 mm s™!.
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Fig. 5. Leverage model and images of the loading experiment of PPFR. (A and B)
Leverage models to explain how the density of load influences the rotation of the PPFR
paddle. (C) Digital images showing one 8.3 g PPFR runs at an average speed of 3.9
mm s™! with a 31.7 g load. The load density is about equal water density. The irradiation

is a 365 nm light with a power density of 170 mW c¢m™.



Turning (Left)

Fig. 6. The integration and on-demand control of PPFRs. (A) Schematic illustration
of the on-demand turning PPFR pair developed with differential steering. (B) Digital

images showing a PPFR pair turning left controlled with light.
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Fig. 7. Self-sustained oscillating PPFR. (A) Schematic illustration of the self-
sustained light-driven movement of a self-shadowing-enabled PPFR. (B) Continuous

superposed digital images of a self-sustained oscillating light-driven PPFR without a

paddle.

SUPPLEMENTARY MATERIALS

Fig. S1. UV-vis absorption spectra and images of graphene doped sponge and pure
sponge.

Movie S1. PPFR swimming at its resonance ratio in an indoor experiment.

Movie S2. High-speed sunlight-driven PPFR swimming in an outdoor experiment.
Movie S3. Heavy-load PPFR swimming.

Movie S4. A PPFR pair turning left with differential steering.

Movie S5. Self-sustained oscillating PPFR.






