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Photothermal self-excited actuators, offering untethered power and control, are promising for autonomous soft
robots. While most efforts focus on enhancing heat absorption for greater actuation performance, managing heat
dissipation remains underexplored, which becomes critical in underwater environments with rapid convective
cooling. Inspired by amphibious mammals that use air plastrons for thermal insulation, we develop a strategy in-
corporating superhydrophobic candle soot coating to trap air on photothermal liquid crystal elastomer (LCE) ac-
tuators. This approach substantially improves thermal insulation underwater, enhances internal temperature
gradient, and causes a 282-fold increase in calculated work output. Moreover, we reveal a previously unreported
self-oscillation mechanism based on total internal reflection enabled by air plastron, which decouples the loco-
motion direction from the light incidence direction. Leveraging the enhanced output and maneuverability, we
demonstrate LCE-based robots capable of self-continuous locomotion underwater and on water surfaces, pow-
ered by overhead or horizontal light, paving the way for next-generation untethered high-performance aquatic

soft robots.

INTRODUCTION

Photothermally responsive materials, such as liquid crystal elasto-
mers (LCEs) (1, 2), hydrogels (3, 4), and materials with high coeffi-
cients of thermal expansion (5, 6), have drawn widespread attention
because of their ability to undergo physical or chemical changes to
achieve substantial reconfiguration when exposed to light. These ma-
terials are promising for a variety of applications, spanning from self-
healing materials (7-10), tunable optical devices (11-14), biomedicine
(15, 16), and solar energy harvesting (17-19). Moreover, their shape-
morphing properties, remotely controlled by a light source, make
them a promising candidate for flexible actuators in soft robotics
(20-22). These light-driven systems offer distinct advantages, includ-
ing wireless control, programmability, and adaptability, making them
ideal for a diverse range of applications, including artificial muscles
(23-25), soft grippers (26-29), smart switches (30, 31), and locomo-
tive devices (32-35). Despite their potential, current photothermally
driven soft robotic systems face critical challenges, particularly in
achieving high actuation speeds and magnitudes (21). Therefore, a
deeper understanding of the heat transfer process during photother-
mal actuation is critical, which typically involves the absorption of
incident light by photothermal agents and the dissipation of heat into
the surrounding environment. For photothermal actuators, an insuf-
ficient thermal gradient within the bulk material would limit the ther-
mal strain differences, leading to reduced actuation stroke (36). This
obstacle becomes especially prominent in demanding yet realistic
environments like water. Despite many attempts to develop aquatic
untethered soft robots, current designs remain far from real-world
applications because of insufficient output and strict light control,
which typically requires alignment between the light incidence direc-
tion and the locomotion direction beneath the water surface (37).
Specifically, the high heat conductivity, high density, and high heat
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capacity of water as a low-temperature reservoir result in substantially
greater heat diffusivity compared to air, thereby enhancing both con-
duction and convection processes, leading to more efficient heat dis-
sipation in underwater environments (38). As such environments
prevent the heat build-up in the thermally driven actuator, it becomes
more difficult to reach the required temperature for deformation (39).
In other words, for aquatic photothermal actuators, it is crucial to
achieve a balance between heat absorption and dissipation rates to
enhance the internal thermal gradient, thereby maximizing the pow-
er density and overall performance. To achieve this goal, most re-
search nowadays has focused on improving heat absorption efficiency,
e.g., by developing photothermal agents with higher absorbance or
better compatibility with the host matrix for higher doping concen-
tration, which often involves sophisticated materials design and syn-
thesis (I, 40). Several other strategies have been developed to regulate
local heat transfer in photothermal soft actuators, including spatially
patterning photothermal agents with selective wavelength to enable
localized heating and programmable actuation behaviors (41, 42),
and engineered microstructures to steer heat flow and control defor-
mation (43). However, these approaches primarily focus on encoding
actuation patterns rather than enhancing actuation stroke in ther-
mally dissipative environments. Meanwhile, modulating heat dissipa-
tion also plays a crucial role in underwater environments. While
external encapsulation has been successfully applied to improve heat
accumulation in applications such as greenhouse and solar vapor
generation (44, 45), its potential in photothermal actuators remains
largely unexplored.

Nature offers a solution to this problem. Amphibious mammals
such as otters (46), fur seals (47), and polar bears (48) are able to
maintain their body temperature during extended periods under-
water thanks to their outstanding thermal insulation (Fig. 1A). This
insulation is primarily attributed to their dense and hydrophobic
hair, which traps air underwater because of its rough surface nano-
structure (49). This trapped air layer greatly reduces thermal con-
ductivity, as the heat convection coefficient drops from 100 to 600 W
m ™2 K™ in water to 3 to 20 W m™2 K" in air (38). Inspired by this
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Fig. 1. Scheme of the air plastron-enabled strategy for enhancing the actuation performance of the underwater photothermal soft robot. (A) Otter with hydro-
phobic hair that traps air underwater to help maintain its body temperature. Copyright of the North American River Otter image with permission from D. Strickland, Ten-
nessee Aquarium (67). (B) The temperature gradient across the thickness of the actuator is enhanced by the candle soot coating that traps air underwater. (C) The
hydrophobicity of the air plastron leads to better heat insulation on the coated side, leading to a larger actuation stroke.

natural heat insulation strategy, we propose an approach to improve
the performance of underwater photothermal actuators by trapping a
thin layer of air known as an air plastron on the illuminated side of a
photothermal LCE actuator using superhydrophobic candle soot
(CS) coating (Fig. 1B). The candle soot coating, characterized by its
hierarchical fractal nanostructure, renders the illuminated surface
highly hydrophobic (50), forming the air plastron as an effective heat
insulation layer. Meanwhile, the uncoated side remains in direct con-
tact with water, enabling efficient heat dissipation and rapid thermal
relaxation. This design allows for a greater temperature gradient
across the thickness of the LCE actuator, which in turn generates a
large actuation stroke with a 282-fold improvement in calculated
work output to power locomotion (Fig. 1, B and C). Furthermore, we
reveal a previously unidentified built-in feedback mechanism en-
abled by the total internal reflection (TIR) at the bubble-water inter-
face, which decouples the motion direction from the light incidence
direction. This contrasts with the conventional self-shadowing mech-
anism, which requires the motion trajectory to cross over the incident
light (35, 51, 52). As a result, our photo-driven swimmer demon-
strates enhanced versatility, achieving horizontal locomotion not
only under horizontal light but also with overhead vertical light
sources. This improves maneuverability compared to conventional
photo-driven robots enabled by self-shadowing that demands the
light to strictly align with the locomotion direction (37). In summary,
this air plastron-enabled strategy participates in the spatiotemporal
modulation of heat absorption and dissipation, enabling autonomous
cyclic motion with enhanced output performance and introducing
expanded functionalities to these soft robotic systems.

RESULTS

To fabricate the photothermal actuator, we synthesized the LCE via
a modified two-step thiol-ene Michael addition (53), incorporating
candle soot dispersed within the matrix as a photothermal agent
that strongly absorbs near-infrared irradiation (50, 54). The result-
ing LCE film exhibited uniaxial contraction when exposed to near-
infrared light and reversibly relaxed upon cooling down when the
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light was off. To effectively trap air underwater for heat insulation,
an additional layer of candle soot was coated onto the selected re-
gions of the LCE surface using a modified sprinkle coating method.
This process involved first applying a layer of uncured Sylgard 184
diluted with hexanes, followed by drying the hexanes under a flow
of air before sprinkling candle soot over the surface. The assembly
was then left at room temperature for 24 hours to allow Sylgard 184
to cure and securely adhere to the candle soot (Fig. 2A). The cured
Sylgard 184 formed a thin layer of 4.8 pm on average as shown in
scanning electron microscopy (SEM) images (fig. S1). The LCE and
Sylgard 184 layers exhibited a peel strength of ~0.02 N/mm, indicat-
ing strong interfacial adhesion (fig. S2).

To investigate the nanostructure of the soot particles, dynamic
light scattering was performed, revealing an average particle size of
17.0 nm, which was confirmed using a transmission electron micro-
scope (fig. S3). Sieved candle soot with a particulate size below 80 pm
yielded a coating with the largest water contact angle (WCA) of
150.9°, indicating that the coating was superhydrophobic, while larg-
er particulate sizes slightly decreased the WCA (Fig. 2, B and C). In
comparison, an LCE film with only candle soot embedded in the ma-
trix and a blank LCE without any soot content measured 77.5° and
58.7°, respectively, highlighting the essential role of the surface struc-
ture in achieving superhydrophobicity. Moreover, the WCA corre-
lated with the surface roughness of the films, as characterized using
force profilometry (fig. S4 and Supplementary text S1) and SEM,
which revealed the hierarchical fractal-like structure of the candle
soot coating consisting of nanoparticles assembled into microscale
particulates (Fig. 2D). This structure, resembling the rough surface
structure of otter hair, imparted the surface with an extraordinary
water-repellent ability (fig. S5) (46). As a result, water only wetted the
uncoated LCE region, while the air plastron would generate over the
coated region that was patterned by selectively applying the Sylgard
184 solution, exhibiting a silver mirror-like appearance underwater
because of TIR (Fig. 2E and movie S1) (55). Notably, such air plas-
tron remained stable over the timescale of our experiments for more
than 180 min at a water depth of 15 cm (fig. S6 and Supplementary
text S2). Also, after a water impact test with ~5000 drops of water

20f10

GZ0Z ‘2T 1sNBnYy U0 BIO'80US 105 MMM,/:SANY WO | PSPE0 JUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

A
—
I. Uncoated LCE/CS II. Apply Sylgard 184
Blow dry
B e C
el Blank LCE
149.0 1808 1476 11, 1438 .

140 - mE 9
o
2 1204
©
=
§ 100 4
= 775
8 80 5
e (%} =2
o (@] =
® 607 nll [ S
= SHEls s

40 4 g = *@ c =t

= B 0 B
20114 8 2 a | -
= B B B B

T
After sieving
Groups

m
M

/_.

/ |

IV. Blow excess CS away
Cure for 24 hours

IIl. Sprinkle CS

Uncoated
LCE/CS

Coated <80 pm ‘ Coated >600 pm

CS coating in air

Storage modulus (MPa)

—— Coated LCE/CS
~~~~~~~~~ Uncoated LCE/CS

R ———— 0.1 .
Bubble-trapping underwater 25 50 75

Temperature (°C)

0 038 G
——LCE/CS
Precursor
F-10 —~ FO
IS Heat release
£ 3
8 s~ —
- w
L 209 Loae £
c © =
S =1 kS
w® ©
s 5]
2 T
Q
...... _—
. Heating
-40 k0.0 T T T T T T T T T T T
100 -30 20 -10 0 10 20 30 40 50 60 70 80 90 100

Temperature (°C)

Fig. 2. Fabrication and characterization of the coated LCE film. (A) Scheme of a sprinkle coating method to fabricate the coated LCE. CS, candle soot. (B) WCA of a blank
LCE, uncoated LCE doped with candle soot, and coated LCE with different particulate sizes on the coating. (C) Images of water droplets (5 pl) on LCE films with or without
coating. (D) Top-view SEM images of a coated LCE film (particulate size less than 80 pm) showing the fractal-like structure of the candle soot coating. (E) An LCE with
candle soot coating in the pattern of “UCLA” was immersed into water, effectively trapping air plastron with a silver mirror-like appearance. (F) Comparison of storage
moduli, loss tangent, and actuation strain of a coated LCE film and an uncoated LCE film. (G) The DSC diagram of the LCE precursor and cross-linked LCE film shows Ty;

values of 25° and 60°C, respectively. a.u., arbitrary units.

dropping from a height of 20 cm, the WCA at the impact location
showed a minimal decrease, suggesting the robustness of the soot
coating (fig. S7). Furthermore, because the candle soot coating was
sparse, it did not affect the dynamic moduli or actuation strain of LCE
(Fig. 2F). Differential scanning calorimetry (DSC) indicated that the
candle soot-coated LCE had a low nematic-to-isotropic transition
temperature (Ty;) of 60°C, which was beneficial for actuation initia-
tion in underwater environments where water convection effectively
prevented heat accumulation (Fig. 2G).

To elucidate the underwater actuation mechanism, the LCE film
was cut into a simple rectangular geometry (27 mm by 3 mm by 0.14 mm)
to facilitate the characterization of autonomous photothermal oscil-
lators based on self-shadowing (18, 35, 37). For an actuator with a
coated area (5 mm by 3 mm), whose lower boundary was 5 mm above
the fixed end, when the light intensity increased from 0 to 7.0 W/
cm?, the bending angle kept increasing (i.e., the y position of the tip
lowered) (Fig. 3A, orange, and movie S2). Simultaneously, the bend-
ing motion led to the merging of air trapped on the coating to form
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a continuous air plastron (fig. S8). Above this threshold, the actuator
started to oscillate, with the amplitude and frequency enlarged as
the light intensity continued to rise. The tip position of the actuator
remained mostly above the laser beam, barely crossing over the ir-
radiation area [Fig. 3, A (red) and C; fig. S9; and movie S3], indicat-
ing that the oscillation mechanism was distinct from the previously
reported self-shadowing mechanism (2, 35, 51, 52), where the tip
bent over to block the incident light (Fig. 3B, inner gray loop). In
this case, we proposed that the light blocking was caused by TIR at
the bubble-water interface. Because the refractive index of water
(n = 1.33) is higher than that of air (n = 1.00), the TIR critical angle
is predicted to be 48.6° (56). In a simplified model, when the LCE
bent to a critical position, the angle between the incident light and
the normal increased above the critical angle because of the shape
change of the compressed bubble, reducing the transmitted light
intensity across the bubble to nearly 0 and therefore allowing the
LCE to cool and recover. Consequently, the unbending motion
would readmit the incoming light to initiate the next cycle of bending
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Fig. 3. Oscillation mechanism of the coated underwater actuator with air plastron. (A) Oscillation amplitude of coated and uncoated actuators in response to differ-
ent light intensities. (B) Comparison of self-oscillation mechanisms of the coated actuator with air plastron and the uncoated actuator without air plastron. (C) Vertical
displacement of the coated actuator oscillating above the beam position at different light intensities. (D) Fraction of light transmitted across the air plastron at different
bending angles of the LCE. (E) Simulated bending angle and light transmittance of a coated actuator.

and unbending (Fig. 3B, outer orange loop). Practically, because of = power received by the insulated LCE surface after the refraction
the curvature of the bubble and the width of the laser beam, the frac-  through the air plastron. This simulation revealed that the variation
tion of light transmitted through the bubble did not exhibit a clean-  of light transmittance across the air plastron was in sync with the
cut transition between 0 and 100% at a specific bending angle of the = bending angle during self-oscillation, supporting our hypothesis of
LCE. Rather, the fraction of transmitted light decreased gradually ~TIR-based self-oscillation (Fig. 3E). In comparison, the samples
with larger bending angles as we compared the light intensity received ~ without coating followed the conventional self-shadowing mecha-
by the LCE with and without the air plastron. When the LCE was  nism, where the tip crossed over the laser beam (Fig. 3A, gray).

upright (bending angle 0 = 0°), nearly 90% of light passed through the It is noteworthy that the oscillation amplitude of the coated
air plastron, but it dropped to below 10% when the LCE bent to a  actuator was notably larger than the uncoated counterpart, and the
position with 6 > 60° (Fig. 3D). In the meantime, a multiphysics mod-  light intensity threshold for triggering oscillation was also reduced
el was built to simulate this previously unidentified oscillation behav-  (Fig. 3A). To explore the reason behind the enhanced actuation stroke
ior of the LCE underwater actuator. The light transmittance can be  of the coated actuator, we measured the temperature difference across

modeled as follows the thickness (140 pm) in the static state with two ends fixed. For both
0<6  transmitted coated and uncoated actuators, the temperature difference increased

I, =1,/ (0), { -° (1)  with rising light intensity, while the coated actuator always exhibited

0>0,, total reflected a greater temperature difference, up to 90.2°C at 20.7 W/cm? (Fig. 4A

and fig. S10). The reason is explained as follows: When a horizontal
beam of the laser irradiated on the LCE through the air plastron, the
side facing the laser would be heated to an elevated temperature fa-
cilitated by the air insulation, while the opposite side remained in
contact with water, efficiently cooling the LCE. Such an asymmetric
_ _ (n, design thus built a greater temperature gradient across the thickness

n,sinb; = n,sin6;, 6, = arcs1n<n—> (2)  of the actuator during oscillation (Fig. 1B). This enhanced tempera-

! ture gradient, in turn, induced a substantial strain difference between

where n,is the refractive index of water, and n, is the refractiveindex  the two sides of the LCE, resulting in a large bending moment, as
of air. I, is the initial irradiation power, while I, is the irradiation  confirmed by COMSOL Multiphysics simulation (Fig. 4, B and C,

where 0, is the critical incident angle of TIR, and f(8) = 1 — R, with
R representing the light reflectance (detailed in Supplementary text
S4). TIR occurs when the transmitted angle 6, reaches g Therefore,
0, can be calculated using Snell’s law (57)
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Fig. 4. Oscillation performance of underwater actuators. (A) Temperature difference across the thickness of coated and uncoated actuators at different light intensities.
Simulated superimposed temperature profile at the highest and lowest positions of (B) uncoated and (C) coated actuators. (D) Oscillation amplitude and simulated work
output of a coated actuator at different ambient temperatures. (E) Trajectory of the tip motion of coated and uncoated actuators at different irradiation positions at a light
intensity of 20.7 W/cm?. Simulated (F) work output and (G) trajectory of coated and uncoated actuators.

and Supplementary text S4). The uncoated oscillator and insulated
oscillator have different heat transfer functions on the irradiated LCE
surface because of their exposure to different heat convection envi-
ronments (water and air) and the varying photoirradiation power
they receive as follows

Uncoated oscillator without air plastron: pc, % =kV?T -

hy (T = Top) +1,

oT ®)
Insulated oscillator with air plastron: P 5, = kV>T—
ho(T = Teny) +1;
where p is the density of the LCE, ¢, is the specific heat capacity of

the LCE, k is the thermal conductivity of the LCE, and T, is the

Shietal., Sci. Adv. 11, eadx7189 (2025) 15 August 2025

environmental temperature. The parameters h,, and h, are the heat
convection coeflicients of water and air, respectively. Because of the
contribution of air plastron, the effective thermal conductivity of the
system was calculated to decrease markedly from 0.7 W m™" K™ for
the uncoated LCE to 0.0274 W m™" K" for the LCE/candle soot/air
plastron trilayer (Supplementary text S5), indicating the great ef-
fectiveness of the air plastron in inhibiting heat dissipation.

To further investigate the heat transfer process in the actuator
with air plastron, we varied the temperature gradient by changing
the water temperature from room temperature (25°C) to slightly be-
low its Ty; (55°C) (Fig. 4D and fig. S11). At lower temperatures like
room temperature, the air plastron effectively facilitated heat build-up
on the coated side of the actuator and maintained a considerable tem-
perature gradient across the thickness, thus improving the oscillation
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stroke. As the water temperature was raised, the temperature dif-
ferences between the irradiated position and the surroundings
gradually decreased. As a result, the strain difference across the
film thickness also decreased substantially despite the larger absolute
actuation strain, leading to smaller x and y amplitudes of the tip mo-
tion that eventually vanished to zero at 55°C. Meanwhile, the work
output of the insulated actuator to the environmental change was
simulated, which exhibited a similar decreasing trend with rising wa-
ter temperature (Fig. 4D, blue), consistent with our experimental ob-
servations. These results support the notion that a high temperature
gradient is crucial for enhancing the oscillation amplitude and work
output of the actuator.

In addition, we compared the trajectory of the tip of the oscillators
in response to different irradiation positions. In all cases, the trajec-
tory of coated actuators stayed above that of the uncoated counter-
parts because of the earlier light blocking via air plastron TIR at
smaller bending angles (Fig. 4E). Specifically, when the light irradi-
ated on the root of the actuators (irradiation position of 0 cm), both
coated and uncoated samples exhibited reciprocal trajectories, mean-
ing that their upstroke and downstroke followed the same route.
However, the coated sample still demonstrated a larger amplitude. At
higher irradiation positions, the tip motion had a nonreciprocal cir-
cular trajectory, where the spatiotemporal symmetry between the
upstroke and the downstroke was broken. Such a nonreciprocal tra-
jectory was generated because the part of the LCE below and above
the irradiation position effectively formed a linkage structure that
was subject to both the excitation force and drag from the underwa-
ter environment, as supported by our multiphysics modeling. Such
nonreciprocal motion helped to create a directional imbalance in the
distribution of forces and thus generated a net propelling force, par-
ticularly in low-Reynolds-number environments where inertia is
negligible compared to viscous forces (known as the scallop theo-
rem) (58). As a result of the greater oscillation amplitude of the
coated actuators, their tips could sweep over a larger area than the
uncoated actuators, suggesting potential application in underwa-
ter locomotive robots. As the irradiation spot moved further up-
ward, the stiffness of the upper part of the actuator became higher,
leading to a decrease in amplitude and an increase in frequency,
producing a trajectory with a smaller swept area (fig. S12). Mean-
while, simulations indicated that the coated actuator achieved a
work output multiple orders of magnitudes higher than the un-
coated sample, reaching a maximum of 282-fold improvement at
the height of 0.75 cm (3.67 pW compared to 0.013 pW for the
uncoated counterpart) (Fig. 4, F and G). Despite the large actua-
tion stroke, the coating and air plastron were stable during the dy-
namic oscillation process. Moreover, the oscillation amplitude and
frequency remained consistent among different on-off cycles of
irradiation (fig. S13) and over a long-term operation of 6 hours
(fig. S14), demonstrating the good robustness of this air-plastron-
enabled strategy.

As previously mentioned, the large-stroke nonreciprocal motion
of a coated actuator with air plastron can potentially generate a pro-
pelling force for locomotive robotic applications. To investigate the
solid-liquid interaction during the self-oscillation, we performed par-
ticle image velocimetry (PIV) to characterize the water flow around
the actuator (Fig. 5A, fig. S15, and movie S4). For the coated sample,
it could be clearly observed that vortices were generated near the tip
of the actuator during its upstroke and downstroke motion. Such fea-
tures typically yielded a thrust for forward locomotion, seen in the

Shietal., Sci. Adv. 11, eadx7189 (2025) 15 August 2025

swimming of animals like fish and scallops (58). By comparison, an
uncoated sample exhibited vorticity of negligible magnitude, which
was consistent with its lower oscillation magnitude (Fig. 5B). In addi-
tion, the coated actuator also featured a faster updraft heat convection
flow than the uncoated actuator, supporting the notion that it reached
a higher temperature during oscillation.

Building upon the vortex generation of a coated actuator with air
plastron, first, an underwater walking robot was designed to move
on a smooth substrate by attaching the oscillating actuator to a poly-
ethylene terephthalate (PET) frame with “legs” (Fig. 5C). The “legs”
were tilted such that the friction force in the forward direction (left-
ward as shown in Fig. 5C) was smaller than that in the backward
direction. On the basis of this asymmetric friction force, the under-
water walker could move unidirectionally in a pulsatile manner,
reaching an average speed of 6 cm/min (0.07 body length/s; Fig. 5D
and movie S5). In contrast, the uncoated actuator stayed in the orig-
inal location as the generated thrust was insufficient to overcome
the drag force in the water. To the best of our knowledge, our walker
was the only photothermal underwater soft robot achieving autono-
mous locomotion without the need to manipulate the light source
while reaching a swimming speed comparable to that of other un-
derwater swimmers (fig. S16). Similarly, a swimmer at the water-air
interface could be designed by having the oscillating actuator func-
tion as a paddle that was attached to a hydrophobic acrylic frame
that floated on the water surface (leftward as shown in Fig. 5E). A
swimming speed of 4.2 cm/min (0.03 body length/s) was achieved
for the coated actuator (Fig. 5F and movie S6), while the uncoated
actuator could not move forward. In addition, the TIR-based strat-
egy allowed the decoupling of the locomotion direction from the
light direction as the LCE actuator did not need to cross over the
light beam (fig. S17). Consequently, an underwater walker could be
driven by a light source from a variety of angles, ranging from hori-
zontal to overhead, enhancing maneuverability. This feature can be
particularly useful in scenarios where direct alignment with the lo-
comotion direction is not feasible or in narrow spaces. In this case,
oscillation would occur on one side of the vertical light beam to gen-
erate a horizontal thrust that propelled the underwater walker for-
ward (Fig. 5, G and H, and movie S7), demonstrating the potential
of autonomous underwater soft robots powered by sunlight-like
vertical illumination sources.

DISCUSSION

In this study, we presented an approach to engineering high-
performance underwater photothermal actuators by effectively mod-
ulating heat transfer processes. Inspired by the thermal insulation
strategy of amphibian mammals by trapping air plastrons with their
dense, hydrophobic fur, we modulated the heat dissipation of actua-
tors by applying a superhydrophobic material-based coating that
facilitated the formation of an insulating air plastron on the LCE
actuator. This air plastron strategy offered two major advantages: (i)
It maintained a substantial temperature gradient, which in turn drove
large actuation strokes and delivered high work output during oscilla-
tory motion; (ii) it introduced a previously unreported mechanism
for controlling light interactions in photoactive materials via TIR.
Therefore, such a surface engineering approach enabled self-sustained
motion even in challenging underwater environments and decoupled
the locomotion direction from the light direction. Building on these
advances, we successfully fabricated aquatic soft robots capable of
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Fig. 5. Locomotive robots based on a coated actuator with air plastron. PIV images presenting (A) the coated actuator and (B) the uncoated actuator during upstroke
and downstroke; color, vorticity; arrow, velocity. (C) Underwater walker demonstrating forward movement with a coated actuator while remaining static with an un-
coated actuator; scale bars, 1 cm. (D) Locomotion performance of the underwater walker. (E) Swimmer that moves forward at the water-air interface when using a coated
actuator and stays static when using an uncoated actuator; scale bars, 1 cm. (F) Locomotion performance of the swimmer. (G) Underwater walker demonstrating forward
movement with a coated actuator while remaining static with an uncoated actuator under the overhead light irradiation; scale bars, 1 cm. (H) Locomotion performance
of the underwater walker under the overhead light irradiation.
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operating both underwater and at the water surface, driven by both
horizontal and overhead vertical light irradiation, demonstrating
high locomotion speed up to 0.07 body length/s. Compared to cer-
tain stimulus-responsive actuator systems like dielectric actuators
and ionic polymer-metal composites or passive pneumatic swim-
mers, the locomotion speed remains modest. However, many of
these systems rely on tethered power supplies—such as high-voltage
sources or hydrated electrolytes—that constrain their deployment
in fully untethered environments. In contrast, light-responsive LCE
enables autonomous actuation by harvesting energy directly from a
remote light source, eliminating the need for onboard electronics or
external wiring. While further speed optimization is a focus for fu-
ture work, the demonstrated performance highlights the promise of
LCE-based systems for untethered, adaptive applications such as
environmental sensing and light-guided navigation.

MATERIALS AND METHODS

Materials

2-Methyl-1,4-phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate)
(RM257) and 2-methyl-1,4-phenylene bis(4-((6(acryloyloxy)hexyl)
oxy)benzoate) (RM82) were purchased from Shijiazhuang Sdyano
Fine Chemical. 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TATATO), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP),
2-benzyl-2-(dimethylamino)-1-[4-(morpholinyl) phenyl)]-1-butanone
(Irgacure 369), butylated hydroxytoluene (BHT), and Tween 80 were pur-
chased from Sigma- Aldrich. Ethylene glycol bis(3-mercaptopropionate)
(GDMP) was purchased from TCI. Triethylamine (TEA) was pur-
chased from Merck. Fluorescent particles (UVPMS-BO-1.00 75-
90pm) for PIV tests were purchased from Cospheric.

Synthesis of the LCE

To obtain candle soot, a piece of aluminum foil was clamped above
the flame of a paraffin candle, and candle soot was scraped off from
the aluminum foil. Candle soot particulates of specific size ranges
were obtained by sieving the as-prepared candle soot through a se-
ries of sieves with mesh sizes of 600, 400, 150, and 80 pm.

The LCE was synthesized using a modified thiol-ene click reac-
tion. Specifically, 103 mg of PETMP, 70 mg of TATATO, 404 mg of
GDMP, 24 mg of BHT, 20 mg of Irgacure 369, and 8.5 mg of candle
soot were added to a glass vial and mixed thoroughly. Then, 856 mg
of RM82 and 250 mg of RM257 were added to the mixture followed
by heating at 70°C until it completely melted. The mixture was soni-
cated while maintaining 70°C for 2 min to disperse the candle soot.
Twenty-five microliters of TEA was added to the mixture and stirred
for 1 min before casting between two glass slides with two layers of
labeling tape as a spacer (280 pm in thickness). The precursor mix-
ture was cured at 60°C for 4 hours to form a lightly cross-linked
film. The film was then stretched to 100% strain and photocross-
linked under a UV (ultraviolet) lamp at 35 mW cm ™2 (UVGO
365 nm) for 20 min on each side.

Fabrication of the candle soot-coated oscillator

The LCE film was cut into rectangular strips (27 mm by 3 mm) us-
ing a razor blade. Sylgard 184 (10 wt %; base:curing agent = 10:1)
was dissolved in hexanes. The solution was spread on the desired
area of the LCE strips’ surface using a capillary tube before the solvent
was dried under a flow of air. Candle soot particulates of specific size
ranges were then sprinkled over the strip coated with Sylgard 184,

Shietal., Sci. Adv. 11, eadx7189 (2025) 15 August 2025

and the strip was gently shaken to ensure that candle soot adhered
well to the LCE. Excess candle soot was then blown off from the
LCE. The sprinkling and blowing processes were repeated five times
to ensure a good coverage of candle soot over Sylgard 184. The coat-
ed LCE was kept at room temperature for 24 hours to allow Sylgard
184 to cure.

Characterization of the LCE and candle soot

Tyi was measured using a differential scanning calorimeter (DSC250
TA Instruments) by heating 5 to 10 mg of sample from —30° to 100°C
at a ramp rate of 10°C min~"'. The dynamic moduli and actuation
strain of the LCE were measured using a dynamic mechanical ana-
lyzer (DMA 850 TA Instruments) by heating from 25° to 140°C at a
ramp rate of 5°C min~" under a preload of 0.01 MPa. Specifically,
dynamic moduli were tested at a frequency of 1 Hz and an oscillation
strain of 0.2%. The WCA was characterized by extruding a water
droplet of 5 pl onto the coated/uncoated surface and recording the
image using a high-speed camera (VEO-710L, Phantom), and the
images were analyzed using the WCA plug-in in Image]. Water im-
pact tests were performed by extruding water from a height of 20 cm
above an LCE/candle soot film (inclined at 45°) at a constant rate of
10 ml/hour using an electronic pump for a total of 250 ml (~5000
drops), and the WCA before and after the water impact test was re-
corded (59, 60). The microstructure of the candle soot coating was
visualized using a scanning electron microscope (Supra 40VP, ZEISS).
The surface roughness of the candle soot coating was measured using
a stylus profilometer (6M profilometer, Dektak). Candle soot parti-
cles were dispersed in toluene (0.1 mg/ml), and the particle size was
measured by dynamic light scattering (Zetasizer Pro, Malvern Pana-
Iytical), confirmed by a transmission electron microscope (FEI Titan
80-300). The T-peel test of an LCE/Sylgard 184 bilayer was per-
formed using a tensile tester (Ustretch, Cellscale) at a strain rate of
5 mm min~". The optical image of air plastron was taken using an
optical microscope (VHX-X1FE Keyence).

Actuation and characterization of the oscillator

The LCE oscillator was actuated using a laser at 808 nm (LSR808NL,
LASEVER). Light intensity was measured using a power meter
(PM16-121, Thorlabs) as the sensor in Fig. 3D. The motion of the
oscillator was characterized using Tracker software. To prepare
the solution for PIV, 0.1 g of Tween 80 was dissolved in 100 ml of
hot water, and 1 g of fluorescent particles was dispersed in the
solution by centrifuging at 6000 rpm for 10 min. The mixture was
then diluted to 1 liter using deionized water. A line diffuser (ED1-
L4100-MD, Thorlabs) was attached to a green laser (Genesis
MX532-1000 STM, Coherent) to create a linear green light, which
was aligned to the plane of the LCE oscillator to visualize the fluo-
rescent particles. PIV data were analyzed using the Matlab appli-
cation PIVlab.

Robotic design and characterizations

An underwater walker was fabricated by attaching an LCE/candle
soot actuator onto a PET base, which was made by folding a PET
film such that the front and rear parts of the base stood tilted toward
the same direction on a flat surface (fig. S8). A swimmer was fabri-
cated by attaching an LCE/candle soot actuator onto a PET hinge
that was glued onto an acrylic frame. The frame was hydrophobic
such that it floats on the water surface. The locomotion of the robots
was characterized using Tracker software.
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