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SOFT ROBOTS

Light-powered soft steam engines for self-adaptive
oscillation and biomimetic swimming

Zhiwei Li', Nosang Vincent Myungz*, Yadong Yin'*

Oscillation plays a vital role in the survival of living organisms in changing environments, and its relevant research
has inspired many biomimetic approaches to soft autonomous robotics. However, it remains challenging to create
mechanical oscillation that can work under constant energy input and actively adjust the oscillation mode. Here,
a steam-driven photothermal oscillator operating under constant light irradiation has been developed to perform
continuous or pulsed, damped harmonic mechanical oscillations. The key component of the oscillator comprises
a hydrogel containing Fe304/Cu hybrid nanorods, which can convert light into heat and generate steam bubbles.
Controllable perturbation to the thermomechanical equilibrium of the oscillator can thus be achieved, leading to
either continuous or pulsed oscillation depending on the light intensity. Resembling the conventional heat steam
engine, this environment-dictated multimodal oscillator uses steam as the working fluid, enabling the design of
self-adaptive soft robots that can actively adjust their body functions and working modes in response to environ-
mental changes. An untethered biomimetic neuston-like robot is further developed based on this soft steam
engine, which can adapt its locomotion mechanics between uniform and recurrent swimming to light intensity
changes and perform on-demand turning under continuous light irradiation. Fueled by water and remotely powered
by light, this unique hydrogel oscillator enables easy control over the oscillation dynamics and modes, offering an
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effective approach to self-adaptive soft robots and solar steam engines.

INTRODUCTION
Oscillation is ubiquitous at all scales in nature, from the vibration of
chemical bonds (1) to the cytoskeletal oscillation of cells (2), wing
oscillation of hummingbirds (3), and heartbeat of mammals (4).
One notable feature of these diverse oscillations is the self-sustained
periodic motion under nonperiodic stimuli (5). In microorganisms
like bacteria, oscillation determines many fundamental biological
processes, properties, and functions (6). A noticeable example is the
spatial oscillation of protein localization that defines the position of
cell division and the localization of DNA (6). Another attractive fea-
ture of these natural oscillations is their adjustable frequency in
response to environmental changes (7). The mammalian heartbeat
oscillation is established by the sinoatrial node and has a tunable
frequency of 0.83 to 2.5 Hz depending on surrounding blood oxygen
content with constant-amplitude action potentials. These properties
make biological species adaptable to ever-changing environments
by actively adjusting the oscillation mechanics and body functions.
Mimicking these existing oscillating systems offers opportunities
for preparing adaptive robots and energy-harvesting devices (8, 9).
In particular, oscillators with soft bodies are expected to realize the
functions of biological species if they can perform regular oscilla-
tions under nonperiodic stimuli and alter their oscillating dynamics
in response to environmental changes. Artificial oscillators can be
prepared using a tethered power source, such as an alternating current,
to drive the periodic shape changes of materials and continuous
locomotion of soft robots (10-13). Compared with mechanical robotic
devices comprising rigid and dense materials (14, 15), their soft
bodies can adapt to environmental changes through on-demand
shape morphing (16). However, their mechanical work is limited by
the tethered power input. Several advanced technologies use responsive
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materials to surrounding stimuli so that autonomous oscillation
can occur (17, 18). A few examples include soft oscillators that are
driven by heat (19, 20), chemical reactions (21), and humidity (22, 23).
However, their further development to self-sustained soft robots is
often limited by slow responses, low oscillation frequency, and lack
of remote control (24, 25). The sluggish heat and mass transfer inside
their soft bodies is the main reason for the slow shape morphing in
response to external stimuli.

Photothermal actuators use light as a renewable and remote energy
source to power mechanical movement (26-30). Because of wireless
signaling, tunable energy input, and easy directional control, light is
an ideal stimulus to develop artificial soft oscillators and bionic robots.
Existing strategies typically combine the phase transition of liquid
crystal elastomers or hydrogels with a built-in negative feedback loop
for photothermal oscillation (27, 31-34). These elegant designs en-
abled the creation of several photothermal oscillators operating under
continuous light irradiation, which, however, require stringent con-
trol of light directionality to fulfill the feedback loop requirements.
Besides, their oscillation modes and frequency are determined by the
actuator mechanical properties with negligible responses to stimu-
lus changes. Therefore, creating self-sustained, adaptive soft robots
remains challenging.

Here, we develop a light-powered soft oscillator with adaptive
oscillation modes in response to light irradiation of different inten-
sities. It features a hierarchical structure, with the primary component
being a photothermal actuator composed of a polymer hydrogel
and Fe304/Cu hybrid nanorods. The plasmonic property of the
nanorods makes them excellent photothermal converters working
at the desired wavelength. Upon light illumination, they heat up and
produce steam by vaporizing the water contained in the porous hydro-
gels. The local steam generation leads to bubble formation, which
acts as a regular perturbation to the thermomechanical equilibrium
of the film, resembling a steam engine. The high thermal and me-
chanical stability allow the trilayer films to sustain long-term oscil-
lation under continuous water supply, e.g., by partially immersing
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the film in water. Such flexible design is also operational for other
materials, including plasmonic nanostructures with resonant ab-
sorption at a certain wavelength or “black” materials with broad-
band absorption for diffuse white light actuation. The potential of
this soft steam engine is further demonstrated by designing a neuston-
like swimming robot (Neusbot) that can move sustainably and rapidly
[at a speed of ~4 body lengths (BL)/min], with highly controllable
swimming modes by modulating the light intensity.

RESULTS
Steam-driven photothermal oscillators
Hybrid Fe;04/Cu nanorods are developed as photothermal con-
verters considering the low cost and high abundance of Cu and the
plasmonic activities of Cu nanorods comparable to Au counterparts
(35). Although the localized surface plasmon resonance of Cu
nanorods allows actuating the hydrogel oscillator at a particular
resonant wavelength, the broadband absorption of coupled Fe;O4
nanorods can also convert diffuse white light into heat to power the
mechanical oscillation, making the hydrogel oscillator operational
under different types of light sources. We used an unconventional
confined growth to synthesize the hybrid nanorods with Fe;04
nanorods (110 nm by 20 nm) as templates (fig. S1A) (36-38). The
seeded growth of Cu occurred in the defined gaps between Fe;0,4
nanorods and resorcinol-formaldehyde (RF) shells (fig. S1B). Trans-
mission electron microscopy (TEM) images of the hybrid structures
are shown in fig. S1 (C and D), with one Fe304 and one Cu nanorod
coupled in a parallel manner. During the seeded growth, a sharp
plasmonic peak appeared at ~940 nm (fig. S2A), indicating the suc-
cessful anisotropic growth of Cu in the gaps. The extinction spectra
in fig. S2B reveal two plasmonic peaks, with 600 and 940 nm for
transverse and longitudinal modes of Cu nanorods, respectively.

The configuration of the trilayer actuator is depicted in Fig. 1A. The
middle layer is a polyacrylamide (PAM) hydrogel containing the
plasmonic nanorods for converting light to heat to vaporize the sur-
rounding water. A top polyimide (PI) layer and bottom polydimethyl-
siloxane (PDMS) layer are introduced to construct the trilayer
actuator. With different thermal expansion coefficients, these two
polymeric materials are readily available in thin films, making it
straightforward to fabricate the desired structure. The great conve-
nience in changing the geometry, shape, and size of the actuators
enables systematic studies of the as-designed photothermal oscilla-
tors. As discussed later, both PI and PDMS are hydrophobic, allow-
ing the resulting films to float on the water surface to realizing
neuston-like robots. It is worth noting that the current mechanism
can potentially be extended to other elastic films with different co-
efficients of thermal expansion, opening the door to various adap-
tive robots that can meet the requirements of specific applications.
We first examine the hydration performance of the hydrogel layer
at ambient conditions. In thermogravimetric analysis (TGA), water
evaporation causes ~80% mass loss before 100°C, with a maximum
speed of 5.7%/min at 85°C (fig. S3A). The hydrogel exhibits reliable
hydration-dehydration performance, with the hydration only taking
1 hour to reach saturation (fig. S3B). Therefore, this material design
enables the multiple uses of the trilayer actuators for powering dif-
ferent mechanical work.

The steam generation-induced photothermal oscillation is illus-
trated in Fig. 1B and fig. S4. Upon near-infrared (NIR) light irra-
diation at stage i, the film bends due to a higher coefficient of thermal
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expansion of PDMS than PI. As the temperature increases to its
maximum value, the film reaches an equilibrium state (stage ii).
With continuous light irradiation, the local high temperature va-
porizes the surrounding water, producing vapor bubbles between
the top PDMS and middle hydrogel layers (stage iii). The bubble
serves as a gas wedge so that the trilayer actuators recover slightly to
an out-of-equilibrium state. The vapor gets released when the bub-
ble expands to the film edge, leading to a fast recovery of the actua-
tor to its equilibrated state. The fast release of the elastic potential
initiates a cycle of damped harmonic oscillation in the trilayer actu-
ator (fig. S4). The continuous vapor generation and release produce
constant mechanical oscillation in the actuators. To verify this hy-
pothesis, we first used an NIR light (2.6 W/cm?) to irradiate the
film. As shown in Fig. 1C and movie S1, the film bent at the initial
30-s irradiation, exhibiting a monotonic increase of its bending an-
gle. This observation is consistent with the proposed stage ii. Pro-
longing light irradiation generated noticeable oscillation associated
with fast, continuous bubble generation inside the film (Fig. 1D and
movie S2). Figure 1E plots the time-resolved bending angle of the
film under continuous light irradiation, which, in combination with
the highly correlated angular velocity, demonstrates a periodic,
high-frequency oscillation along an equilibrium bending angle (fig.
S5A). Its frequency is calculated to be 10.13 Hz by converting the
bending angle signal in the time domain to the intensity signal in
the frequency domain using fast Fourier transform (FFT) (Fig. 1F),
indicating that the film oscillates ~10 times within 1 s. The photo-
thermal oscillator has an average oscillating magnitude of 2.90°,
equivalent to 0.92 mm in tip displacement (fig. S5B).

Tuning the frequency of the hydrogel oscillator

Because of the efficient photothermal conversion of hybrid nanorods,
a rapid and drastic temperature rise can be induced in the hydrogel
upon irradiation by the NIR light at 2.6 W/cm” (fig. $6, A and B). A
quasi-equilibrium state is established when the heat generation bal-
ances the heat loss due to the local steam generation and diffusion
to surroundings. After 70 s of irradiation, we observed a second
drastic temperature increase mainly because the water in the hydro-
gel is exhausted, and the continued photothermal conversion boosts
the temperature. Accordingly, the film bent steadily at the initial
20-s irradiation (fig. S6C) and then switched to continuous oscilla-
tion as indicated by the successive changes of bending angles. The
oscillating magnitude decreases after the 70-s irradiation, which
happens right at the beginning of the second temperature rise. These
observations consistently confirm the total water consumption, and
the disappearance of steam bubbles causes the oscillation-to-bending
transition. In addition, if the trilayer film was made with dry hydro-
gel, the film only bent under the same light irradiation (fig. S6D). In
addition, the films bent without noticeable oscillation if a bilayer
film without hydrogel layer was used (fig. S6, E and F). These con-
trol experiments further underpin the importance of the continuous
hydration of the hydrogel layer: The absorbed water vaporizes upon
photothermal heating, leading to steam bubble generation and me-
chanical oscillation under constant light irradiation.

Tuning the oscillation frequency is possible by simply changing
the film length. Figure 2A shows the oscillation of 20- and 35-mm
films under the same light irradiation. They oscillated steadily with
constant periodicity and slightly changing magnitude because of
the small variation in bubble formation. The oscillation periods
monotonically decreased when the film length decreased (fig. S7A).
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Fig. 1. Photothermal oscillators powered by local steam generation. (A) Schematic illustration of the trilayer structure of the actuators. (B) Working mechanism of the
hydrogel oscillation driven by photothermal steam generation. Digital photos showing the (C) bending and (D) oscillation of the actuators under NIR light irradiation.
(E) Time-resolved bending angles during oscillation. (F) Corresponding FFT of the bending angles. a.u., arbitrary units.

A close analysis by FFT indicates that the frequency increases from
10 to 32 Hz with an optimal oscillation magnitude of 4° just by
shortening the film from 45 to 15 mm (Fig. 2B and fig. S7, B and C).
Another important geometry parameter of the trilayer actuator is
the film thickness, which is highly correlated to the stiffness of the
actuators and thus determines the actuation-relaxation rate, equi-
librium bending angle, and photothermal oscillation frequency.
Because PDMS has a much higher Young’s modulus (0.75 MPa)
than PAM hydrogel (~10 kPa), tuning the thickness of the bottom
PDMS layer is an efficient way to recognize the critical role of actua-
tor stiffness in determining the shape morphing and mechanical
oscillation (39, 40). We prepared five hydrogel oscillators with the
PDMS thickness increasing from 0.2 to 1.0 mm with a 0.2-mm step,
corresponding to an increase in the total trilayer thickness from 0.4 to
1.2 mm. In fig. S8A, these trilayer actuators first bent to approach
the thermomechanical equilibrium under light irradiation and re-
laxed gradually after turning off the light, leading to thickness-
dependent equilibrium bending angles. The thinnest film (0.4 mm)
demonstrates the largest equilibrium bending angle of 52°, which
gradually decreases as the film thickness increases to 1.2 mm (fig.
S8, B and C). A close analysis indicates that the equilibrium bending
angle is inversely proportional to the film thickness, consistent with
the analytical model in fig. S9 (see detailed derivation of Eqs. 1 to 6
in Materials and Methods). In analyzing the bending kinetics, we
plot the instantaneous angular velocity during bending and relaxation
in fig. S10, which displays a gradual deceleration in photothermal
bending and free relaxation for the five oscillators. The films expe-
rience a maximum driving force at the beginning of bending and
the strongest restoring force right after turning off the light, leading
to the largest angular velocities. As the bending and relaxation pro-
ceed, the film accumulates bending-induced counterforce during
photothermal actuation and experiences decreasing restoring force
during free relaxation, which is the main reason for such angular
velocity decay. Plotting the maximum angular velocity against film
thickness reveals a linear dependence in these two sequential and
highly correlated processes (Fig. 2D). We then analyze the mechan-
ical oscillation of these oscillators during the photothermal bending
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process. The mechanical oscillation of the five trilayer films is all
periodic but with different oscillating characteristics under the same
light irradiation (fig. S11A and movie S3). The obvious peaks in fig.
S11B after FFT analysis confirms the periodic mechanical oscilla-
tion and thickness-dependent oscillation frequency.

To understand the underlying physical principles and explain
the dependence of photothermal oscillation on film geometry and
stiffness, we introduce a theoretical oscillating model based on clas-
sical mechanics (see details in Materials and Methods). The trilayer
oscillator is considered a cantilever beam with a rectangular cross
section. According to Eqgs. 7 and 8, the oscillating frequency of a
damped harmonic oscillator decreases as the cantilever beam length
(L) increases, with a decaying rate larger than 1/L*. In addition, the
increase in film length causes more of the film surface to be exposed
to light, leading to a potential increase in bubble generation and thus
fast oscillation. These two competing effects cause a higher oscilla-
tion frequency in long trilayer film than predicted. To analyze the
film thickness effect, we consider a cantilever beam with a rectangu-
lar cross section, with a width of b and a thickness of h. Its cross-
sectional area (A) and the area moment of inertia (I) can be calculated
by b x h and b x h’/12, respectively, and substituting these expres-
sions to Eq. 8 leads to the final Eq. 9, which predicts a monotonic
increase of oscillating frequency with the cantilever thickness. This
theoretical consideration is confirmed by the upward trend in the
measured frequency of films with different thicknesses (Fig. 2E). In
addition, because of the presence of damping term in Eq. 9, the fre-
quency of a damped harmonic oscillator should be lower than that
of a simple harmonic oscillator (Eq. 10), leading to a faster decay of
oscillation frequency against thickness decrease, which is also con-
sistent with the results in fig. S11C, further confirming the damped
nature of the hydrogel oscillators under light irradiation.

The cross-linking ratio of the hydrogel layer also plays an essen-
tial role in controlling the oscillation frequency by determining the
efficiency of steam generation. It can be achieved by adjusting the
amount of cross-linker, N,N’-methylenebisacrylamide, during photo-
polymerization. We prepared five hydrogels by increasing the cross-
linker—to-monomer ratio from 0.014 to 0.168 (fig. S12A), corresponding
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the h-PAMS5 film. After careful charac-
terization, we prepared photothermal
actuators using the five hydrogels as the
middle layers and tracked the mechani-
cal deformation under the same light
irradiation. As shown in fig. S13 and
movie S4, they exhibit variable oscilla-
tion magnitude and frequency depending
on the cross-linking ratios. The frequency
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first increased from 6.5 to 14.5 Hz and
then dropped to 8.1 Hz (Fig. 3E). The
cross-linking degree influences the ratio
of water molecules in different bonding
! states and the mass of the actuators,
which have opposite effects on oscilla-

tion. Specifically, a low cross-linking
degree leads to fast water evaporation
and, therefore, high-frequency oscilla-
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tion. On the other hand, its high water
content markedly increases the actuator
mass, making oscillation more difficult.
These two competing factors produce an
optimal oscillation frequency of 14.5 Hz
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Fig. 2. Tuning the oscillation frequency by controlling film geometry. (A) Oscillation amplitude of films with differ-
entlengths. (B) FFT of film oscillation for different lengths. (C) Dependence of oscillation frequency on film length. Error
bars indicate SD based on three measurements. (D) Dependence of maximum bending and relaxing velocity of the
trilayer oscillators on the film thickness. (E) Oscillation frequency as a function of film thickness. a.u., arbitrary units.

to hydrogel polyacrylamide (h-PAM) 1 to 5. After full hydration,
h-PAM1 displayed a large volume expansion (~285%) because of
the low cross-linking ratio, whereas the volume change of h-PAM5
was small (~126%). The highly cross-linked hydrogel limits its hydra-
tion and is expected to contain less saturated water (Fig. 3, A and B).
The hydration reaches saturation after 1 hour with differing maxi-
mum water contents, dropping from 1300% for h-PAM1 to 300%
for h-PAMS5 (Fig. 3, C and D). The cross-linking degree also affects
the hydrogel dehydration during uniform heating. In dynamic thermo-
gravimetry (10°C/min), the higher water content in h-PAMI leads
to more mass loss below 150°C (fig. S12B). In the differential ther-
mal analysis in fig. S12C, the film h-PAM]1 has a higher maximum
mass loss rate (~11.6%/min) and lower fastest-evaporation tempera-
ture (~110°C) than film h-PAMS5. There exist three bonding states
of water in the hydrogel matrix: free water, intermediate water, and
bound water (41, 42). The highly cross-linked hydrogel has a dense
polymer scaffold and thus a large ratio of strongly bonded water
under full hydration states, which may raise the evaporation enthalpy
and temperature. The second peak located at a high temperature is
primarily induced by the carbonization and degradation of the hydro-
gel under the N, atmosphere (43). The higher cross-linking degree and
denser polymer matrix lead to a higher degradation temperature of
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Film thickness /mm

actuators largely attribute to the large
mass and slow steam generation, re-
spectively. We observed opposite depen-
dence between magnitude and frequency
in the other three films, with high oscil-
lation frequency for small magnitude.
Realizing long-term oscillation is
possible with a continuous water supply
during light irradiation. We modify our
experiments by inserting one end of the trilayer film into a capillary
tube containing water, which can supply the water to the middle
hydrogel layer. Their mechanical oscillation at 0, 1, 2, and 3 min
during continuous light irradiation is shown in fig. S14A, with a
similar oscillating mode at different times. Further analysis demon-
strates small changes in the oscillating frequency (~11 Hz) and average
magnitude (~0.5°) among these four measurements, indicating
long-term stable motion of the photothermal oscillator (fig. S14B).
Another benefit associated with the open design of the trilayer oscil-
lators is that they can be used multiple times by simply rehydrating
the middle hydrogel layer. By immersing the oscillator in water for
1 hour, the hydrogel layer absorbs maximum water, ready for
next-cycle photothermal oscillation. Figure S15A plots the mechan-
ical oscillation during the 1st, 6th, and 12th use of the same trilayer
film, whose oscillation frequency and magnitude remain stable around
15 Hz and 2.5°, respectively, during the 12 actuating cycles (fig.
S15B). These results demonstrate the good thermal stability of the
middle hydrogel layer and the reliable mechanical stability of the
trilayer films. Such oscillators can also be constructed using other
photothermal converters, for example, Fe;O4/Ag hybrid nanorods
that can leverage the high absorbance of Ag nanorods in the NIR
region (29). Continuous mechanical oscillation could be observed
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periods were recognized with #; and #,
for oscillation and pulse period, respec-
tively (inset in Fig. 4B). Specifically, t
defines the duration between neighbor-
ing damped peaks, whereas ¢, defines
the time between two successive pulses.
Again, their accurate frequency can be
calculated by FFT analysis. In Fig. 4B,
two peaks exist, with f; in the high-
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frequency region for the oscillation fre-
quency and f; in the low-frequency
region for the pulse frequency. The for-

10 mer is within a range of 12.5 and 15 Hz,
without apparent dependence on light
intensity (Fig. 4C), whereas the latter
increased from 0.12 Hz to 1.20 Hz, 1.80 Hz,
and finally 3.19 Hz with increasing light
intensity (fig. S18). The low light inten-
sity induces a small temperature increase
in the hydrogel layers and leads to slow
steam generation and periodic bubble
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Fig. 3. Tuning oscillation frequency by controlling the hydrogel cross-linking ratio. (A) Digital pictures and (B)
schemes of the hydrogel films with different cross-linking ratios. Scale bar in (A): 0.5 cm. (C) Hydration performance
of the hydrogel films with different cross-linking ratios. (D) Dependence of water content on hydrogel cross-linking
ratios. (E) Dependence of oscillation frequency and magnitude of the hydrogel oscillators on cross-linking ratios. Er-

ror bars indicate SD based on three measurements.

when the as-fabricated trilayer film was exposed to light irradiation
(fig. S16). This flexible material design facilitates the creation of
photothermal oscillators powered by ambient white light, which is
vital for the practical use of soft oscillators for energy harvesting or
soft robotics. In this regard, another great benefit associated with the
current design is that the mechanical oscillation is driven by steam
generation and not restricted by the directionality of the incident
light, making it possible to design photothermal oscillators working
under diffuse light (fig. S17A). For example, due to the broad-
band absorption of Fe;0y, the photothermal oscillators made of
hybrid Fe;04/Cu nanorods still operate under a white light source
(~3.0 W/cm?), exhibiting a frequency of ~8 Hz (fig. S17B and movie
S5). In another experiment, we used carbon black as the photothermal
converter to take advantage of its broadband absorption in the visible
range (fig. S17C). A steady mechanical oscillation of ~10 Hz was
observed under diffuse white light irradiation (fig. S17D).

A pulsed, damped harmonic oscillator

The light intensity is expected to have a substantial influence on the
steam generation and the film oscillation. Figure 4A summarizes
the oscillation performance of a film under different-intensity light
irradiation. We observe pulsed, damped harmonic oscillation powered
by low-intensity light, in which the pulse frequency increases with
light intensity. For example, the period between two oscillation
pulses was prolonged from 0.31 s to 0.56 s, 0.83 s, and 8.33 s by de-
creasing light intensity from 1.4 to 0.2 W/cm”. Within each pulse,
the mechanical oscillation was damped with exponential decay of its
magnitude. In this characteristic oscillation mode, two oscillation
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formation. As the steam bubble reaches
the film edge, the high pressure releases
the vapor to the surroundings, initiat-
ing one-pulse oscillation. In a close in-
vestigation, we carefully monitored the
steam bubble generation during light
irradiation and simultaneously tracked
the film vibration. The digital photos in
Fig. 4 (D and E) show the bubble size
changes and the corresponding tip dis-
placement of the actuators. The bubble expands to a critical size,
releases the vapor from the film edge (stages i and ii in Fig. 4D), and
then gradually decreases to minimal size (stages ii to v). During
stages i and ii, the film unbends slightly and then oscillates around
the bending equilibrium (Fig. 4E). Figure 4 (F and G) shows a step-
by-step correlation between bubble generation and film oscillation.
Each bubble generation triggers one pulse of the mechanical oscilla-
tion. The wedging effect of the vapor bubble is evidenced by the
initial slight unbending of the film (stages i to iii). Notably, the
mechanical response lagged slightly behind the bubble size changes.
The film keeps unbending from stages ii to iii when the bubble size
decreases, largely because the bent film needs a short time to reach
another mechanical equilibrium when bubble size decreases.

Biomimetic self-adaptive soft swimmer

The light-powered oscillation offers many opportunities in design-
ing various smart materials and devices. In this work, we demon-
strate a biomimetic design of a self-adaptive soft photothermal
swimmer that can mimic neuston to move and turn freely on water
surfaces. Neuston is a collective set of living organisms that can
swim on or just below the water surface (44). The most known are
water striders that rely on water surface tension or buoyancy to
swim (45, 46). Their water-repelling legs act as paddles to enable
quick movement on the water surface. One attractive feature is their
propulsive motion, which relies on discontinuous paddling to drive
pulsed movement. To mimic this unique swimming behavior, one
needs to accurately modulate the actuating mode of the soft robots
so that continuous energy input can produce both successive and
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Fig. 4. Pulsed and damped harmonic photothermal oscillation. (A) Hydrogel oscillation under NIR light irradiation with different input energy. (B) FFT of the hydrogel
oscillation. Inset defines the oscillation periodicity (t1) and pulse periodicity (t,). (C) Dependence of the oscillation (f;) and pulse frequency (f;) on light intensity. (D) Digital
pictures of the steam bubble evolution and (E) the coherent film bending under NIR light irradiation. Scale bars in (D) and (E): 2 mm. (F) Time-resolved steam bubble size
and (G) film bending angles. (i), (ii), (iii), (iv), and (v) in (D) to (G) represent the initial equilibrium state, state with maximum bubble size, and states under the first, second,
and third oscillation peaks of the middle pulse in (G), respectively. The values in (F) represent corresponding bubble diameters in millimeters in the five states. a.u.,

arbitrary units.

pulsed movement on the water surface. Because the outside PI and
PDMS layers are hydrophobic, the trilayer actuator can float on the
water surface. For supporting smooth locomotion, a continuous
water supply is required to compensate for water consumption by
local steam generation. Therefore, we designed a dome-shaped ac-
tuator by stretching the initial elastic PDMS layer by ~20% during
fabrication (fig. S19), which produced a 120° curvature (Fig. 5A)
(47). As revealed in Fig. 5B, the two ends of the curved actuator have
close contact with water, through which water can be efficiently
transported to the middle hydrogel matrix. Irradiating one end of
the curved actuator leads to the photothermal oscillation at this
end, which, in turn, propels the swimmer forward (Fig. 5C). A soft
neuston-inspired robot (Neusbot) can be powered by continuous
light irradiation with adaptive swimming modes and superior
swimming performances. To demonstrate the photothermal oscil-
lation underwater, we first designed a simple experiment by immersing
one film end in water. As shown in fig. S20 and movie S6, we ob-
served pulsed water wave propagation generated by film oscillation
under continuous 980-nm laser irradiation, confirming the mechani-
cal oscillation of the submerged actuators upon laser irradiation.
We started with a 2-mm-long curved film and observed its loco-
motion at the water-air interface using a 980-nm laser with a beam
diameter of 3.8 mm. As summarized in Fig. 5D and fig. S21, continuously
irradiating one end propels the film to swim toward the other end
along a near-linear path. The swimming speed increases obviously
with light intensity. The swimming process was tracked using mod-
eling software to evaluate the Neusbot’s swimming performance
accurately. We first measured relative Neusbot displacement in real
time for Neusbot powered by lasers of different intensities (Fig. 5D),
revealing laser intensity—dependent locomotion with a monotonic
increase in path lengths (movie S7). A close analysis of the path
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curve indicates that it is nonuniform for Neusbot powered by
low-intensity laser (from 0.2 to 0.8 W with a beam diameter of 3.8 mm)
but near uniform under 1.2-W laser irradiation with the same beam
diameter. The nonuniform motion is progressive and periodic
(movie S8). The real-time Neusbot positions propelled by different
power inputs are further mapped in Fig. 5E, confirming their linearly
forward movement at the water-air interface by the small displace-
ment in the y axis. On the other hand, 1.2-W laser irradiation leads
to uniform position changes along the x axis, which is consistent
with a linear dependence of path length on irradiation duration. For
other power inputs, the x-axis displacement has successive, periodic
changes with the same time intervals. The insets in Fig. 5E highlight
one-period displacement changes for films powered by low-intensity
lasers (from 0.2 to 0.8 W with a beam diameter of 3.8 mm). Consider-
ing the same time intervals between neighboring positions, a small
step size implies slow swimming at both the beginning and end of
each cycle. The large step size in the middle of each cycle demon-
strates the fast swimming under continuous laser irradiation. These
observations collectively suggest that the Neusbot swims with ap-
parent acceleration-deceleration cycles under low power inputs.
The period for the acceleration-deceleration cycle increased from
2.168 s t0 2.335 5, 2.502 5, and finally 3.335 s when the laser intensi-
ty decreased from 0.8 to 0.2 W with a beam diameter of 3.8 mm. The
corresponding displacements during the swimming cycle are 2.25,
1.73, 1.54, and 0.79 mm. The presence of the periodic swimming
mode at low energy inputs and its transition to a continuous, uniform
swimming mode result from the self-adaptive mechanical oscilla-
tion in response to light intensity changes. The pulsed mechanical
oscillation under low energy inputs induces well-separated swim-
ming cycles. Between two successive pulses is the film equilibrium
state, leading to apparent stops between swimming cycles under

60of 14

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

A B
v Pl <[
.| Fe;0,/Cu
.| hydrogel
APDMSA”
D 30 15 E 0
£ — 02w o raw 10
IS —04W pd S
= 204 0.6 W 1.0 £ __os8w 2.168's
< oawW o & I - - e
2 2w 8 E 05w o 23ss 2B | E
Q@ - £ OF . e 10 £
= /, ko) > 0.4W 0.00 2.502s 1.73 N
T 104 05 @ . i - Ce e
o ] 02W 00 3335 1M
- e Osmm—m 20s e ok
-10 f One-cycle /mm 4-10
0 5 10 15 20 25
E X (mm)
; . 10°
2 p ] 10° E - o Y
1 WW .
. . . - 3} . ™ - «@,36 [ ] v
o2 1 £ 10°4 g oc. e SN |
"‘E1_ ] B E E ?\\*.og'o....o o>-L
€0 . . * 102-5 trd . o me Tion o
L]
>t , 12 0 ... LSRN c
:'5 0k h ) 7 - = -% :
389¢F 3 6 100_! o o
O 4L N 9o 4 3 ° ®  Arthropod nekton ~ ®  Molluscan nekton
> o 10" °
(2) > -! ®  Chordate nekton ®  Neuston
L ] o ]
1 F 10 ° ©  Soft swimmer *  This work
e N ! e~ —e Y 3 4
o5 s n 15 10 e
Time /s 10° 10° 10" 10' 10° 10° 10’ 10°
Weight /g
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the swimming performances of natural creatures and artificial soft swimmers.

continuous light irradiation. Increasing light intensity induces con-
tinuous mechanical oscillation, which is expected to propel a uni-
form, consistent swimming.

The swimming mechanism is further verified by monitoring the
real-time velocity changes during laser-powered Neusbot swimming.
As shown in Fig. 5F, we observed periodic changes in the swimming
velocity at low energy inputs, featuring first acceleration and then
deceleration in one cycle. The frequency of velocity change increases
from 0.332 to 0.465 Hz as the input power is raised to 0.8 W with
a beam diameter of 3.8 mm (fig. S22), which is consistent with the
path length analysis. The Neusbot powered by the high-intensity
light (1.2 W, 3.8-mm beam diameter) swims at a roughly constant
velocity because its real-time velocity only fluctuates without no-
ticeable regular changes (movie S8). The average velocity reaches
~1.3mms ' at 1.2 W with an equivalent velocity of ~4 BL/min (fig.
S23A). The linear dependence of average velocity on laser intensity
suggests that it is possible to further enhance the swimming perform-
ance by simply increasing laser intensity. The peak velocity is also
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found to monotonically increase with light intensity. In addition,
the swimming performance is stable for an extended period. For
example, the Neusbot can swim forward steadily for ~45 s, during
which we did not observe apparent speed drop or changes in its
swimming manner (fig. S23, B and C). The good performance of
this artificial Neusbot is highlighted by comparing its relative swim-
ming velocity against body weight with that of living animals (dots),
both nekton and neuston, and reported soft swimmers (circles), as
presented in Fig. 5G. Notably, the relative swimming velocity is in-
troduced in BL per minute, which is more ecologically relevant than
the absolute velocity and broadly used for performance assessment
(10, 48). For chordate nekton, their relative swimming velocity de-
creases as body weight increases (49, 50), primarily because of similar
scaling of mechanical constraints on their swimming performance
occurring on mammals (48). Neustons, like water striders or water
spiders, can move up to 10* BL/min because of low resistance on the
water surface and their light bodies (51). The biomimetic Neusbot
has a high swimming velocity than previously reported soft swimmers
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while featuring comparable body weight. At current power inputs,
the Neusbot performance is approaching the bottom limit of living
neuston and nekton.

To further understand the mechanism of the fast-swimming be-
havior, we performed similar measurements using a bilayer actuator
as a control experiment. The structural details of the bilayer and
trilayer actuators and the differences between them are illustrated
in fig. S24A. In particular, the middle hydrogel layer was removed,
and Fe;04/Cu nanorods were incorporated in the PDMS layer for
photothermal conversion. Under both periodic (0.4 W, 3.8-mm beam
diameter) and continuous (1.2 W, 3.8-mm beam diameter) swim-
ming modes, the velocity is much higher for the trilayer actuator
than the bilayer one (fig. S24B and movie S9). Within 20-s observa-
tions, the path length of the Neusbot is ~20-fold higher (fig. S24C).

Turning the Neusbot toward the desired direction by laser irra-
diation is another important feature for achieving biomimetic func-
tions. Figure 6A (i) illustrates the operation for clockwise rotation
by irradiating the left side of the Neusbot’s head using a 980-nm
laser with a diameter of 3.8 mm (0.8 W). Tracking the real-time
positions of the film end and head indicates a smooth rotation with
tacked laser irradiation in Fig. 6A (ii). Similarly, irradiating the right
side of the film head, as illustrated in Fig. 6B (i), leads to counter-
clockwise rotation in Fig. 6B (ii). The real-time film positions
demonstrate a pure rotation with negligible translational displace-
ments in the two rotations (movie S10). In clockwise rotation, the x
coordinate is m/4 phase ahead of y coordinate (Fig. 6C), whereas
counterclockwise, the y coordinate is ahead with the same phase
difference (Fig. 6D). Under a particular power input, the Neusbot
has a constant angular velocity (23.3° s™'), leading to a linear in-
crease of its rotation angle (Fig. 6E). The polar plot in Fig. 6F further
confirms that the Neusbot can turn to any desired direction by con-
trolling the duration of laser irradiation.
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DISCUSSION

A photothermal oscillator has been developed by integrating the
plasmonic photothermal steam generation with the mechanical
perturbation associated with the formation and collapse of steam
bubbles. The local steam bubble generation inside the trilayer film
acts as a steam engine and induces controllable and regular pertur-
bation to the thermomechanical equilibrium of the actuators. This
working mechanism enables convenient control over the oscillating
modes and mechanics, leading to damped, pulsed harmonic oscilla-
tion under low light intensity. Inspired by the free movement of
living neustons on the water surface, we have further developed a
biomimetic approach to designing a soft swimmer by taking advan-
tage of the unique mechanical oscillation of the actuators under
continuous light irradiation. This Neusbot has demonstrated adap-
tive continuous or periodic swimming modes in response to input
powers on the water surface. It can swim at a high velocity for a
considerable long time because of the high-frequency oscillation and
the successive water transportation in the hydrogel matrix for power-
ing continuous steam generation.

This photothermal oscillator uses steam as the working fluids,
resembling the classic steam engine. The working mechanism presents
a reliable approach to design soft actuators to power mechanical
oscillation under continuous light irradiation. Relying on the high
water content of middle hydrogel layers, the oscillator can work under
both air and water, making it highly operational for powering me-
chanical oscillation in different working conditions. However,
because of the small volume of the hydrogel layer, the current de-
sign can only sustain short-term oscillation, limiting its use in practical
applications. One reliable way to overcome such a limitation is to
introduce a continuous water supply for long-term oscillation or
rehydrate the hydrogel layer for multiple uses of the trilayer oscilla-
tors. The oscillation frequency can be tuned over a broad range by
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Fig. 6. Controlling the direction of the photothermal swimmer. (A) Scheme (i) and the real-time x-y coordinates (ii) of the hydrogel swimmer in clockwise turn-
ing. (B) Scheme (i) and the real-time x-y coordinates (ii) during counterclockwise turning. Time-resolved displacement in (C) clockwise and (D) counterclockwise turning.
(E) Real-time rotation angles of the hydrogel swimmers. (F) Polar plot showing the direction of the swimmers under NIR light irradiation for arbitrary durations. The radius

represents time in seconds.
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controlling film geometry, dimension, and light intensity. Analyti-
cal models are also provided to help understand the correlation be-
tween oscillation and bending performance with the physical
properties of the oscillators. These theoretical considerations pro-
vide a qualitative description of the oscillator performance, making
it possible to design soft robotics with desirable performances
and features. At the current stage, it is difficult to precisely predict
the oscillation frequency of the trilayer oscillators due to the
trilayer structure and the unique working mechanism. Further
extensive studies are still required to derive an analytical solution,
which can provide an integrated model to treat the physical proper-
ties of the trilayer films properly and to combine the evaporation
kinetics in the hydrogel layer with the oscillation mechanics of
the films.

In practice, this working mechanism is feasible to other material
systems by simply changing the photothermal converters or the ac-
tive PDMS and passive PI layers, therefore releasing the design of
hydrogel oscillators from the restriction by specific materials. Spe-
cifically, the hydrogel oscillators can work under both focused laser
and diffuse white light if a proper photothermal converter is used,
including plasmonic particles with resonant absorbance at a specific
wavelength and black materials with broadband absorption across
the visible spectrum. Another advantage associated with the work-
ing mechanism is the multimodal and self-adaptive oscillation in
response to light intensity changes, enabling the design of biomi-
metic robotics with many unique actuation manners, such as the
pulsed swimming mode of the Neusbot. There are several advantages
to introducing multimodal mechanical oscillation and biomimetic
swimming. It allows the development of biomimetic robotics that
can mimic the unique motions of living species, like the pulsed mo-
tion of water striders. Besides, the pulsed oscillation and swimming
offer higher instantaneous bending and swimming velocity than a
regular, continuous swimming mode, which may provide higher
mechanical energy in developing solar steam engines. Introducing
multimodal oscillation may increase the degree of freedom to con-
trol the motion of soft robotics, allowing the creation of smart and
multifunctional robots. Therefore, the open design allows applying
the unique oscillating mechanism to many materials to develop
self-sustained, adaptive soft robotics. The continuous oscillation
under constant ambient conditions and its ability to adjust the
oscillation dynamics in response to changing environments provide
many opportunities to design self-sustained, adaptive bionic robots
for potential applications in water treatment, disinfection, and
waterway transportation.

MATERIALS AND METHODS

Chemicals and materials

Polyacrylic acid (PAA) [weight-average molecular weight (M) =
1800], iron chloride hexahydrate (FeCls-6H,0), tetraethyl orthosilicate
(CsH2004Si, TEOS), 3-aminopropyl-triethoxysilane (CoH,3NO3Si,
APTES), polyvinylpyrrolidone (PVP) (M = 10,000), tetrakis(hydro-
xymethyl)phosphonium chloride (THPC), resorcinol, formaldehyde,
2-hydroxy-2-methylpropiophenone (used as a photoinitiator in
polymerization), and hydrazine hydrate (reagent grade, 50 to 60%)
were purchased from Sigma-Aldrich. Ammonium hydroxide
(NH3;-H,0) was purchased from Fisher Scientific. Diethylene glycol
(DEG) was from Acros Organics. The monomer, acrylamide, and the
cross-linker, N,N’-methylenebisacrylamide (BIS), were purchased

Li et al, Sci. Robot. 6, eabi4523 (2021) 1 December 2021

from Fluka. Ethanol was purchased from Decon Labs. SYLGARD
184 silicone elastomer curing agent and SYLGARD 184 silicone
elastomer base were bought from Dow Silicones Corporation. All
chemicals were used directly without further purification.

Synthesis of FeOOH nanorods

FeCl3-6H,0 (0.8 g) was dissolved in 400 ml of deionized (DI) water.
The solution was heated to 87°C for 18 hours. The supernatant was
discarded, and the FEFOOH nanorod precipitates were washed by DI
water three times at 11,000 rpm for 15 min. The final product was
dispersed in 40 ml of DI water.

Silica coating and polyol reduction

FeOOH was first modified by PAA. PAA (216 mg) was dissolved in
600 ml of DI water, and 10 ml of the above FeOOH aqueous disper-
sion was added. The surface modification was carried out overnight.
FeOOH nanorods were recovered by centrifugation and washed
with DI water three times (11,000 rpm for 15 min each time). The
FeOOH-PAA nanorods were dispersed in 12 ml of DI water. For
silica coating, 4 ml of FeOOH dispersion was concentrated into
2 ml and added to 40 ml of ethanol, followed by 250 pl of ammonium
solution (28%). TEOS (200 ul) was used, which produced a 5-nm
SiO; coating. FFOOH@SiO, nanorods were separated from the re-
action solution by centrifugation at 14,500 rpm for 10 min and then
washed with ethanol once and water three times. FeOOH®@SiO,
nanorods were reduced to magnetic nanorods in DEG at 220°C. In
a typical process, 15 ml of DEG was heated to 220°C under nitrogen
flow, and 250 pl of FFOOH®@SiO; aqueous solution was injected in
the hot DEG solution. The reduction was kept for ~5 hours under
nitrogen protection. The final Fe;0,@SiO, nanorods were washed
by ethanol and water three times and dispersed in 12 ml of ethanol
for the following surface modification.

APTES modification

The dispersion of magnetic nanorods in ethanol was added into 50 ml
of ethanol. Then, it was heated to 78°C, and 200 ul of APTES was
added. The surface modification usually took 5 hours under nitro-
gen protection. The as-prepared product was washed with ethanol
several times and dispersed in 12 ml of ethanol.

Au seed preparation and attachment

In a typical procedure, 12 pl of THPC and 250 pl NaOH (2 M) were
added to 45 ml of Milli-Q water. After 5 min, 2 ml of HAuCl, (1%)
was added. The solution was covered with foil and stirred overnight.
Afterward, it was stored at 4°C as a seed stock solution. Magnetic
nanorods (3 ml) in ethanol were centrifugated and washed with DI
water twice. It was dispersed in 5 ml of DI water and added into
20 ml of Au seed stock solution. The mixture was stirred for about
1 hour. Au seeds were attached to the surface of magnetic nanorods
through electrostatic interaction. Excess Au seeds were discarded
after centrifugation at 14,500 rpm for 10 min. Afterward, 5 ml of DI
water was added to disperse the solid rods.

PVP modification

The above dispersion was transferred to 10 ml of PVP solution
(20 mg/ml, My = 10,000) under sonication. The mixture was stirred
overnight at room temperature, and excess PVP was removed by
centrifugation at 14,500 rpm for 10 min. The nanorods were washed
by DI water twice and dispersed in 28 ml of DI water.
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RF coating

Thirteen milligrams of resorcinol and 18 pl of formaldehyde were
added into that dispersion sequentially. After that, the mixture was
heated to 50°C, and 100 pl of ammonium solution (2.8%) was added.
The reaction was kept at 50°C for 2 hours and heated to 100°C. The
reaction temperature was raised to 100°C for the condensation of
RF polymers. Meanwhile, the SiO; shell was etched, forming a gap
between magnetic nanorods and RF nanoshells with Au seeds inside
due to the alkaline condition. Five hours later, the final products
were washed with Milli-Q water three times and dispersed in 2 ml
of Milli-Q water.

Confined growth of Cu nanorods

The seeded growth of Cu nanorods was performed in aqueous solu-
tions. In 2 ml of Milli-Q water, 200 pl of PAA (18 mg/ml), 120 pl of
hydrazine hydrate, 20 pl of CuCl, (0.2 M), and 50 pl of the above
seed solution were added in sequence. The reaction solution was
placed in a 60°C water bath for 30 min. The hybrid Fe;04/Cu@RF
nanorods were washed by water three times and dispersed in water.

Preparation of PDMS and PAM films

In a typical process, silicone elastomer curing agent and silicone
elastomer base were thoroughly mixed with a mass ratio of 1:10.
The mixture was cured at 60°C for 2 hours to form highly cross-
linked PDMS films. h-PAM films were prepared by photoinitiated
polymerization. In preparing the curing solution, the hybrid nanorods
were dispersed in the precursor solution of PAM, containing ethylene
glycol (1 ml) as the solvent, acrylamide (250 mg) as the precursor,
2-hydroxy-2-methylpropiophenone (6 pl) as the photoinitiator,
and BIS as the cross-linking agent. After fully dispersing the rods in
the solution, the mixture was carefully added into the empty spaces
between the PDMS and PI layers (see the next section for a detailed
description). Ultraviolet (UV) light was irradiated from the trans-
parent PDMS side for ~2 min to cure the polymer. To prepare
hydrogel with different cross-linking ratios, 3.5, 7, 14, 28, and 42 mg
of BIS were added for h-PAM1, h-PAM2, h-PAM3, h-PAM4, and
h-PAMS5, respectively.

Fabrication of photothermal oscillators
The working mechanism of the photothermal actuators is based on
different thermal expansion of polymers. A PDMS layer and a PI
layer are used as the active layer and passive layer, respectively. Be-
cause the PDMS layer has a high coefficient of thermal expansion
(100 x 107° K™") than that of the PI layer (20 x 10 K™"), the PDMS
layer bends more than the PI layer does. Because the working mech-
anism proposed in this work needs continuous steam generation to
induce perturbation to the thermomechanical equilibrium of the
bent film, we introduced a hydrogel layer to serve as a middle layer.
To this end, PAM was used. The reasons for choosing PAM for the
hydrogen layers include several aspects. First, PAM is a hydrophilic
polymer that can hold plenty of water molecules depending on its
cross-linking ratio. Second, its hydrophilicity is compatible with the
hydrophilic hybrid nanorods so that the nanorods can be dispersed
well in the polymer matrix. Third, the cross-linking ratio of PAM
can be readily tuned by changing the amount of cross-linker during
polymerization. Last, its polymerization can be initiated by light ir-
radiation, which facilitates robot fabrication.

During fabrication, a PDMS template was attached to a com-
mercial PI tape with the same shape. The thickness of the hydrogel
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layer is primarily determined by the PDMS template. In our current
design, the hydrogel thickness is ~100 um. The width and length of
one separated hydrogel layer are 7 and 10 mm, respectively. PDMS
can strongly bind to PI tape, and periodic gaps create empty spaces
between the PDMS and PI layers. The hydrogel precursor solutions
were then infilled into the gaps between the top PDMS and the bottom
PI layers. PDMS is transparent, and the PDMS layer is on the top
during fabrication so that UV light can penetrate through this top
PDMS layer and initiate the radical polymerization of the middle
PAM layer. Polymerization was performed in situ by irradiating the
film using UV light with a wavelength of 254 nm for 3 min. After
fabrication, the resulting trilayer was flipped over, leaving the PI as
the top layer and PDMS as the bottom layer. The photothermal ac-
tuators are intentionally designed into such a shape for three rea-
sons. First, the use of PDMS templates is to ensure the photothermal
bending of the trilayer. The joints between two adjacent PAM hy-
drogel pieces can strongly bind to the top PI layer. The photother-
mal expansion of the bottom PDMS layer induces upward bending
upon laser irradiation, leading to the indispensable thermomechanical
equilibrium in the film. Second, the separated hydrogel pieces act as
heating compartments, which confine the nucleation of air bubbles
and make the shape morphing and mechanical oscillation control-
lable. Third, the escape of vapor bubbles also benefits from the two-side
open structure, limiting the bubble movement along the longitudinal
direction of the film, allowing the easy release of the vapor from the
two sides and leading to fast and regular mechanical oscillations
upon continuous light irradiation.

In performing photothermal actuation, one end of the trilayer
was fixed to a clip, and NIR light was shone on the trilayer film.
Under NIR light irradiation, the trilayer actuator first bent upward
toward the top PIlayer because of the high thermal expansion of the
bottom PDMS layer. Under continuous light irradiation, the water
molecules in the hydrogel matrix vaporize so that steam forms be-
tween the top PDMS and bottom PI layers. The steam bubbles
appear at the middle layer, serving as air wedge and inducing un-
bending the trilayer film to another equilibrium state. As the bubble
size maximizes, the vapor releases from the film edge, leading to a
quick drop in the bubble volume. The disappearance of the air bubble
is so fast that the elastic potential in the trilayer film is converted to
mechanical oscillation. It is possible to control the oscillation mode
by simply changing the light intensity. In experiments, a NIR light
bulb was used to power the mechanical oscillation of the trilayer
film. In the case of continuous mechanical oscillation presented in
Figs. 1 to 3, the NIR light bulb is used with a light intensity of
2.6 W/em’.

Fabrication of biomimetic swimmers

The three-layer actuator was designed in a dome shape to facilitate
water transport in the middle hydrogel layer. To this end, the bottom
PDMS layer was stretched before being attached to the hydrogel
and PI layer (fig. S10). The film was exposed to UV light through
the PDMS side, and the middle hydrogel layer was polymerized.
After UV curing, the bottom PDMS layer was relaxed to its initial
state, leading to the bending of the three-layer structures. Because
the PDMS layer was on the bottom, its relaxation to the initial length
would lead to a dome shape (digital pictures shown in Fig. 4A). Notably,
the PI and PDMS are the top and bottom layers in such a configura-
tion, respectively. Our results indicated that stretching the PDMS
layer by 120% induced 120° bending in the trilayer structures. The
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dome-shaped actuator can stay steadily at the air-water interfaces
because the bottom PDMS layer is hydrophobic. Its two ends have
large contact with bottom bulk water so that water molecules can
efficiently migrate to the middle hydrogel layers. A 980-nm laser was
used to irradiate the biomimetic swimmers.

Characterizations

Regular TEM images were taken on a Tecnai 12 transmission elec-
tron microscope operating at 120 kV. The extinction spectra were
measured with an Ocean Optics HR2000CG-UV-NIR high-resolution
spectrometer. The aqueous dispersions of nanoparticles were used
for the measurements. Optical microscopic images were acquired
with a Zeiss microscope. The temperature changes were measured
using a thermal imaging camera, and the bending angles of the
trilayer films were recorded using a digital camera. A digital camera
with 240 frames/s was used to track the high-frequency oscillation,
and the real-time bending angles were analyzed in each frame. TGA
was performed on EXSTAR series thermal analyzers.

Statistics

Error bars represent the SD of three measurements in experiments.
During the experiments, three measurements were performed, and
the results were averaged to get the mean values and SD of each
measurement. In Figs. 2C and 3E and figs. S7 (B and C) and S23A,
the SD was calculated based on three cycles of mechanical oscilla-
tion of one sample. After the middle hydrogel was hydrated, the
trilayer film was exposed to light, and its oscillation frequency was
carefully measured during photothermal actuation. After that, the
film was immersed in water again for the second-round oscillation.
This process was repeated three times, and the obtained results were
averaged to get the mean values and SD. In characterizing the
hydration performance of PAM hydrogels, hydrogels of a particular
cross-linking ratio were prepared independently three times, and their
mass during hydration and dehydration was measured. The mean
values and SD were calculated using the same method and plotted
in Fig. 3 (C and D).

Theoretical bending models of the photothermal oscillators

Theoretical models are developed on the basis of the film’s mechan-
ical properties to understand the dependence of mechanical shape
morphing and oscillation on the geometry of the trilayer film. We
first consider a thermal expansion model to explain the photother-
mal bending of the trilayer film under light irradiation. According
to the definition of the coefficient of thermal expansion (ay), the
volume expansion of an elastomer is determined by the temperature

1(0V
- v(57) ) W

oy =

where Vis the volume of the elastomer, and such thermal expansion
happens under constant pressure (P). This equation describes how
the size of a soft elastomer changes with a change in temperature in
terms of volume fractional change per degree change in temperature
at a constant pressure. A solid with a large coefficient of thermal
expansion is expected to have a large volume expansion upon tem-
perature increases. In our design, the top PI layer and bottom PDMS
layer of the trilayer film have a coefficient of thermal expansion of
20 x 107° K™ and 100 x 107® K™, respectively. The much higher
coefficient of thermal expansion of the PDMS layer than that of the
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PI layer explains the upward bending of the trilayer during light
irradiation.
On the other hand, it allows us to calculate the volume expan-
sion of a soft elastomer against temperature changes
AV = ay VAT @)
which indicates a linear dependence of volume changes in response
to temperature changes for a solid with a constant coefficient of
thermal expansion. If ay is a function of temperature, the equation
to calculate the volume changes is as follows

Ty
AV = Vexp(foav(T)dT> —v 3)

which also suggests that volume expansion for solids with a positive
coefficient of thermal expansion upon temperature increases. In
addition, this equation also implies that the volume change rate
(AV/V) is the same for films with different thicknesses if their tem-
perature changes (AT) are identical upon light irradiation.

We derive an analytical solution for the coorelation between the
film thickness (h) and the bending angle (o) based on these theoretical
considerations. We consider five films with the same length (L) and
width (b) but different thicknesses (fig. S8A). On the basis of the
definition of stiffness (k = F/3, where F and 6 are the force and dis-
placement on the film, respectively), a thicker film has higher stift-
ness, thus leading to a smaller bending angle, which is qualitatively
consistent with the experimental results in fig. S8 (A and B). Be-
cause the middle hydrogel and the concentration of Fe304/Cu
nanorods are the same for these five samples, it is reasonable to as-
sume that the final temperature (Tf) and temperature changes (AT)
in the five samples are the same under identical light irradiation. On
the basis of Eq. 2, their volume expansion ratio (AV/V) should be
equal at the equilibrium bending position. In calculating AV, the volume
expansion along the length is considered to estimate the overall volume
changes due to the negligible changes along the film thickness and
width. In fig. S9, the inner diameter (r) for the bent film can be cal-
culated by r = L/o. Therefore, the area for the dashed area is

Lirah)?-%r% = “—h(zg + h)

The final volume (V) of the bent film can be estimated by

Vi = G2+ )b = nLb+ Lan?e

. (5)

In addition, the volume change ratio (AV/V) can thus be estimated
by the following equation

AV Vs=V  hLb+iah’b-hLb
vV hLb

oh
=357 (6)
Because the volume change rate (AV/V) is the same for the five
samples, the equilibrium bending angle is inversely proportional to
the film thickness. To confirm this dependence, we performed re-
ciprocal fitting of the scatters in fig. S8B, with y = 1/(a; + a,x), where
a; and a; are constant. This fitting curve is presented in the red lot
in fig. S8B, with R* = 0.96. The value of a; and a, based on the fitting
curve is 0.0047 and 0.035, respectively. The considerably small value
of a; theoretically confirms the reasonable accuracy of our analytical
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model and further points out that the equilibrium bending angle is
inversely proportional to the film thickness.

Theoretical oscillation models of the
photothermal oscillators
We then consider a model for understanding the mechanical oscil-
lation of the trilayer film under light irradiation. In classical me-
chanics, Hooke’s law states that the force (F) of a simple harmonic
oscillator (such as cantilever beam or spring oscillator) is propor-
tional to the displacement (x): F = —kx, where k is positive constant.
In elastic polymers, k is defined as stiffness with an expression of
F/x to quantitatively describe their elastic deformation and measure
polymer mechanical properties under external stresses. The angular
frequency (o) of the simple harmonic oscillator can be described as
oo = (k/m)*°, where m is the mass of the oscillator. In principle, the
ideal simple harmonic oscillator vibrates along an equilibrium position
with constant magnitude and frequency. In practice, however, due
to friction, shearing strain, and universal conversion of mechanical
energy to thermal energy during practical oscillation, the mechanical
oscillation is commonly damped, with gradually decreasing magni-
tude. To further describe the mechanical oscillation of damped har-
monic oscillators, a damping ratio () is introduced to describe the
oscillator frequency with a formula of 0.5¢(mk)™%, where c is the
damping coefficient. Therefore, the oscillating frequency (m;) of a
damped harmonic oscillator is given by my(1 — ¢*)*°. In classic me-
chanical oscillation, there are three types of damped harmonic
oscillations depending on the value of {, which are overdamped
(> 1), critically damped (€ = 1), and underdamped ( < 1) oscillators.
In the first two cases, the large damping ratio causes the oscillator to
relax to the steady state without oscillation. In the underdamped case,
the oscillator relaxes to the steady state through continuous mechanical
oscillation with oscillating magnitude gradually decreasing to zero.
To describe the mechanical oscillation of the trilayer film under
light irradiation, we consider a cantilever beam model because one
end of the trilayer film is clipped and the other is relaxed during our
experiments. According to the literature, the angular frequency of a
damped harmonic cantilever beam is highly related to the beam ge-
ometry and can be calculated by the following equation

0; = 0\l ——5 (7)

o is the angular frequency of the first bending mode without
damping and can be approximated by 3.5(EI/pAL")*’. In these ex-
pressions, ¢y, L, p, A, E, and I are damping coefficient per unit cantilever
length, cantilever length, cantilever density, the cross-sectional area
of the cantilever, Young’s modulus, and the area moment of inertia,
respectively. Substituting the expression of @y into Eq. 7 leads to the
following formula for calculating the damped oscillation frequency

EI 4, _ ol* 35
0AL* |~ 4pAEI

The oscillating frequency (f;) can be calculated by ®,/2n. Con-
sidering the results in Fig. 3A, it is reasonable to assume that the
mechanical oscillation of the trilayer film is underdamped because
it relaxes to an equilibrium state through continuous oscillation
with a gradually decreasing magnitude. A few forces or factors that
may damp the mechanical oscillation include air resistance during

EI C(Z)

o, = 35 e 0
! pAL* 4pA°

(8)
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oscillation, the nonelastic deformation in each polymer layer at high
temperature, and the possible shearing force, plastic deformation,
and displacement at the two interfaces of the trilayer film. In partic-
ular, the trilayer is joined together by the PDMS templates. The
hydrophilic middle PAM layer is not sticky with the hydrophobic
top PI layer and bottom PDMS player, leading to loose interfaces
between these layers. Therefore, shearing forces and considerable
displacement may exist between the two neighboring layers, sub-
stantially depleting the elastic potential energy and thus damping
the mechanical oscillation. These facts indicate that mechanical
oscillation of the trilayer films is highly damped and requires con-
tinuous steam generation for powering a continuous mechanical
oscillation. Despite the multiple layers of the film and the complex
interfaces between each layer, it is still possible to qualitatively
interpret the dependence of the oscillation mechanics on the film
geometry based on the classic harmonic oscillation theory.

We first analyze the effect of film length on the oscillating fre-
quency. Previous considerations predict that the oscillation frequency
of a simple harmonic oscillator is inversely proportional to the length
square of the oscillator. However, in Fig. 2C, we observe a slower
decay of oscillating frequency when the film length increases from
15 to 45 mm than predicted by the harmonic oscillation model. Ac-
cording to Eq. 8, the oscillation frequency () of a damped harmonic
oscillation is calculated by scaling the frequency of the correspond-
ing harmonic oscillation to a damping term, (1- ¢o°L*/4pAEI)",
which has a positive value between 0 and 1 and thus predicts an
even lower frequency compared with that of a harmonic oscillation.
On the other hand, the area heated by the light source increases as
with the length, leading to fast steam bubble generation and thus an
increase in the magnitude of the driving force. This sequence of events
increases the frequency of the mechanical oscillation. Therefore, in-
creasing film length has two opposite effects, resulting in an overall
slower decay of the oscillating frequency against cantilever length
than the predicted frequency of a damped harmonic oscillator.

The dependence of oscillation frequency on film thickness is
plotted in Fig. 2E, showing a gradual increase in film thickness. Spe-
cifically, the frequency increases from ~5.8 to ~17.0 Hz when the film
thickness increases from 0.4 to 1.2 mm. To theoretically analyze
such dependence, we start with Eq. 8 and substitute cross-sectional
area (A) and the area moment of inertia (I) into this equation. Be-
cause the film has a rectangular cross section with a thickness of h
and width of b and the bending and oscillation occur along the b axis,
its area moment of inertia and cross-sectional area can be calculated
by bh’/12 and bh, respectively. Therefore, the frequency of the damped
hydrogel oscillator can be calculated by the following equation

214
o = 33 [E 3qlL
L* V12p p Eb*h*

1, ¢o, P> and E are oscillation frequency, damping coefficient per
unit cantilever length, cantilever density, and Young’s modulus, re-
spectively. This equation predicts that decreases in film thickness
lead to a simultaneous decrease in oscillation frequency. For a har-
monic oscillator without damping, its frequency can be simply pre-
dicted by the following equation

©)

_35h[E_

AR 1o

®o
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In addition, because of the presence of a damping term (with a
value between 0 and 1) in Eq. 9, the decreasing rate of the oscillation
frequency should be larger than that of the film thickness. We use
the 1.2-mm film as a reference, and the decay of oscillation frequency
of a harmonic oscillator against film length is predicted by Eq. 10
and is represented by the black dashed curve in fig. S10C. In our
measurements, the observed oscillation frequency is lower than the
predicted frequency of a harmonic oscillator based on Eq. 10, and
the frequency decay of the trilayer film against film thickness is faster
than that of a harmonic oscillator, both of which demonstrate good
agreement of the measurements with the damped harmonic oscilla-
tion model.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abi4523
Figs.S1to S24

Movies S1to S10
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