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As the field of soft robotics advances, full autonomy becomes highly sought after, especially if robot motion can
be powered by environmental energy. This would present a self-sustained approach in terms of both energy
supply and motion control. Now, autonomous movement can be realized by leveraging out-of-equilibrium os-
cillatory motion of stimuli-responsive polymers under a constant light source. It would be more advantageous if
environmental energy could be scavenged to power robots. However, generating oscillation becomes challeng-
ing under the limited power density of available environmental energy sources. Here, we developed fully au-
tonomous soft robots with self-sustainability based on self-excited oscillation. Aided by modeling, we have
successfully reduced the required input power density to around one-Sun level through a liquid crystal elasto-
mer (LCE)-based bilayer structure. The autonomous motion of the low-intensity LCE/elastomer bilayer oscillator
“LiLBot” under low energy supply was achieved by high photothermal conversion, low modulus, and high ma-
terial responsiveness simultaneously. The LiLBot features tunable peak-to-peak amplitudes from 4 to 72
degrees and frequencies from 0.3 to 11 hertz. The oscillation approach offers a strategy for designing autono-
mous, untethered, and sustainable small-scale soft robots, such as a sailboat, walker, roller, and synchronized

flapping wings.

INTRODUCTION

Soft robots have been pushing the boundaries of conventional
robots with their intrinsic mechanical compliance and broad
choices of soft materials (1-3). Using active materials, such as
stimuli-responsive polymers, open up opportunities for autono-
mous motion and even lifelike intelligence to interact with and
adapt to the environment, because environmental stimuli may be
able to serve as both fuels and cues to power and regulate the soft
robots. This would obviate the wired or battery power supply and
even the external control by computer programming, leading to
next-generation fully autonomous soft robots with self-sustainabil-
ity in terms of both energy (power supply) and control (motion
regulation).

It would be even more advantageous if natural, sustainable, and
constant environmental sources of energy, such as mechanical vi-
bration, sunlight, and ocean waves, could be scavenged to power
the robots in a fully autonomous and self-sustainable manner to
achieve sunlight-powered walking, swimming (4, 5), and flapping
wings. However, ambient sunlight and other sources of energy
present in our natural environment are often only available at low
light intensity, which imposes a challenge on continuously produc-
ing useful and practical work.

As an important means to generate locomotion, mechanical os-
cillation is widely observed in nature, such as in cilia axonemes,
heartbeats, flapping wings, and fish undulation (6-8). These oscil-
lations are self-regulated motions. Mimicking the intrinsic sensing-
diagnosis-actuation autonomy in nature, self-excited oscillating
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materials based on built-in feedback loops can perform spontane-
ous periodic motion in response to constant external stimuli (9-12).
Among them, light-driven oscillators have been realized using the
self-shadowing effect of photoresponsive polymers during photoac-
tuation and demonstrated untethered operation with omnidirec-
tional controllability (13), wide operation bandwidth (1 to 270
Hz) (12), and great deformation programmability under broadband
optical input (400 to 2500 nm) (14-17). They present potential for
the design of sunlight-powered autonomous soft robots.

Among the material candidates for achieving oscillation, photo-
responsive liquid crystal elastomers (LCEs) and polymer networks
(LCNs) constitute a promising class of materials because of their
tailorable synthesis and programmability. In terms of the actuation
strategy of LCNs, the photochemical mechanism only responds to
light of specific wavelengths and/or polarization and is unable to use
the full spectrum of sunlight and, thus, unsuitable for practical
ambient energy operation (18-20). In contrast, photothermal oscil-
lation has the potential for sunlight application yet carries the re-
quirement of high light input (greater than 4 Suns or 400 mW
cm™?). To achieve sunlight operation of oscillation, a focused lens
or reflecting mirror is usually required to amplify the light intensity,
making the motion generation setup more complicated (5, 12).

Fundamentally, the input energy is used to photothermally heat
the material, to overcome the bending stiffness, to activate the
bending, and to compensate for the energy dissipation coming
from damping via material viscoelasticity and air resistance. LCNs
with densely cross-linked networks have high storage modulus
(>100 MPa), low contraction strain (<5%), and relatively high
nematic-isotropic transition temperature (T, >60°C), demanding
high energy input to reach the critical temperature and, thus, a high
threshold light intensity to trigger the oscillation (19, 21). Therefore,
engineering both the oscillator material and structure is required for
achieving high-efficiency photothermal energy transduction;
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engineering mechanical properties is needed for low bending stiff-
ness and low viscoelasticity; and enhancing material responsiveness
is required for low nematic-isotropic phase transition temperature
(Twn), high actuation strain, and high bending curvature.

Here, we have addressed the above challenges with a light-driven
oscillator that operates under around 1-Sun level. The oscillator
construct contains a candle soot (CS)-doped LCE/polydimethylsi-
loxane (PDMS) bilayer structure and exhibits diverse autonomous
soft robotic behaviors. We named our low-intensity LCE/elastomer
bilayer oscillator “LiLBot.” The sunlight-powered self-oscillation
was achieved through the development of high photothermal con-
version, low storage modulus and loss modulus, and high material
responsiveness and bending curvature. This material system suc-
cessfully oscillated in the presence of the lowest light intensity of
100 mW cm ™2 (1 Sun) and operated under natural sunlight, featur-
ing tunable peak-to-peak amplitudes ranging from 4° to 72°
(angular amplitude = 2° to 36°) and frequencies from 0.3 to 11
Hz. An oscillating working principle was established with the assis-
tance of theoretical modeling to elucidate the physics of the
complex dynamic photo-thermal-mechanical process and guided
the development and optimization. This actuation motif supported
various types of locomotion modes, such as walking, rolling, and
propelling. We were also able to achieve collective and synchronized
flapping motion of two “butterfly” wings in the presence of over-
head light irradiation resembling sunlight illumination. This pre-
sented promising potential for future solar-powered microscale
aerial vehicles. These findings provide insights into synthetic self-
oscillating systems that could be applicable to autonomous
microrobots.

RESULTS

Development and fabrication of LiLBot

In terms of the bending mechanisms of light-driven actuators, three
architectures have been widely adopted, namely, multilayer (18),
monolith with built-in gradient (19), and monolith with nonhomo-
geneous light exposure (12). Among them, we used a bilayered
design comprising two materials with distinct deformation behav-
ior that provides a high strain mismatch (Fig. 1A) for higher
bending moment (supplementary discussion 1) and greater materi-
al and structure customizability compared with the monolithic layer
designs. An elastomer-based passive layer, PDMS, can store elastic
energy upon light-triggered shrinkage of the photothermally active
layer, which provides an elastic restoration force for the bilayered
film to unbend rapidly during the thermal-mechanical relaxation.
The photothermal conversion, elastic modulus, and viscoelasticity
of each individual layer can be rationally programmed and broadly
tuned; this broad-range tunability is crucial for realizing oscillation
under low energy input (22).

The oscillation was produced by a self-shadowing effect during
photo—thermal-mechanical actuation and was self-regulated by the
resulting built-in negative feedback loop (Fig. 1A). Upon light illu-
mination on the LCE side, LiLBot was locally heated, and this led to
bending toward the light because of strain mismatch between the
LCE and the passive layer. Then, the tip bent over the incident di-
rection of the incoming light and self-blocked the light from shining
on the LiLBot. Upon shadowing, the local temperature decreased,
and, subsequently, the LiLBot unbent rapidly, facilitated by the
elastic recovery of the passive layer. Such a shape recovery led to
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light exposure again, which induced rebending, the next cycle of
the oscillatory motion around the optical beam. However, as ob-
served previously, self-shadowing might also result in static tracking
of light (in-equilibrium state) (16) rather than a dynamic oscillation
(out-of-equilibrium state) (13). To identify the prevailing factors in
the complex light-material interaction that were involved in
dynamic photo—thermal-mechanical transduction and to identify
the condition that enabled the oscillation upon low input, we
have developed a theoretical model. On the basis of the guiding
principle discussed below, we successfully reduced the input
power required to initiate oscillation close to sunlight intensity
(100 mW cm™2) for potential self-sustainable robots.

The actuation system is modulated by the coupling of mechan-
ical equilibrium and thermal equilibrium. The mechanical equilib-
rium solely examines the thermomechanical bending capability
when the LiLBot is heated, without considering the self-shadowing
effect. Higher temperature T on the exposure spot leads to a higher
bending angle 0. The temperature-angle (T7-0) profile is determined
by the mechanical modulus, damping factor, and thermomechani-
cal response of LCE. On the other hand, the thermal equilibrium
considers how the self-shadowing affects the heating on the expo-
sure spot at a given light intensity. At a high bending angle 6, the tip
blocks the light, and equilibrium T will be reduced. The T-0 profile
of thermal equilibrium is determined by the geometry, light inten-
sity, photothermal conversion efficiency, and thermal diffusion of
the LiLBot.

With the distinct T-6 profiles of the two equilibria, the dynamic
system's responsive behavior tends to evolve over time. As shown in
Fig. 1B, the transition from the light-tracking motion to the oscil-
latory motion is governed by the difference between the local deriv-
atives of the two equilibria, as described below (see discussion S3 for
detailed analysis):

. m dT,
Tracking (stable) : 30 T (1)
0-0, 0=6,
I dT, dT;
Oscillation (unstable) : ﬁw . Ty . (2)

P
The necessary condition for generating oscillation can be further
expressed as
k kP,
Bk _ Pl

k= kil ®)
where T,, and T, are temperature elevations compared with envi-
ronment at mechanical and thermal equilibria, respectively; 6 is
the instant angle; P is a system damping factor; k,, is the photother-
mal conversion efficiency; Pj, is the input light power; kq is the
thermal diffusion coefficient; k,, is the moment coefficient; 0, is
the incident light angle; and k is the stiffness of the oscillator.
From the mechanical equilibrium, smaller storage modulus
(lower k), smaller loss modulus (lower B) (23), and a higher respon-
siveness to temperature change (higher k,) favor producing oscil-
lation. From the thermal equilibrium, higher photothermal
efficiency (higher k;,) and higher light input (P;,) are desired for os-
cillation (see discussion S3 for details). Following this theoretical
guide, to realize oscillation at low light intensity, we designed,
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Fig. 1. Development and characterization of LiLBot. (A) Schematic of LiLBot flapping around the incident low-intensity optical beam, presenting an out-of-equilibrium
motion. (B) The temperature-angle profile of the photo—thermal-mechanical system when triggered to initiate oscillation. The navy blue curve is a time-resolved plot from
perturbation to steady oscillation, produced by simulation. The red curve shows the thermomechanical bending (angle 0) of LiLBot as temperature (T) increases, and the
blue curve shows photothermal self-shadowing effect, which leads to the temperature drop at a higher bending angle. The oscillator is designed through high photo-
thermal conversion under NIR light (C), reduced storage modulus and loss modulus (D), and improved responsiveness of LiLBot via tuning PDMS thickness (E). The

colored shaded areas represent the SDs of the measured values (n = 3).

fabricated, and optimized the oscillating material system in the fol-
lowing three aspects.

Adopting high-photothermal efficiency

As a natural product from incomplete combustion of candles (par-
affin wax), CS is composed of carbon nanoparticles, saturated hy-
drocarbons, and carboxylic compounds. It has shown high
photothermal effect compared with many commonly used photo-
absorbers as well as good chemical compatibility with polymers
(24). In our previous work, we validated the high photothermal
effect of CS (25) in the LCE composites (26). In this work, with
the addition of 0.5 weight % (wt%) CS in a 100-um-thick LCE
film, no obvious agglomeration was observed (fig. S9), and the ab-
sorption could reach nearly 100% over visible to near-infrared
(NIR) light range (400 to 1100 nm; fig. S10). Under the illumination
of an 808-nm NIR laser, the surface temperature of CS-LCE film
reached 70°C at 202 mW cm™> and up to 130°C at 783 mW
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cm ™2, which suggested highly efficient photothermal transduction
(Fig. 1C) (27-29).

Decreasing storage modulus and loss modulus

Using thiol-ene chemistry, the synthesized LCE reached a desirably
low storage modulus of 1.24 MPa (Fig. 1D) owing to the existence of
vinyl cross-linker, which was one to two orders of magnitude lower
than the reported LCE (30, 31) and three orders of magnitude lower
than the reported LCN (19). In terms of viscoelasticity, the loss
modulus of CS-LCE dropped substantially at high temperature, sug-
gesting that the damping of the system will be reduced during actu-
ation. Furthermore, the incorporation of PDMS as an elastic passive
layer could also reduce the system damping factor B, lowering the
unwanted viscous energy dissipation of the system.

Improving responsiveness with low transition temperature
The LCE made by thiol-ene chemistry was also marked by its low

nematic-to-isotropic phase transition temperature (T = 40°C;
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Fig. 1E and fig. S11) (32), substantially lower than LCE synthesized
by the thiol-acrylate reaction (>70°C) (31) and LCN (90°C) (4). The
linear contraction of CS-LCE started from 30°C and reached a
plateau at 60° to 70°C, with a maximum contraction ratio of 30%
[(L = Ly)/Lo, where L and L, are the actuation length and original
length] (fig. S12). To construct a bilayer structure with a passive
layer, an LCE-oligomerized ink was printed and ultraviolet (UV)
cross-linked on a PDMS film, which was prepared by spin-coating
(fig. S13) and decorated by a silane coating with double bonds (fig.
S8C). Such an LCE/PDMS bilayer showed good interfacial con-
formability (fig. S14) and adhesion (peel strength of approximately
70 N m™"; fig. S15). Because of the thermal contraction mismatch of
the two layers, the LCE/PDMS bilayer could bend at high temper-
atures. A variety of different passive layer materials (different elas-
tomers and polymers) have been explored and tested. LiLBot with
PDMS as the passive layer exhibited the highest actuation and recov-
ery speeds, resulting in the highest amplitude oscillation under the
same light intensity (table S1 and fig. S16). A thickness study
showed that LiLBot with a 50-um-thick PDMS reached the
highest curvature, up to 1.24 mm~" at 70°C (Fig. 1E), which was
13 times higher than LCN (0.095 mm™ ") at the same temperature
and 4 times higher than LCE synthesized with the same chemistry
with different alignment configuration (33). Therefore, we selected
CS-LCE/PDMS bilayers for the subsequent oscillation characteriza-
tion. We named the CS-LCE/PDMS bilayer as CLP bilayer and
named the corresponding oscillators as LiLBotx, where “x" repre-
sented the thickness of PDMS in micrometers.

Oscillation performance of LiLBot

In the experimental setup, the LiLBot was hung vertically, and the
NIR light was applied horizontally (Fig. 2A). It was observed that, as
soon as the film bent toward and tracked the light, oscillation oc-
curred within an appropriate range of input power densities
named the operation window (Fig. 2B and fig. S5). Below the
lower limit, the film could not oscillate or even track the light.
Above the upper limit, the high light intensity caused material
coiling or unstable oscillation because of the intense local photo-
thermal effect on the tip and backside of the film as well when
the film blocked the light. The middle range that corresponded to
steady oscillation was the focus of this study. By varying the PDMS
thickness from 21 to 250 um (Fig. 2B), LiLBot50 was found to have
the lowest threshold power of oscillation (395 mW cm™?), which
was in agreement with the bending curvature result (Fig. 1E). We
further simulated LiLBot50 with respect to angular change over
time, temperature elevation over time, amplitude in response to in-
tensity, and threshold power of oscillation, showing good agreement
with experimental results (Fig. 2C and fig. S17).

Figure 2D describes how the oscillation frequency of LiLBotx
changes with the light intensity (400 to 2000 mW cm™?) and the
PDMS thickness (21 to 250 um). Previous studies have found that
light-driven oscillators vibrate around first-order resonant natural
frequency, which is a function of the material’'s mechanical proper-
ties rather than light intensity (19). For LiLBot, the frequency in-
creased with PDMS thickness but uncommonly decreased with
light intensity. This was probably because the film naturally
curled up after fabrication because of thermal stress between two
layers, and thus, the distance between the tip and hinge was short-
ened at low light intensity, which resulted in higher natural frequen-
cy. Regarding angular amplitude, a threshold power was required to
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trigger the oscillation, and the peak-to-peak amplitude increased
nonlinearly up to 60° (angular amplitude = 30°) with light intensity
(Fig. 2E and movie S1) (12). Because the frequency and amplitude
changed in opposite directions with increasing energy input, we
used the energy density (kinetic energy divided by volume) of
LiLBot to characterize the oscillation strength (Fig. 2F and discus-
sion S2). Among oscillators with different PDMS thicknesses,
LiLBot50 could generate the highest energy density (6.6 ] m™) at
the lowest energy input (less than 1 W cm™2). The oscillating per-
formance showed good replicability over different samples (fig.
S18). On the basis of all results and analyses above, we used
LiLBot50 for the subsequent experiments.

To further reduce the power of oscillation, we placed LiLBot hor-
izontally, and the simulated solar light shone vertically on it from
above (20, 34). A light intensity of 100 mW cm™> was sufficient
to trigger chaotic oscillation, which was likely caused by environ-
mental disturbance, such as external air currents. A light intensity
greater than 110 mW c¢m ™ could trigger oscillation with consistent
periodicity (Fig. 2, G to I). We have also successfully demonstrated
outdoor oscillation under natural sunlight (Fig. 2, ] and K). Further
lowering of the required light intensity might result from the lower
contribution of gravity as the restoration force, leading to more sub-
stantial bending. Ultimately, with these developments, a sunlight-
powered oscillating film was successfully demonstrated, with an
input power much lower than that for LCN films based on the pho-
tothermal effect (450 mW cm™2) (19), reorientation of photo-
switches (1000 mW cm™2) (12, 15), and other derivatives (table S2).

Robotic applications

LiLBot can be easily integrated with other materials as an actuation
unit for various robotic systems. For example, we created a sunlight-
powered flapping wing by assembling a nonactive polyethylene tere-
phthalate (PET) layer as the passive wing with the CLP film exclu-
sively as the active hinge “muscle” (fig. S19). On the basis of
experiments of the PET length and NIR light power intensity, the
flapping frequency and peak-to-peak amplitude could be orthogo-
nally controlled, ranging from 3 to 11 Hz and 4° to 72°, respectively.
The lowest power reached was 175 mW cm ™2, when PET length was
1.25 cm. Similarly, using simulated solar light as the energy source
to mimic the potential outdoor application, the flapping wing could
oscillate upon illumination of 240 mW cm™? (fig. S20). We further
characterized the performance of our design by constructing and
comparing identical wings made with CLP and LCN as the oscillat-
ing muscles. Compared with the LCN wing, the CLP wing demon-
strated notably higher amplitude and effectively lowered the input
power required for oscillation (fig. S21). On the basis of the analysis,
we used the CLP configuration for soft robotic applications with low
light intensity.

Sailboat: Untethered propulsion on water

Taking advantage of the low-intensity oscillation and large-ampli-
tude flapping of such a CLP wing configuration, we further de-
signed a phototactic sailboat (Fig. 3A). To power the sailboat
under low light intensity, we chose in-air oscillation rather than un-
derwater actuation considering the relatively lower thermal diffu-
sion (kg), thermal conduction, and energy dissipation in air (13).
A CLP wing, mounted on a plastic boat floating on water and
shone on by a horizontal NIR light, provided airflow that propelled
the boat forward away from the light source, exhibiting a negative
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Fig. 2. Characterization of LiLBot. (A) Superimposed sequential snapshots of the oscillator during a half oscillation cycle using a horizontal illumination mode. (B) ©

Oscillation operation window with respect to different PDMS thicknesses and light intensities. (C) Comparison of simulation and experimental results. PDMS thickness
of 50 um, length of 2.2 cm, and NIR light intensity of 700 mW cm~2. (D to F) Frequency changes, angular amplitude changes, and produced energy densities of oscillation
at different light intensities using a horizontal illumination mode. The error bars represent the SDs of the mean values obtained from five different measurements. (G to )
Superimposed sequential snapshots, angle changes, and frequencies of oscillation powered by a solar simulator using a vertical illumination mode. Light intensity in (G) is
130 mW cm~2, and those in (H) and () range from 100 to 130 mW cm™2. Y axis in (H) is the Fourier transform intensity of frequency. (J and K) Superimposed sequential
snapshots and angle changes of oscillation powered by natural sunlight (light intensity of 80 mW cm™).
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Fig. 3. Applications of the sunlight-powered LC-based oscillator in soft robots. (A) Schematics of CLP-based sailboat, walker, and roller under constant light. (B)

Sequential snapshots of a sailboat under horizontal light. Light intensity was equivalent to 567 mW cm
. (E) Sequential snapshots of the walker over a period of 540 s. (F) Sequential snapshots of

snapshots of a traveling wave walker in one cycle. Light intensity of 202 mW cm 2

~2.(€) Moving distance of the sailboat over time. (D) Sequential

a roller over a period of 60 s. (G) Comparison of moving distance over time between the traveling wave walker and roller.

phototactic swimming motion. This proof-of-concept sailboat
demonstrated a 31 mm min~' continuous swimming speed with
567 mW cm > optical input (Fig. 3, B and C). It presented much
faster directional locomotion with substantially lower energy
input compared with the oscillating hydrogel-based swimmer (18
mm min~ ! with approximately 51 kW cm™?) (13). To further
improve the speed, future investigation should focus on enhance-
ment of the oscillation performance, increasing the number of
wings, and breaking reciprocity with a time-asymmetric stroke
pattern or nonreciprocal trajectory (35).

Walker: Directional crawling and rolling

Mimicking the traveling wave motions of earthworms, snails, and
caterpillars, we demonstrated a territorial walking robot using
photo-oscillation to produce directional locomotion efficiently
(36). Under an incident NIR light at a tilt angle of 10°, the CLP
film constrained using a plastic frame could perform nonreciprocal
wave propagation motion because of the shadowing of the back
wave and continuous regeneration of the new wave (Fig. 3D).
Note that the movement does not rely on the asymmetric contact
of the robot with the substrate or the surface grating (such as
ratchet) as previously reported. Over a lower-intensity constant
light (202 mW cm™?), this walker demonstrated forward motion
at a speed of 2.68 mm min~' on glass (Fig. 3, E and G). This
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moving speed is relatively low, compared with previously reported
LCN wave-propagating walkers, because of the lower modulus of
the LCE yielding less stress and lower actuation frequency. Alterna-
tively, we achieved rolling motion at the same light intensity but at
much higher moving speed (72 mm min~"; Fig. 4F). The continu-
ous rolling was generated by illumination on only one side of the
roller, which caused the curvature change only on the illuminated
side. The curvature change induced a change in the roller’s center of
mass, resulting in rolling on the surface (37).

Flapping butterfly-like wings

We attempted to mimic flying creatures, such as the butterfly, to
demonstrate the potential of the LiLBot in generating sunlight-
powered flapping motion of a pair of wings for future microscale
solar aerial vehicles. To achieve the proposed potential sunlight op-
eration, a number of challenges need to be addressed. Traditionally,
the oscillator oscillates around the incident light (in an aligned con-
figuration), which makes it difficult to initiate oscillation of hori-
zontally oriented wings with an overhead light (in a
perpendicular configuration). Moreover, the oscillation frequencies,
amplitudes, and phase angles of the two wings need to be the same
to enable stable flapping. Here, to overcome the above challenges,
we designed and constructed two butterfly wings attached on a
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Fig. 4. Synchronized flapping butterfly-like wings. (A) Photograph of synthetic butterflies using PET films for the body and the wings and the LiLBot for the oscillating
muscle. (B) Front-view actuation configuration of synchronized oscillation. (C) Configurations of horizontally oriented wings with symmetric or staggered shadowing
strips oscillating (within the XY plane) under overhead light illumination. (D) Modal space of the butterfly wing system from simulation with the initial asymmetry between
two wings being —17°. (E) Single-wing oscillation characterization. (F) Frequency, (G) tip trajectories within the XY plane, and (H) normalized oscillation angle and phase of

two wings at the synchronization state.

single CLP film, irradiated by a sunlight-mimicking overhead light
to generate synchronized oscillation.

To overcome the first challenge, a shadowing strip was attached
on the wing with an angle (Fig. 4, A to C). When illuminated by an
overhead light, the CLP film curled up and lifted the wing, with a
tendency to track the light. However, the shadowing strip soon
blocked the light before the wing could track the light. With this
geometric design, the oscillation direction does not have to be
aligned with light direction; the oscillation can occur perpendicular
to the incident light, mimicking natural sunlight on butterfly wings.

Subsequently, we assembled two wings symmetrically on the two
ends of the CLP film and attached the middle of the CLP film on a
stand as the body of the butterfly (Fig. 4, A and C). A single-wing
oscillation mode could be generated by applying light exclusively on
one side. Variations between frequency and amplitude of the two
wings due to light intensity (Fig. 4E) were observed, caused by
the fabrication error and manual alignment of light for the left
wing (LW) and right wing (RW). By moving the illumination
spot closer to the center of the CLP film, we observed antiphase
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synchronized oscillation. The side exposed to more light triggered
a larger amplitude than the side that harvested less light (fig. $22).
The antiphase synchronization yielded the same frequency between
LW and RW, regardless of the amplitude difference (fig. S20C).
When we carefully adjusted the light position precisely at the
center of the CLP muscle, the two wings displayed synchronized os-
cillations of the same frequency, amplitude, and phase angle for
both wings (Fig. 4, F to H, and fig. S23). Thus, these two flapping
wings interacted and coupled the motions into a dynamic
steady state.

The synchronization arose from the symmetry in the geometry
and mechanical properties of the wings, the inherent damping in
the material, and the symmetric excitation induced by the LCE
layer. Because the geometry and mechanical properties of the
wings were mirrored, the motion of the system could be decoupled
into two modes: the symmetric mode and the asymmetric mode. In
the modal space, the symmetric excitation induced by the light
shedding on the LCE layer only excited the symmetric mode
(Fig. 4D and fig. S24). The photo—thermal-mechanical coupling
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consistently injects mechanical energy into this mode, keeping the
butterfly oscillating symmetrically with a stable amplitude. The
symmetric excitation is perpendicular to and thus injects no
energy into the asymmetric motion pattern in the modal space.
The asymmetric motion is only subject to damping (from testbed
friction and air viscosity) and restoration (from gravity) forces in
the modal space. As a result, any asymmetric disturbance is
damped out, leaving only the synchronized symmetric motion.
On the basis of the simulation model from a single oscillator, we
further established the two-wing model and successfully correlated
the experimental results with simulation (discussion S3.3). With
different asymmetric initial conditions (8;-6, = 0° to 54°), and as
a result of the existence of gravitational restoration force and
ambient damping, the system eventually oscillated around 3° (fig.
§25). Therefore, the stability of the synchronized oscillation was
verified.

The synchronization of two flapping wings could be modified by
geometry and intensity. We observed that decreasing the shadowing
strip length gradually from 0.8 to 0.5 cm led to an elevation of os-
cillation position and an increase in the bending angle (Fig. 4G and
fig. S26). For the 0.7-cm-length scenario, the in-phase synchroniza-
tion effect could be maintained from 270 to 457 mW cm™?;
however, light intensity higher than 512 mW c¢m ™ led to unsteady
amplitude variation over time. This was likely because of the colli-
sion and interference of two shadowing strips and resulted in 10°
flapping amplitude in maximum. We bypassed the issue by
placing them in staggered positions and reached a peak-to-peak am-
plitude up to 30° at 783 mW cm ™ (Fig. 4B modified configuration
and figs. S27 and 28). Although promising, the current wing system
did not show a lifting force by weighing mass on a balance with and
without oscillation. However, future improvements to the system
will be required, such as introducing nonreciprocal motion, increas-
ing energy density of oscillation (peak-to-peak amplitude greater
than 90° and frequency greater than 10 Hz), and decreasing the
weight of the soft robot.

DISCUSSION

In this work, we reported a low-intensity LCE bilayer oscillator
under constant nonpolarized light. The operation intensity under
1 Sun was successfully achieved, about 75% lower than the power
thresholds of state-of-the-art LC materials. The mild operation
window benefited from the low Ty; LCE while ensuring high photo-
thermal efficiency, high responsiveness, and low storage and loss
modulus. Specifically, the LCE synthesized via thiol-ene Michael
addition featured low modulus (1.24 MPa), low response tempera-
ture (T = 40°C), and large uniaxial contraction (30%). As a broad-
spectrum photoabsorber, CS was well dispersed in the LCE, provid-
ing the CS-LCE composite with a high photothermal conversion ef-
ficiency. The CS-LCE thin films were three-dimensionally (3D)—
printed by direct ink writing (DIW), which can enable the precise
control of molecular orientation and geometry (fig. S8). To facilitate
high-response out-of-plane bending, we used a CS-LCE/PDMS
bilayer structure that successfully boosted the ratio of bending
and recovery (bending curvature equivalent to 1.24 mm™' at
70°C), critical factors of oscillation. We demonstrated that LiLBot
could be used to power components of untethered, small-scale
soft robots, including a walker, roller, sailboat, and synchronized
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flying wings, presenting promising potential for self-sustainable ter-
ritorial, aerial, and water-surface robots.

Although the achievable oscillation frequency (0.3 to 11 Hz) is
within the lower range of natural muscles (1 to 200 Hz) (38), the
produced energy density (6 ] m ™) is still far below the theoretical
energy density of LCE (55 k] m™>). This is because only partial
energy storage and release of LCE were used to generate out-of-
equilibrium oscillation. In addition, only the hinge (1/10 of the
whole cantilever) participates in the energy conversion. Further-
more, the air damping effect is nontrivial (12). This can partially
explain the demonstrated robots with relatively low speed, and
our flapping wings can generate relatively low lifting force.
Further optimization based on the working principle of oscillation
in followup studies includes improvement of responsiveness in LCE
material (30, 32), thermal insulation, photothermal energy conver-
sion, and structural optimization of active-passive configura-
tion (39).

Although there are numerous capabilities and functions of soft
robots reliant on oscillation as a self-sustainable mechanism with
low energy input, there still exist many challenges when high-
power density actuators are required. For instance, to meet the ca-
pabilities of flying robots, a threshold power density is required to
produce meaningful thrust. We expect that those challenges could
be solved with more advances in material science and engineering.

MATERIALS AND METHODS

Materials

Diacrylate LC monomers RM82 and RM257 were purchased from
Shijiazhuang Sdyano Fine Chemical Co. Ltd. 2,2-(Ethylenedioxy)-
diethanethiol (EDDET), 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO), I-369, butylated hydroxytolu-
ene (BHT), and 3-(trimethoxy silyl)propyl methacrylate
(TMSPMA) were purchased from Sigma-Aldrich. PDMS kits were
Silgard 184. All chemicals were used as received without further
purification.

Material fabrication

CS was deposited by placing aluminum foil above the flame and
washed with hexane. PDMS film (curer:base = 1:5) was spin-
coated on clean glass slides with certain rotating speed and cured
on an 80°C hot plate. Silane-containing double bonds were grown
by vapor phase deposition of TMSPMA after oxygen plasma of
PDMS. LCE was fabricated by the previously reported thiol-ene
click reaction (32). Specifically, 0.857 g of RM82 and 0.25 g of
RM257 were preheated to melt, and then 0.387 g of EDDET,
0.056 g of TATATO, 0.024 g of BHT, 0.03 g of 1-369, and 0.008 g
of CS were added to the solution and mixed for 10 min. The CS
was dispersed via probe sonication for 1.5 min. Then, 25 ul of trie-
thanolamine (TEA) were added to the solution, followed by thor-
ough mixing. The ink was cured in a syringe at 65°C for 3 hours
to form an oligomerized ink. We used a DIW printer (CELLINK,
BIO X) to print LCE directly on PDMS. The printing speed was 7
mm s~ ', and the pneumatic pressure was 700 kPa. After printing,
the sample was UV-polymerized for 5 min on two sides to fix the
orientation. The CS-LCE/PDMS film was peeled with a razor blade
and used as a single oscillating cantilever or as a hinge material. For
butterfly wings, we used a laser cutter to obtain identical
wing shapes.
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Characterization

The nematic-to-isotropic transition temperature of LCE ink was
measured by differential scanning calorimetry (DSC-Q8000)
under a second heating cycle (—30° to 100°C at a ramp rate of 10
°C min™'). Storage modulus and loss modulus were measured
using a dynamic mechanical analyzer (TA Instruments, DMA850)
at a heating rate of 5°C min", a sweep frequency of 1 Hz, and a tem-
perature range from room temperature to 95°C. The actuation ratio
was recorded by an Apple iPhone X and analyzed using Image]. Ab-
sorbance spectra were characterized by UV-vis-NIR spectroscopy
(Shimazu, UV-3101PC). Temperature changes upon NIR laser
were measured by a thermocouple placed on the surface of a CLP
film. Cross-sectional images of the CLP film were taken by a ZEISS
Supra 40VP SEM. Linear contraction and bending under heat were
accomplished on a hot plate. Light-driven oscillation was achieved
by hanging samples on a 3D-printed holder and applying light hor-
izontally. NIR light was provided by an infrared laser pointer (SKY;
808 nm, 1500 mW). The intensity of the NIR light was controlled by
a dc power supply and calibrated via a silicon-based standard pho-
todiode sensor (Thorlabs, PM16-121) with a reflective ND filter
(Thorlabs, ND10A). Movies of oscillation were recorded with a
smartphone and a digital camera. All trajectories were analyzed
using the software Tracker (version 5.0.5). For calculating the fre-
quency of the synchronized butterfly flapping demonstrations, we
used Excel to carry out a fast Fourier transform analysis.
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