nature materials

Article

https://doi.org/10.1038/s41563-024-02035-3

Antagonistic-contracting high-power
photo-oscillators for multifunctional

actuations

Received: 8 January 2024

Ximin He ®?
Accepted: 25 September 2024

Published online: 24 October 2024

Yusen Zhao', Zixiao Liu®", Pengju Shi', Chi Chen', Yousif Alsaid’, Yichen Yan' &

W Check for updates

High-power autonomous soft actuators are in high demand yet face
challenges related to tethered power and dedicated control. Light-driven

oscillation by stimuli-responsive polymers allows for remote energy input
and control autonomy, but generating high output power density is a
daunting challenge requiring an advanced material design principle. Here,
inspired by the flight muscle structure of insects, we develop a self-oscillator
based on two antagonistically contracting photo-active layers sandwiching
aninactive layer. The actuator produces an output power density of

33 W kg, 275-fold higher than other configurations and comparable to
that of insects. Such oscillators allow for broad-wavelength operation and
multifunction integration, including proprioceptive actuation and energy
harvesting. We demonstrate high-performance flapping motion enabling
various locomotion modes, including a wing with a thrust-to-weight ratio
of 0.32. This work advances autonomous, sustained and untethered
actuators for powerful robotics.

There is a growing demand for high-power-output soft actuators in
robotics, aimed at facilitating rapid motion across terrestrial, marine
and aerial domains'. In some particular scenarios such as microscale
aerial vehicles, this need becomes even stringent and urgent, because
the power density needs to surpass aspecific threshold (>29 W kg™) to
overcome its own weight and initiate lift-off>>. Typical robots rely on
either tethered or onboard power supplies asthe energy source, com-
plemented by sophisticated computer-programmed control systems
to performbasic tasks. Alternatively, stimuli-responsive polymers that
caninteract with and self-adapt to their environment offer promising
material opportunities. These polymers can be fuelled and deformed by
remote energy inputs*’. However, to generate repetitive back-and-forth
motion, this typically necessitates manual intermittent stimuli, and the
motions areslow (>1s)®”. These characteristics pose a challenge to the
realization of autonomous and high-power robotic motion.
Emulating the inherent sensing-diagnosis—actuation feedback
found in biological systems®’, light-driven self-excited oscillation

has emerged as a promising approach for untethered autonomous
actuators'®2, With this strategy, remote and constant photo-energy
cangenerate reciprocal actuationand regulate directional locomotion,
inherently operating without the need for manual intervention'> . The
photo-actuation involves complicated time-varying multiphysics, by
either photo-thermal-mechanical” or photo-chemical-mechanical'
mechanisms. During the dynamic oscillation, the photo-active film
contracts upon illumination, causing rapid bending. When overbent,
the tip self-blocks light, leading to relaxation and unbending for the
next oscillation cycle. Thus, a built-in negative feedback loopis formed
through the dynamic competition of photo-induced bending and
self-shadowing-induced unbending''%. To initiate the self-excited
oscillatory motion, this feedback has to be amplified above a specific
photo-energy input threshold, during which the photo-thermal heat-
ing or photo-chemical effect fuels the bending of active materials and
sufficiently compensates the energy dissipation arising from visco-
elastic damping and air resistance. Over the decades, this intricate
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Fig.1|FLaPTOR design schematics. a, Anillustration of aninsect’s wing stroke,
showing antagonistic muscles in the process of contraction (red) and relaxation
(blue). b, Anillustration of the operation mechanism of the FLaPTOR. Two photo-
responsive LCE films laminated on both sides (LCE1, LCE2) are used to perform

End of
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antagonistic actuation during self-excited oscillation under constant light input.
¢, Structural configuration comparisons of LPBO (top), an LMO (middle) and the
LCE/PDMS/LCE trilayer FLaPTOR (bottom). Red arrows indicate the direction of

photo-actuation during the upstroke and downstroke. Scale bars, 1 cm.

process has been extensively studied and comprehended through a
combination of experiment and simulation” . Our previous works
have contributed to unveiling the coupling and initiation process of
such photo-thermal-mechanical oscillation by the design of highly
photo-thermally efficient and highly active materials for sustainable
energy input applications™'>?°2,

In terms of mechanical output performance, light-driven oscil-
lators on the insect scale (10-100 mm) can generate power densities
typically below 0.5 W kg™, falling short of the remarkable performance
of the flight muscles of insects (>29 W kg™)?, piezoelectric actuators
(>150 W kg™)? and dielectric elastomer actuators (2-600 W kg)»?,
Althoughresearchers have developed high-frequency oscillators, the
sub-millimetre sizes are too small for further integration and the design
of a comprehensive robot system??°, Fundamentally, there remains
a notable lack of understanding regarding the material-property
relationships and design principles crucial for high-power-output
oscillations, such as the modulus-power relationship, viscoelasticity-
damping relationship, thermal effect, feedback-loop modulation,
geometry effectand so on. Addressing these design challenges would
prove advantageous for the development of highly robust and power-
ful robots capable of diverse tasks such as walking and swimming and
potentially the achievement of flapping wings. Additionally, current
state-of-the-art oscillators based on liquid crystalline networks and
hydrogels require single-wavelength light operation®, light polariza-
tion'® and under-water conditions'?, which limit their practical opera-
tion using ambient energy such as outdoor solar light. Furthermore,
most oscillators consist of amonolithic layer, making it hard to achieve
system-level function integration, such as sensing, energy harvesting
and robotic locomotion.

Therefore, adistinct design of oscillators is needed for the devel-
opment of high output power with operation across a broad spec-
trum of non-polarized light while offering multifunctionality. Drawing
inspiration from the structure of insect flight muscles, which feature

antagonistic muscle pairs that contract and relax asynchronously, we
propose that mechanical coupling across opposite muscle tissues can
boost the mechanical output power (Fig. 1a)”**. Inaddition, regarding
the system functional design, the common robotic design maximizes
the active materials for deformation and minimizes the inactive mate-
rial mass, aiming to enhance the overall output power density of the
system?**°,

Inthis study, we designed alight-driven oscillator thatimitates the
antagonistic muscle structure of insect wings. Unlike common func-
tional design, weintentionally inserted aninactive material within the
active materials to formatrilayer, active-inactive-active structure, as
opposed to anentirely active, monolithic material. Counterintuitively,
the trilayer with a certain portion of inactive material could produce
anexceptionally high output power density of 33 W kg™, whichis com-
parabletothat of insect flight muscles, and up to 275-fold higher than
that of counterparts with other configurations. Specifically, the trilayer
construct was composed of two photo-responsive liquid crystalline
elastomer (LCE) layers for antagonistic contraction, sandwiching
an inactive elastic polydimethylsiloxane (PDMS), being termed a
flapping LCE-and-PDMS trilayer oscillatory robot (FLaPTOR). The FLaP-
TOR exhibited broad-spectrum operation and allowed for multiple
functionalities, such as proprioceptive actuation and energy harvest-
ing. The flapping actuator also enabled high-performance robotic
motions, including sailboats, bi-directionally moving walkers and
a flapping wing with an average lift force of 147 uN and a thrust-to-
weight ratio of 0.32, marking a major milestone in the advancement
of autonomous, self-sustained and untethered flapping actuators
attheinsectscale.

Results

Designrationale

The primary intent of this work is to establish a design principle
for self-shadowing-based light-driven self-oscillation to achieve high
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Fig.2|Fundamental studies of the performance improvement of FLaPTOR
compared with LMO. a, The storage modulus and tan 6 of two configurations
during atemperature ramp. The modulus above 140 °C was fitted using the LCE
and PDMS data because the LCE was delaminated (Delam) from PDMS after

140 °C owing to an overly high thermally induced stress mismatch between the
LCE and PDMS. b, The normalized angle changes of FLaPTOR and LMO after
turning off the light. ¢, The thermal profile of two configurations under different
input lightintensities (V=3). T;and T, are the temperature on the front and back
side of the sample, respectively. d, The thermomechanical bending at different
surface temperatures on the illuminated side of LCE by experiment (solid curves
withsymbols, and shaded areas representing the s.d. of the measured values
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with N=3) and simulation (dashed curves). Inset in ¢,d shows the measurement
method and red arrows indicate the light direction. e-k, The length (e and i),
amplitude (fand j) and output power density (g and k) obtained by time-
dependent oscillation tests (e-g) and simulations (i-k) conducted on the LMO
and the FLaPTOR. The light intensity was 5,580 mW cm . The original length
of the LMO was changed from 5 cm to 2.5 cm. h, The beam displacement and
thermal profile over time (¢) generated by simulation. To decouple the length
shortening effect, the oscillation performance was evaluated by using alonger
length and ensuring the length during oscillation was consistently 2.5 cm.

I-n, The measured frequency (1), amplitude (m) and output power density (n)
withshaded areas representing the s.d. of the measured values with N=5.

mechanical output, which is desired for robotics (Fig. 1b). One chal-
lenge is that employing self-oscillation necessitates lower-stiffness
materials to facilitate easier overbending and create out-of-equilibrium
motion, but such softer materials lead to lower frequency and are
suboptimal for generating high output power. Existing splayed* and
bilayer® structures of oscillators yield inadequate power density owing
to their single upstroke photo-actuation process (Fig. 1c). Instead, a
bi-directional photo-actuation mode enhances the energy conversion,
because photo-active materials can harvest photo-energy during both
the upstroke and downstroke. Specifically, we utilized ageometrically
and chemically symmetric structure®** and produced thermal gradient
across the thickness direction. However, symmetric photo-thermal
liquid crystalline network films were unable to bend, potentially owing
totheirlowthickness, lowactuationstrainand fast heat transfer'*2235%,
To generate a large thermal gradient, we increased the thickness
andthusthethermal diffusiontimescale (t =< £*/D, wheretisthe thickness
and Dis the thermal diffusivity). To achieve deformation with alarger
thickness, we developed a LCE with high photo-thermo-mechanical

energy transduction™", To create an enhanced strain mismatch across
the thickness for better bending, we inserted a passive PDMS layer
in the middle (Fig. 1b,c). We systematically investigated the impact
of the inclusion of inactive components on such a highly complex
out-of-equilibrium system, considering that the overall performance
isalso governed by the resonant frequency, the system damping, the
structural stability and the amplification of the closed-loop feedback.

The FLaPTOR was carefully fabricated by first synthesizing the
LCE and PDMSindependently, then sandwiching them together using
silicone glue. A silica coating was vapour-phase deposited onto each
surface to enhance adhesion (Supplementary Figs. 5 and 6).

Enhancement of the output power density

The FLaPTOR versus an LCE monolithic oscillator. Both the FLaP-
TOR and the LCE monolithic oscillator (LMO)'** enable bi-directional
photo-actuation, while the FLaPTOR has PDMS as a middle layer
(Supplementary Fig. 7 and Supplementary Table 2). Surprisingly, the
FLaPTOR demonstrated a maximum output power density of23 W kg™,
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which was 14-fold higher than that of the LMO (1.6 W kg™) (Fig. 2nand
Supplementary Video1). Toinvestigate this unusualimprovement, we
first conducted fundamental material characterizations in the static
state. Mechanically, the FLaPTOR showed a higher storage modulus
and lower viscoelasticity (lower tan §, known as the damping factor),
which were attributed to the stiff and elastic PDMS layer (Fig. 2a).
According to oscillation theory®, a higher modulus leads to a higher
resonant frequency (which scales with £%%) and a higher power density
P.,(whichscaleswithf?; Supplementary Section 3), where [isthe length,
Ais the angular amplitude, fis the frequency, a is the thickness, E is
the modulus and p is the density.

Pu = 2EA20nf )

f_ 1.0la E
2n2 p’

A lower viscoelasticity will induce the oscillator to be under-
damped and efficiently utilize the photo-energy input for mechanical
output. This was verified by the quality factor (Q), where the Q factor
ofthe FLaPTOR was 9, much larger than that of the LMO, whichwas 5.7
(Fig. 2b). In terms of their thermal properties, both the FLaPTOR and
the LMO showed a similar temperature profile under the same light
intensity, indicating similar heat transport and dissipation behav-
iours (Fig. 2¢). This similarity is attributed to the comparable ther-
mal conductivity of PDMS (0.15W m™ K™)*’ and LCE (0.24 W m™ K™)*,
Furthermore, we examined the static thermomechanical actuation
using near-infra-red light from one side and conducted a simulation
accordingly (Supplementary Section 4.2). LMO initially exhibited a
higher bending angle, but furtherincreasing the light intensity caused
ittounbend (Fig. 2d)*. Thisreductionin bending angle was attributed
to a flattened actuation strain (¢) above 150 °C and a decreasing
strain gradient (6¢/6T) with temperature T (Supplementary Fig. 8).
As aresult, the temperature-angle curve exhibited a negative slope,
whichis detrimental to the production of amplification of oscillation
(SupplementaryFig.9).In contrast, the FLaPTOR demonstrated amore
linear and higher bending angle up to 200 °C, which was also verified
by simulation (Fig. 2d). We considered that PDMS functioned as a
buffering material, where the negative effect of LCE at higher tem-
perature will be diluted, including a stiffness increase and a response
decrease. This linear thermomechanical curve of the FLaPTOR facili-
tated the oscillation amplification.

The FLaPTOR versus LCE-PDMS bilayer oscillator. We then con-
ducted adynamicstudy onthe time-dependent evolution of the oscil-
lation after light exposure (Fig. 2e-k and Supplementary Video 2) by
experimentand COMSOL Multiphysics. We found that the LMO length
reduced over time by more than30%in1min, butthe FLaPTOR length
remained steady over time. This is because the heat was transferred
from the surface to the middle of the actuator. Then, the LMO will
shrink universally.Inthe FLaPTOR, however, therigid PDMSresisted the
contraction of the LCE. Such length shortening could impede the oscil-
latory behaviour owing to the higher bending stiffness'. Secondly, we
observed an amplitude/power decay for the LMO from 10 s but steady
amplitude/power enhancement for the FLaPTOR. The performance
decay of the LMO could be attributed to the thermal transfer into
the middle area with thermomechanical angle reduction. Moreover,
we decoupled the length shortening effect by using a longer initial
length and fixed the length during oscillation to be 2.5 cm, the same
asthelengthofthe FLaPTOR. Interestingly, the frequency, amplitude
and output power density of the FLaPTOR with the same oscillating
length still outperformed those of LMOs (Fig. 21-n). To gain insight
into this output power difference, we admitted that the active-inac-
tive—-active structure will sacrifice actuation performancein the static
state. However, in the dynamicin-equilibrium system, multiple factors

finally contribute to the net performance enhancement, as supported
by finite element simulation (Supplementary Fig. 10), in particle (1) the
high PDMS stiffness increased the frequency, (2) the low viscoelastic-
ity reduced the oscillator damping, (3) the linear thermomechanical
bending curve amplified the closed-loop feedback and (4) theinactive
and stiff PDMS stabilized the oscillating length.

The LCE-PDMS bilayer oscillator (LPBO) exhibited single-direction
photo-actuation (Supplementary Fig. 7 and Supplementary Table 2).
By controlling the same actuator thickness, LPBO could only produce
amaximum power density of 0.1 W kg™’ (Supplementary Fig. 11), which
was more thantwo orders of magnitude lower thanthat of the FLaPTOR
with its bi-directional photo-actuation. Fundamentally, the FLaPTOR
enabled photo-thermalactuation duringthe whole cycle instead of dur-
ingahalfcycleasinthe LPBO. The shortening of one LCE layer facilitated
therelaxation of another LCE layer, in contrast to the reliance solely on
the thermal relaxation of the upper LCE layer in the LPBO. This effect
improvesthe flapping speed to a higher value, whichis proportional to
the angular frequency and angular amplitude, and helps improve the
output power. Furthermore, the LPBO suffered from tip coiling at higher
lightintensity, indicating that the system had exceeded the upper limit
of balance between the power input and the mechanical energy release”.

LCE structure-property-performance development for the
FLaPTOR

Tailoring the chemistry of the LCE and the structural design of FLaP-
TORs plays a crucial role in achieving high-power-density oscillation,
whichrequires both high frequency and high amplitude. We explored
three distinct predominant fabrication methodologies for LCEs and
examined the resulting thermomechanical properties. Specifically, we
firstly utilized thiol-acrylate Michael addition polymerization to obtain
randomly oriented LC oligomers. Then, the polydomain oligomers
were alignedinasingle direction and the networks were permanently
fixed by photo-crosslinking. The three fabrication methods we used are
illustrated in Fig. 3a: (1) liquid-like oligomers extruded through direct
ink writing (DIW), followed by thiol-ene photo-crosslinking chemistry
(DIW-TE)*, (2) solid oligomers being mechanically stretched (Sup-
plementary Fig.12) and crosslinked via thiol-ene photo-crosslinking
(MeS-TE) and (3) solid oligomers being mechanically stretched with
diacrylate photo-crosslinking (MeS-TA)*. We studied the effects of
different monomers, spacers and crosslinkers for each synthesis
method (Fig. 3a and Supplementary Table 3). The thermomechanical
properties of the LCEs are governed by the interaction of the diverse
chemical components of the segments and their packing structures,
which modulate the liquid crystal phase morphology*. Among the
fabrication methods studied, the MeS-TA approach, which employed
RM257 asthe mesogen and1,6-hexanedithiol as the spacer, exhibited a
storage modulus of 21.5 MPaat room temperature, an actuation strain
of 64% at 200°C, an actuation stress of 1.2 MPa at 140 °C and a work
capacity of 311 k] m~ under aload of 500 kPa at 200 °C, outperforming
other fabrication methods, formulations and reported LCEs (Fig. 3c and
Supplementary Table 4). Thisimproved performance canbe attributed
to (1) the incremental mesogen orientation obtained through mechani-
cal stretching, (2) the increased modulus achieved while maintaining
the actuation strain by employing acrylate crosslinking*® and (3) the
phase segregation of rigid mesogens and spacers*..

Then, we investigated the oscillatory performance using these
LCEs and assembled them into FLaPTORs (Supplementary Video 3).
The study aimed to explore the relationship between the thermo-
mechanical properties and the oscillatory performance for different
LCEs. We observed that a high modulus and high actuation strain
make positive contributions to the enhancement of the output power,
accordingtoourempirical correlation analysis (Supplementary Figs. 14
and 19). Among all the LCE formulations, the MeS-TA methodology
with RM257-HDT exhibited the highest output power, consistent with
the LCE thermomechanical study above (Fig. 3c-g). Furthermore, the
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a, The compositions of the LCEs. EDDET, 2,2-(ethylenedioxy)diethanethiol;
GDMP, 1,4-butanediol bis(thioglycolate); HDT, 1,6-hexanedithiol; PETMP,
pentaerythritol tetrakis(3-mercaptopropionate); TATATO, 1,3,5-triallyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione. b, lllustrations of the polymerization procedures
for the different LCE synthesis methodologies. ¢, The thermomechanical
properties of the LCEs and the oscillatory performance after their fabrication
into FLaPTORs. The geometrical configurations were a120/50 LPBO bilayer using
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DIW-TE (baseline), 120/134/120-2 cm FLaPTOR for DIW-TE, 115/320/115-2.5 cm

for MeS-TE and 145/320/145-2.5 cm for MeS-TA. Detailed analysis is presented

in Supplementary Information. d-f, The frequency (d), amplitude (e) and

oscillatory power density (f) as functions of the light intensity. g, The output

power versus the kinetic energy, showing that the FLaPTOR design outperformed

reported oscillators. FEP, fluoroethylene propylene; LCN, liquid crystalline

network; GO, graphene oxide; PC, polycarbonate; PDA, polydopamine. All

shaded areas represent the s.d. of the measured values (N =5).

output kinetic energy and the output power of the FLaPTORs surpassed
other reported light-driven oscillators, suggesting that the chemi-
cal development and the unique structural configuration facilitate
efficient energy transduction and mechanical output (Fig. 3g and
Supplementary Table 5).

We also studied the effects of geometrical factors, including the
LCE thickness, the PDMS thickness and the total oscillator length,
on the oscillatory performance of our FLaPTORs by experiment and
finite element simulations (Fig. 4 and Supplementary Figs. 15-18,
respectively). Consistent with oscillation theory, a higher lightintensity
produced anunaltered frequency (afeature of resonant actuation), an
increased amplitude and a higher output power density®. Inaddition,

thicker PDMS and/or LCE layers required a higher onset lightintensity
forinitiating oscillation, suggesting that increased energy was needed
to overcomeresistive forces suchas damping (Fig. 4a-f). While thicker
films resulted in increased oscillation frequency, they compromised
the amplitude atagivenlightintensity owingto theincreased moment
ofiinertia. Moreover, excessively high light intensity (>6,500 mW cm2)
led to LCE fracture, because PDMS imposed a geometrical constraint
from LCE contraction. When the total thickness was fixed and the
PDMS/(PDMS + LCE) thickness ratio was varied, increasing the PDMS
thickness ratio caused aright shift of the operation window due to the
reductionin LCE fraction for photo-responsive actuation, but the maxi-
mum output power density remained similar (Fig. 4g-i). Furthermore,
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Fig. 4| Geometrical effects on the FLaPTOR performance. The LCE layers
were controlled to be 70-145 pmin thickness, and the PDMS middle layers
were controlled to be 50-610 pm in thickness. a-i, The influences of the PDMS
thickness (a—c), the LCE thickness (d-f) and the PDMS/(PDMS + LCE) thickness

ratio (g-i) at a fixed total thickness of 600 pm on the frequency (a,dand g),
amplitude (b, eand h) and output power density (c, fand i). Shaded areas
represent the s.d. of the measured values (N =3).

decreasingthe oscillator length could increase the oscillation threshold
and boost the overall output power density, but there is more risk of
fracturing due to overly high energy input (Supplementary Fig. 18).
Through systematic studies of the LCE formulation, thickness and
length, we determined that the optimal geometry was 145/320/145-
2.5 cm (using the nomenclature x/y/x-z for the FLaPTOR geometry,
where xis the PDMS thicknessin micrometres, yis the PDMS thickness
inmicrometres andzisthe FLaPTOR lengthin centimetres) and the use
ofthe MeS-TA methodology with RM257-HDT. This FLaPTORyielded a
frequency of 13 Hz, an amplitude of 42° and amaximum power density
of 33 W kg™, comparable to the flight muscle of insects.

Multifunctionality

By embedding candle soot into the LCE layers, the FLaPTOR
could undergo oscillatory motion upon a broad spectrum of
light, ranging from blue to near-infra-red, and simulated solar light

(Fig. 5a and Supplementary Video 4). In particular, the oscillating fre-
quency remained consistent under different wavelengths (Fig. 5Sb).

Owingtothe unique sandwich structure, we have the capability to
functionalize the actuation for systemintegration. First, the FLaPTOR
was incorporated with a gold electrode within the PDMS to achieve
proprioception actuation, suggesting that the oscillator can monitor
its own deformation in real time (Fig. 5¢c, Supplementary Fig. 16a and
Supplementary Video 5). The gold electrode, serving as a sensing layer,
is lengthened and contracted during oscillation, leading to periodic
piezoresistive changes. No electrical disconnection was observed
withinthe 2,380-2,900 mW cmlight intensity range. The resistance
changes matched the angular oscillations, with consistent frequency.
By increasing the light intensity, the sensor had increased resistance
due to greater deformation. Furthermore, the proprioceptive perfor-
mance remained stable over -3,000 continuous cycles (Fig. 5d,e and
Supplementary Fig. 20).
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Fig. 5| The multifunctionality of the FLaPTOR. a, Broad-spectrum operation
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¢, Aschematic representation of a proprioceptive oscillator. d,e, The angle
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changes (d) and normalized resistance changes (e) of the oscillator over time
upon different light intensities. f, A schematic representation of a piezo/
pyroelectric nanogenerator integrated into the oscillator. g,h, The angle changes
(g) and voltage changes (h) of the nanogenerator over time.

Another functionalization of the FLaPTOR for system integration
is electrical energy harvesting, where we embedded pyroelectric
and piezoelectric layers made by poly(vinylidene fluoride-co-
trifluoroethylene) (Fig. 5f and Supplementary Figs. 2 and 21). The
time-dependent potential change generated by the device demon-
strated frequency consistency with the angle change of the oscilla-
tion (Fig. 5g,h). Under oscillatory motion, the peak potential could
reach ~-10 mV, owing to the piezoelectric effect from the dynamic
strain change and the pyroelectric effect from the dynamic tempera-
ture change of the actuator hinge. Our design is a fully integrated
photo-electric converting device with alight-driven oscillation mecha-
nism, marking a breakthrough in smart actuators for autonomous
energy harvesting**.

Softrobotics

First, we leveraged the high mechanical output of the FLaPTOR to
propel asailboat, integrating it with a passive wing. Controlled by the
light intensity and the flapping amplitude, the boat’s speed reached
1.6 mm s™, outperforming previous flapping-based systems by
3-5-fold"” (Fig. 6, Supplementary Figs. 3 and 22 and Supplementary
Video 6).Subsequently, we applied the FLaPTOR wing to arail-assisted
walker, enabling forwards and backwards walking motions (Fig. 6¢,d
and Supplementary Video 7). The directional movement is governed
by friction asymmetry, exhibiting speeds of 2.5 mm s forwards and
0.76 mm s backwards, with faster forward movement due to flapping
wing propulsion’ (Supplementary Fig. 23).

Owingtothe highoutput power of the FLaPTOR, we further studied
the potential of the FLaPTOR wing for flapping wing microscale aerial
vehicles (FWMAVs) (Supplementary Video 8). Conventional FWMAVs
arepowered by atethered a.c. electrical signal with dedicated control,
and the wing motionis generated by transmission systems”>******> The
FLaPTOR wing differs from FWMAVs fundamentally in that (1) remote
constant energy induces spontaneous oscillation and (2) the use of
self-oscillatory materials as actuators eliminates the need for on-board
batteries and transmission-related mass, revolutionizing traditional
systems. The FLaPTOR wing was tested under a constrained state when
affixed to a hard experimental platform (Fig. 6e, top) and a partially
unconstrained state when it was tethered to thin strings (Fig. 6¢, bot-
tom). The oscillation performance was f=10.5Hz and A = 38° under
the constrained state, and f= 9.9 Hz and A = 16° under the partially
unconstrained state. The higher power output for the constrained
statewas dueto less energy transfer and damping to the outer system
including the thin strings. To evaluate the wing’s capabilities, we used
aforce transducer set-up to measure the generated thrust (Supple-
mentary Fig. 24)*. The FLaPTOR wing could generate an average lift
force of 147 puN, with a thrust-to-weight ratio of 0.32, considering the
weight of the wing to be 47 mg (Fig. 6f,g). Furthermore, the light power
delivered to the oscillating wing was found to be 1.1 W, resulting in a
thrust-to-power ratio of 0.13 N kW™ To compare with other FWMAVs
as areference, the thrust-to-weight ratio and thrust-to-power ratio
achieved for the Harvard RoboBee were 1.7 and 41.2 N kW™ (ref. 3).
Although the thrust-to-weight ratio needs to exceed 1 for take-off,
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Fig. 6 | Flapping wing application. a,b, A schematic representation (a) and time-
resolved snapshots (b) of a sailboat moving on water. ¢,d, The forward movement
(c) and backward movement (d) of a FLaPTOR wing-based walker along copper
wires. e, Time-resolved snapshots of the FlaPTOR wing actuator in one cycle

in constraint mode (upper images) and partially unconstrained mode (lower

images). The white dashed line marks the horizonal position. f,g, The angle
change (f) and generated instant lift force (g) of the FlaPTOR wing actuator. The
red dashed line indicates the average lift force and the blue dashed line indicates
wherelift force is zero.

the current results still shows crucial progress towards photo-driven
oscillation-based FWMAVs.

Insummary, we have developed a high-power-output self-excited
oscillator driven by constant light. The oscillator structure consists
of an inactive elastomer layer sandwiched by two photo-active LCE
layers, reaching a power density comparable to that of insect flight
muscles. Such uniquely designed high-performance actuators have
shown great promise in powerful autonomous robotics, which require
theintegration of architecture design, materials innovation, manufac-
turing and control. Future research, from the standpoint of actuation
performance, could focus on further enhancing the photo-thermal
energy transduction, the molecular engineering of LCEs to enhance
thermomechanical properties and work capacity, the structural design
ofthe FLaPTORs to further increase the power density and improving
theactuation efficiency to reduce the lightinput while maintaining the
oscillatory power density. Regarding practical implementations, fur-
ther studies couldincorporate on-board light or other power sources,
orareal-time self-correction mechanismto ensure precise and continu-
ousillumination onthe FLaPTOR, enhancing the locomotion manoeu-
vrability and multimodal actuation, and expanding the activation
stimuli of FLaPTOR beyond light. These developments promise to
broadenthe scope of FLaPTOR applications. More importantly, lever-
aging light-driven autonomous oscillation to enable future hovering
applications is both impactful and extremely complex. Achieving
this will require sophisticated developments, including highly robust
smart materials, light-driven oscillators with higher power density,

aerodynamic engineering for efficient lift and system design for syn-
chronized multi-wing hovering.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Materials

LCreactive mesogensRM257 and RM82were purchase fromShijiazhuang
Sdyano Fine Chemical, Co., Ltd. 2,2-(Ethylenedioxy)diethanethiol
(EDDET), glycol di(3-mercaptopropionate) (GDMP), 1,6-hexanedithiol
(HDT), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP),
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO), I-369, butyl-
ated hydroxytoluene (BHT), tetraethyl orthosilicate (TEOS), ammonia
solution (30%) and poly(vinylidene fluoride-co-trifluoroethylene)
(PVDF-TrFE) (Solvene 250/P400) were purchased from Sigma. Trieth-
ylamine (TEA) was used as supplied by EMD. Sylgard 184 PDMS kits
were purchased from Ellsworth. Silicone glue (Henkel 908570) was
purchased from Amazon.

Materials fabrication

Candle soot (CS) was deposited and collected on aluminium foil above
acandle flame. PDMS was made by mixing 5:1weight ratio of polymeric
base and curing agent. PDMS films were fabricated by spin-coating or
casting between two glass slides with predefined spacers. We synthe-
sized LCEs by three methodologies. For DIW-TE LCEs, a thiol-ene click
reaction was used with modified chemistry*. The oligomerization of
ink was completed for 3 h at 65°C, and the as-printed samples were
post-crosslinked under ultraviolet (UV) light for 5 min on two sides.
For MeS-TE LCEs, mechanical stretching was used to increase the meso-
gen alignment, and the samples were stretched to monodomain and
irradiated under UV light to trigger thiol-ene crosslinking for 30 min
along two sides. For MeS-TA LCEs, the Yakacki*® method was used to
synthesize the samples, and the first stage of thermal oligomerization
was completed overnight atroom temperature. The samples were then
uniaxially stretched to a monodomain state and irradiated under UV
light to complete the diacrylate crosslinking for 2 hin total.

FLaPTOR fabrication

A thin layer of silica coating was grown on LCE by room-temperature
chemical vapour depositionto ensure good adhesion between the LCE
and PDMS. To create the trilayer structure, PDMS film was sandwiched
by two silica-coated LCEs with silicone glue in between. The proprio-
ceptive oscillator was fabricated by laser cutting PDMS into a pattern,
sputtering gold for 120 s on the PDMS and sandwiching it between
two LCE films with silicone glue/hexane solution. The piezoelectric/
pyroelectric nanogenerator was built using PVDF-TrFE as an active layer
and two gold layers as electrodes with a capacitive configuration, and
sandwiched by PDMS and LCE using silicone glue. For the FLaPTOR wing
structure, PET was laser cut into predesigned wing structures. Then,
the multilayer wing was laminated by LCE, PDMS, PET, PDMS and LCE,
sequentially. Theinterface between each layer was glued with silicone
glue to enhance the adhesion.

Characterization

The thermomechanical properties of the LCEs were measured by
using adynamic mechanical analyser. The LCEs underwent annealing
and cooling to remove thermal history before testing. The modulus,

actuation strain and stress, and work capacity were measured by
using a DMA850. To characterize the oscillations, trilayer structures
were mounted on a stage and exposed to light. The light triggered
out-of-equilibrium oscillation, and the trilayer reached a steady state.
The oscillation behaviour was recorded with a camera, and the tip
angle was measured by Tracker software to calculate the frequency,
amplitude and power density.

Data availability
All data needed to evaluate and support the conclusions in the paper
areincluded in the main text or Supplementary Information.
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