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Self-Sustained, Continuous Jumping of a Light-Driven

Electronics-Free Insect-Scale Soft Robot

Wenzhong Yan, Pengju Shi, Zixiao Liu, Yuzhen Chen, Yichen Yan, Yusen Zhao, Chi Chen,

David Martinez, Ankur Mehta,* and Ximin He*

Insects scavenge energy from the environment for self-sustained operation,
and some species use repeated jumping to traverse varied terrain. Such
capabilities are desirable for surveillance, disaster recovery, environmental
monitoring, and hazardous environment exploration. However, insect-scale
(sub-gram) robots are typically limited to few jumps due to inefficient
integration of energy, actuators, and control. Here, insect-scale (301 mg) soft
robots capable of continuous, autonomous jumping with energy harvesting,
actuation, and control embedded in their physical structure without
electronics are introduced. Powered by constant light, a single robot achieves
188 nonstop jumps and accumulates over 800 jumps in a year without
diminished performance. This behavior is enabled by self-sustained, repeated
snapping (SSRS), a light-driven mechanism from a self-shadowing-induced
feedback loop based on dynamic light-material interplay. The SSRS exploits
snap-through instability and self-shadowing of photoresponsive liquid crystal
elastomers (LCEs), enabling untethered, perpetual actuation, and the snapping
dynamics are investigated through simulations and experiments. Beyond
sustained motion, the robot demonstrates self-righting, directional jumping,
obstacle negotiation, hazardous gas sensing, and extreme load-bearing (~1700
times its weight), highlighting potential for disaster recovery, confined-space
exploration, and environmental monitoring. This work advances

insect-scale robotics toward fully autonomous, long-lived micro-robots.

springtails, grasshoppers, and click bee-
tles, to survive in diverse environments.!?!
Jumping helps them navigate unstructured
and complex habitats, escape from preda-
tors, efficiently capture prey, conserve en-
ergy during long-distance travel, and more.
Most importantly, insects’ capability of scav-
enging energy from environment allows
long-term, continuous jumping. These re-
markable capabilities thus have inspired
numerous insect-scale (subgram) robots.l*!
Their small size and mass inherently lower
their inertia, making them more resilient
in launching, landing, or colliding with
obstacles.[l In addition, the realization of
man-made insect-sized analogues with sim-
ilar levels of performance could signifi-
cantly facilitate the deployment of robots in
harsh environments for meaningful tasks.
For example, these robots could be used to
navigate tight spaces that are inaccessible to
people or large mobile robots for applica-
tions such as critical infrastructure inspec-
tion, search and rescue after natural disas-
ters, or environment monitoring.[!

There have been increasing efforts to-
ward this goal of autonomous and self-
sustainable insect-scale robots that can

1. Introduction

Insects are adaptable and agile creatures that demonstrate re-
markable locomotion and sensory processing that allow them to
navigate complex environments with ease.[!! Despite their vastly
varied kinematic and biological mechanisms, jumping is one of
the most common locomotion modes that enables insects, e.g.,

continuously jump. This usually requires a power system that can
continuously supply energy to sustain long-term operation,®]
actuation that rapidly releases a huge amount of energy (with
or without power amplifying mechanisms),*>!% and control
that regulates energy harvesting, actuation, launching, land-
ing, and self-righting for continuous jumps.l'-"! Furthermore,
those three classes of components must form an ecosystem that
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accommodates both signal and energy transduction. Such in-
tegration requires closed-loop coordination between sensing,
energy conversion, and mechanical response. These com-
ponents are relatively easier to be integrated in large-scale
agents!'*17]; miniaturization of such systems into sub-gram scale
is nontrivial.'8] A few components and some of their assemblies
have been demonstrated individually.'*1%-23] Nevertheless, it is
still very challenging to build such small-scale robotic systems
in large part due to the lack of integrated design and fabrication
strategies that enable long-term, robust autonomous impulsive
operation.[324]

Recent advances in stimuli-responsive materials provide a
promising route to achieve untethered, autonomous jump-
ing systems with integrated power, actuation, and control
components.!?>2]  Stimuli-responsive materials can change
shape and properties (e.g., color, stiffness) in response to en-
vironmental cues, providing the potential to achieve functions
including self-powering, self-actuation, and self-regulation.[2-32]
In particular, photo-responsive liquid crystalline elastomer (LCE)
exhibits large, anisotropic, and reversible actuation triggered by
light.[®3] This optically controlled actuation can be harnessed to
generate autonomous motion including self-sustained flapping,
rolling, and crawling.>*%’) However, few of these materials and
mechanisms are applicable to create autonomous soft jumping
robots, potentially due to their limited actuation speed and thus
low power density to initiate impulsive motion.!8

To increase power density of stimuli-responsive materials for
impulsive motions, latch-mediated mechanisms — composed of
springs and latches — are often incorporated.3**! Buckling in-
stability constitutes a special class of latch-mediated mecha-
nism that leverages the internal constraint of a snap-through
transition as a geometric latch without requiring additional
components.**8] Small-scale jumping robots can benefit from
the high efficiency in both space and weight combined with good
controllability of buckling instability to simplify design, reduce
mass, and eliminate small delicate parts beyond the limit of cur-
rent fabrication and materials.[*”] However, most machines are
restricted to a limited number (if not one) of jumps due to the
lack of resetting mechanisms to autonomously regulate power
and position after each jump,!*>*3 which inhibits their practi-
cal applications (see Figure S1 and Table S1, Supporting Infor-
mation; for the taxonomy of jumping robots). Recently, Kim et al.
had reported an autonomously snapping and jumping gel utiliz-
ing volume change associated with solvent evaporation.>?! These
devices would stop jumping when the solvent depletes. Mean-
while, other soft jumping robots that claim to perform continu-
ous jumping would still require manual manipulation of external
stimuli.l*>>*] The jumping height of these robots is impressive;
however, a genuinely self-sustained device that performs long-
duration, autonomous jumps is still rare (see Figure S1 and Table
S1, Supporting Information for detailed taxonomy of jumping
robots). While light-powered LCE films and torus have demon-
strated self-continuous jumping powered by light,[5>5¢ a fully au-
tonomous, payload-capable soft robot has yet to be developed.

Here, we report fully autonomous insect-scale soft robots ca-
pable of continuous jumping with energy harvested from the
environment, functionally analogous to their biological coun-
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terparts (Figure 1A,B). Noting that we are not directly mimick-
ing the jumping mechanism of grasshoppers. Despite its jump-
ing height (~1.6 times body height) being not among the most
high-performing jumping robots, this work remains one of the
few examples of a soft robot achieving autonomous, continuous
jumps without manual intervention (Figure S1, Supporting In-
formation). Uniquely, we achieve this by embedding energy har-
vesting, actuation, and control into the physical structure of the
robot without relying on electronics. Specifically, a robot shows
188 times continuous jumps (Movie S1, Supporting Information)
and can execute over 800 jumps collectively in the span of a year,
with well-retained stable performance (i.e., height and period)
without noticeable degradation.

These jumping robots are mainly enabled by a self-sustained,
repeated snapping (SSRS) mechanism that exhibits perpetual
and untethered high-power motions, fueled remotely by constant
visible light (Figure 1). The SSRS derives from a self-shadowing-
induced built-in feedback loop based on the dynamic light-
material interplay.3*>7-011 Specifically, light irradiation photother-
mally heats the LCE, and the local heating induces LCE contrac-
tion, which triggers snapping. The LCE configuration upon snap-
through closes the shutters, which blocks the light to allow cool-
ing and relaxation of LCE, thereby reopening the shutters with a
snap-back. This interplay leads to cyclic snapping to allow contin-
uous, repeated rapid motion.[?*%8] Critically, the SSRS mecha-
nism embodies a form of physical intelligence, wherein the geo-
metric design, material response, and energy transduction are in-
trinsically coupled to autonomously regulate the jump cycle with-
out electronics or programmed control.2%62) Such intelligence
governing actuation and reset is embedded directly into the phys-
ical structure and its interaction with light, resulting in a fully
mechanical decision-making process driven by environmental
input. We show that a fixed SSRS device can perform over 500
snap-through and snap-back cycles with negligible performance
degradation (Figure S2 and Movie S2, Supporting Information);
the maximum cycle number documented is ~30 000 with a shal-
low SSRS device (Movie S3, Supporting Information). A design
principle was established by incorporating finite element simula-
tion and experimental characterization to elucidate the complex
dynamics of its photo-thermal-mechanical process and to guide
the optimization of specific output energy and power for jump-
ing.

We demonstrate that the SSRS can be utilized to create sub-
gram soft robots that are capable of continuous jumps by incor-
porating the functionality of self-righting using a balancer. With
the control of take-off angle, these robots are also capable of di-
rectional jumping to locomote over a distance, overcome obsta-
cles, and behave as a platform for hazardous gas detection when
equipped with on-board sensors. We also show that these robots
have high robustness. After withstanding the weight of a 500
gram mass (~1700 times heavier than the robot), the system sur-
vived after removing the mass and continued to function without
compromising its jumping performance. In addition, we found
that our robots are capable of self-cleaning and jumping under
concentrated sunlight. Our work establishes a clear path toward
the realization of entirely autonomous, self-sustained jumping
robots, akin to insects.

© 2025 Wiley-VCH GmbH
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Figure 1. Self-sustained insect-scale robots capable of continuous jumping based on SSRS. A) As an example, grasshoppers use repeated jumps to
locomote and overcome obstacles with energy scavenged from the environment. B) Analogously, our robots are capable of continuous jumps with
energy harvested from constant light. C) A SSRS is mainly composed of a LCE strip, a curved elastomer beam (with its two ends fixed on a wood
frame), and two shutters. The geometry of the curved beam is defined in Equation 1. D) LCE undergoes reversible photothermal actuation. E) Schematic
force-displacement diagram for a monostable LCE/curved beam composite. When the (photo)thermal-induced force of the LCE (along the contraction
direction) reaches a critical value Fg, the beam snaps to the downward position, which leads to a sudden release of energy AE (highlighted in green).
When the force decreases below the snap-back force (F;), the beam snaps back to the upward position. F) Working principle of the SSRS mechanism.
The shutters control the exposure of the LCE to irradiation, which, when combined with the monostable composite, generates a self-shadowing-enabled
built-in feedback loop for cyclic snapping. G) Representative displacement and temperature of the apex of the composite curved beam during multiple
cycles of a SSRS device. H) Zoom-in on the displacement curve highlighting the dynamics of one snapping event in (G). The maximum speed of the
apex can reach about 680 mm s~'. Vibration of the beam was observed after a snapping event.

2. Results strip is attached on the top of the elastomer beam (Dragon Skin
. . . 30) using a high temperature glue with high adhesion strength
2.1. Design of Self-Sustained, Repeated Snapping (Figure S3, Supporting Information) to form a LCE/curved beam

composite to introduce mechanical instability. The LCE strip
The SSRS device consists mainly of a photoresponsive actua-  has three functions as follows. First, it harvests optical energy
tor (made of LCE), a curved elastomer beam (with its two ends  from an environmental light source. Second, it contributes to
clamped onto a frame), and two shutters (Figure 1C). The LCE  the mechanical instability as a structural component in the
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composite beam. Third, it serves as a thermal actuator that drives
the movement of the LCE/curved beam composite. It is highly
desirable that the LCE has a modulus comparable to that of
the elastomer beam to prevent interfacial failure due to stiff-
ness mismatch(**l and can efficiently actuate with a large actua-
tion stroke by photothermal heating. To this end, we synthesized
thin LCE (~130 um) via thiol-ene chemistry by modifying a pre-
viously reported method (see Experimental Section; Figures S4
and S5, Supporting Information).[*] Dynamic mechanical anal-
ysis shows that the storage modulus of the LCE is 8.8 MPa at
30 °C and reaches a minimum of 1.7 MPa at the temperature
of 91 °C (Figure S6, Supporting Information), indicating match-
ing storage modulus with Dragon Skin 30 within one order of
magnitude (Figure S7, Supporting Information). The LCE shows
a large actuation strain of 33% at a relatively low temperature
(~110 °C, Figure S8, Supporting Information), owing to its low
isotropic-to-nematic transition temperature (T,;) of 31 °C char-
acterized via differential scanning calorimetry (Figure S9, Sup-
porting Information). Candle soot (CS) was doped into the LCE
as a high-performance photothermal agent with good compati-
bility with the LCE matrix,!% leading to high absorbance in the
visible to near infrared (NIR) range (Figure S10, Supporting In-
formation) and rapid temperature rise under simulated sunlight
(Figure S11, Supporting Information). As a result, the LCE can ef-
ficiently perform fast actuation when exposed to light (Figure 1D;
Figure S12, Supporting Information).

The elastic beam should have minimal thermal expansion and
stable thermomechanical properties at elevated temperatures.
Herein, we used Dragon Skin 30 (Figures S13 and S7, Support-
ing Information). The geometry of the curved beam is crucial to
creating mechanical instability in the SSRS mechanism. Here we
obtained the curved beam by mirroring and then extruding the
height profilel®! (see black dashed line in Figure 1C) to a certain
width, w:

v <= 110() e 1s(3) —o3) | velon
0, xe{L L+s}

where H is the overall height, d is the nominal thickness, and L is
the span of the arc. s denotes the length of the flat portion added
at the base of the beam to facilitate the enforcement of clamped-
clamped boundary conditions when integrated into a frame. The
final beam geometry, shown in Figure 1C, is obtained by offset-
ting the height profile h(x) by a distance to allow the uniform
thickness d (see Text S1 and Figure S14, Supporting Information
for detailed geometry).

We fixed the two ends of the LCE/curved beam composite onto
a Balsa wood frame to realize a clamped-clamped boundary con-
dition. The Balsa wood frame was selected due to its high specific
stiffness and small thermal expansion.[°®®’] The assembled struc-
ture is monostable with a snap-through transition (Figure 1E).
When subjected to a sufficient thermally induced force (causing
the beam to pass the switching point) from the LCE, the beam can
snap into a concave shape (unstable state), yielding a displace-
ment at its center. During this snapthrough process, the beam
rapidly releases its kinetic energy (AE, the enclosed green area).
When the thermally induced force decreases, the beam goes back
through the switching point and snaps back to its stable state.
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Combined with shutters, the fabricated device can gener-
ate self-repeating snapping. Two shutters are bounded on the
composite beam to passively control its exposure to light. We
used aluminum vapor-coated polyethylene terephthalate (PET)
as the material for the shutters to efficiently reflect visible light
used for photothermal actuation. Figure 1F shows the work-
ing principle of the SSRS mechanism, based on the built-in
feedback loop strategy, previously demonstrated in various self-
regulated functions!?’*%-%1 and diverse motion modes such as
light tracking’®! and oscillation.>! Also, the shutter design en-
ables actuation powered by an overhead light source similar to
sunlight.3*! Initially, the system rests at State 1. Once exposed to
light, the LCE is photothermally heated and contracts anisotropi-
cally along the length to generate smooth bending in LCE/curved
beam composite (State 2). Upon reaching a critical contracting
force F,, the composite beam undergoes an abrupt snap-through
buckling transition, releasing kinetic energy within a short time,
which is critical for driving impulsive motion. The snap-through
buckling closes the shutters and thus introduces a shadow to
block the incoming light (State 3). This self-shadowing mech-
anism causes the cooling and relaxation of the LCE, gradually
reversing the bending of the composite (State 4). Further relax-
ation would initiate a transient snap-back, opening the shutters,
and resetting the system to its original state (State 1). The geome-
try, position, and orientation of the shutters were empirically op-
timized to minimize the blockage of light before snap-through
while guaranteeing full shadowing after snapping (the same op-
timization applies for the snap-back process).

We placed a SSRS device under a constant light with intensity
of 792 mW cm™2, generated by a solar simulator (see Table S2,
Supporting Information; for the SSRS device’s detailed parame-
ters). The composite beam started to undergo transient snapping
events as designed. We recorded both the movement and tem-
perature of the apex of the beam (Figure 1G, Figure S15, Sup-
porting Information). The cyclic snapping motion of the beam
occurred at the same frequency as its temperature fluctuation
with a phase difference of about 180°, which supports the forma-
tion of a photo-thermo-mechanical built-in feedback loop intrin-
sic to the light-material interactions. The peak snapping speed
of the apex of the composite was ~680 mm s~! with an average
speed of about 10 mm s~ (Figure 1H). These extraordinarily fast
apex speeds occur at discrete moments (each lasting ~11 ms) and
comprise a small fraction of the observed movements. The reset-
ting (from State 3 to State 1, passing State 4) involves a similar
process: a slow unbending of the composite beam followed by
an abrupt snap-back (Movie S4, Supporting Information). This
snap-through instability provides a powerful amplifying mecha-
nism that decouples the slow actuation from the output deforma-
tion and triggers rapid events, useful for driving impulsive mo-
tion with slow actuators. Meanwhile, the self-shadowing effect
autonomously regulates the onset and reset of snapping events.
In summary, our SSRS mechanism, combining snap-through in-
stability and self-shadowing, provides a new way to generate self-
sustained high-power autonomous motion.

To obtain a deeper understanding of the snap-through pro-
cess, we used finite element analysis to simulate a SSRS device
with dimensions of H = 4 mm and d = 1.5 mm (see Text S2,
Movie S5, Supporting Information). Figure 2A shows a side-by-
side comparison of experimental and simulated deformations at

© 2025 Wiley-VCH GmbH
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Figure 2. Photo-thermal-mechanical FEA of snap-through buckling. A) A side
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-by-side comparison of experimental and simulated deformations at three

instances during a cycle (Left: snapshots of the SSRS device. Incident light impinges directly from the top of the device; Right: frames of strain distribution
from FEA along x-direction. The boundary constraint is not shown here). B) Correlation of measured and simulated displacement of the device's apex
during a snapping event. C) Comparison between experimental data and simulation of velocity curves for the apex of the beam, with a detailed zoom-in
on the snapping event presented in the insert. D) The evolution of the elastic energy and kinetic energy of the device (including LCE and curved elastomer

beam) throughout the snap-through process.

three key moments during the snap-through buckling, suggest-
ing a good agreement with each other. It is observed that the con-
tracting strain along the x-direction peaks in the middle top of
the beam, attributed to the greater light intensity received at the
center due to its curved shape and consequently larger actuation
force (Figure S15, Supporting Information). The displacement
and velocity of the apex of the composite beam were further ex-
tracted and plotted in Figure 2B,C, respectively, showing similar
consistency with experimental results. We also analyzed the evo-
lution of the stored elastic energy and kinetic energy of the de-
vice over time (Figure 2D). Upon irradiation, the LCE absorbed
photon energy and converted it into thermal contraction to cause
the overall deformation of the device. The deformation induced
elastic energy accumulation until it reached the critical point for
the onset of snap-through buckling (~91.8 s), resulting in a drop
of 67.7 yJ. This energy release was subsequently converted into
kinetic energy due to mechanical instability. The kinetic energy
remained a very low value due to the slow deformation before the
onset of snap-through until a rapid jump, reaching ~50.7 pJ. This
value is comparable to the experimental measurement of the ki-
netic energy of about 55.7 + 1.8 pJ (further discussed in the next
section). In addition, simulation results suggest that LCE with
lower T,; and larger actuation strain yields snap-through motion
with greater kinetic energy (Text S2, Figure S16, Supporting In-
formation). In summary, the comparisons validate that the FEA
model can effectively capture the device behavior. For a precise
assessment of the device’s performance, additional experimental
validation is required, as detailed in the subsequent section.

2.2. Controlling the Snapping Dynamics

Aimed at powering robots for rapid motions, the specific en-
ergy and specific power during the snapping events of the SSRS

mechanism are of great importance.l*! The geometry and mate-
rial properties of the composite beam influence the snapping be-
havior. Simulation results show that a beam with higher storage
modulus leads to larger maximum kinetic energy reached during
the snap-through, while the viscoelasticity has minimal effect on
the deformation dynamics of the beam (Figure S17, Supporting
Information). Therefore, we selected Dragon Skin 30 as an elas-
tomer that is relatively stiff to improve the power output, while
still being soft enough to be actuated by the LCE (Text S3, Sup-
porting Information). Based on the selected materials of the LCE
and the curved beam, we then investigate the effect of geometry
on specific energy and specific power. Owing to complex mate-
rial composition, geometry, and multi-physics interaction, it is
impractical to use analytical and numerical methods to investi-
gate the effects of the device’s geometric design parameters on
dynamic performances. Instead, we used experimental methods.
To fabricate subgram devices and robots, we set the span L of
the arc to be 10.0 mm. The thickness of the LCE was fixed as
130 pm for all tests for ease of fabrication while ensuring suffi-
cient penetration depth for light absorption (Figure S10, Support-
ing Information). The width w of the curved beam was also kept
constant as 4.0 mm, due to its independence on the mechanical

properties. Thus, the normalized height 1:[(= H/L) and the nor-

malized thickness d(= d/L) of the curved beam were identified as
the primary controlling parameters. The experiments were car-
ried out by changing these design parameters while keeping all
others constant.

These design parameters influence the relationship between
the input light intensity and the released energy during a SSRS
snap-through event (see Text S4, Supporting Information; for
how to measure specific released energy). As shown in Figure 3A,
when the light intensity is low, the beam only underwent smooth
bending deformations, without snapping to the inversely curved
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Figure 3. Influence of input power and geometrical parameters on released energy and output power. (A-C) Specific released energy as a function of

light intensity I (d = 1.3 mm, H = 4.0 mm or 5.0 mm), normalized height H (d = 1.3 mm, | = 1020 mW cm~2), and normalized thickness d (H = 4.0 mm,
I'=1020 mW cm™2), respectively. (D-F) Specific peak power as a function of light intensity I (d = 1.3 mm, H = 4.0 mm or 5.0 mm), normalized height

H (d= 1.3 mm, | = 1020 mW cm~2), and normalized thickness 5_1 (H=4.0 mm, | = 1020 mW cm~2), respectively. The error bars represent the standard

deviations of the values obtained from three different measurements.H = H/L and d = d/L. Beams in light gray shade in (B, C, E, and F) do not show

snap-through behaviors.

structure. Once the intensity reached a critical value, the beam
started to generate snap-through transitions, releasing a certain
amount of energy. Note that the released energy was minimally
affected by the magnitude of the incident light density above the
critical value due to the structural instability of the composite
curved beam, which intrinsically decouples the energy output

from its input’s dynamics. In the case of H = 0.4, the critical light
intensity is about 605 mW cm~? with a specific released energy

of ~#232 m] kg~!. When H increases to 0.5, the critical intensity
increased to approximately 726 mW cm ™2 with a higher released
energy of about 480 m] kg~!. This increase in the critical light in-
tensity is mainly caused by the beam’s raised energy barrier (the
switching point 1 moving up in Figure 1E).[]

By varying the beam height H, we further discovered that the
response of the beam underwent several transitions (Figure 3B).
For low values of H (i.e., for shallow beams), the device does not
exhibit transient snapping (light gray region). By increasing H,
snapping is eventually triggered upon radiation. Within a certain
domain (light green region), the beam was able to snap back to
its original shape after removal of light, exhibiting monostability
that are desired for our SSRS mechanism. The specific released

energy increases monotonically as a function of H, suggesting
that the response of our beam can be enhanced using sufficiently

deep configuration. However, for higher values of H, the beam
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becomes bistable and fails to snap back to its original state af-
ter removing the light, preventing cyclic snapping events (light
pink region). Overall, the released energy increases monotoni-
cally with height.

The relationship between beam thickness and specific released
energy is more complex, arising from the change in beam mass
and transition of instability state (Figure 3C). For small thick-
nesses, the beam is bistable and does not spontaneously snap
back, with specific released energy monotonically decreasing as
a function of 4 (light pink region); this is primarily due to the
larger mass of the beam at increasing thickness. Upon further
increasing the thickness, the device transitioned into a monos-
table state. The specific released energy reached its maximum

(~240 m] kg™!) with an appropriate thickness (i.e., d = 0.13 in
Figure 3C in the light green region) and remained relatively sta-

ble up to d = 0.15. For a typical composite beam with mass of
~200 mg, the released energy is 55.7 + 1.8 yJ, which agrees well
with the simulation result of kinetic energy that increased during
the snap-through process (50.7 pJ, Figure 2A). When the thick-
ness was further increased, the beam exhibited no snap-through
instability, leading to a drastic drop in released energy. Such trend
is also supported by FEA simulations (Text S2, Figure S18, Sup-
porting Information), revealing the complex nonlinear coupling
between beam geometry and energy output. In general, an appro-
priate combination of thickness and height needs to be carefully

© 2025 Wiley-VCH GmbH
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chosen to ensure the occurrence of self-repeating snapping with
high specific released energy.
In addition, we experimentally characterized the influence of

incident light intensity I, normalized height H, and normalized

thickness 4 on the specific peak output power of the SSRS device
(see Text S5, Supporting Information; for how to measure specific
output power). As shown in Figure 3 from D to F, the specific
peak power presents a similar dependence on the three design
parameters to that for the released energy. This positive correla-
tion is favorable for the optimization of the SSRS systems since
it is desirable to have both large released energy and high output
power for driving impulsive motions. Specifically, the peak power
density was found to reach an upper limit (~ 99 W kg™!) at a de-
sign with its height and thickness of 5.0 and 1.3 mm, respectively.
This value is comparable to the power density of some insects
that jump via a latch-mediated mechanism, e.g., the desert lo-
cust Schistocerca gregaria (~18 W kg™, normalized against whole
body mass).[%]

2.3. Autonomous, Untethered Continuous Jumping

Investigation of repeated, transient snapping of the SSRS devices
suggests that an appropriate design could facilitate autonomous,
continuous impulsive motion. Based on this concept, we created
an insect-scale jumping robot, which could harness the cyclic,
fast transitions of the beam to realize autonomous continuous
jumping, powered remotely by a constant visible light source.
The working principle of the robot is depicted in Figure 4A.
Once a constant light is supplied (from the top), the composite
beam snaps through with its curvature inverted to hit the ground,
which generates a force to launch the robot into air. After landing,
the cooled beam eventually snaps back to its original state. Thus,
the robot can achieve continuous snapping-based jumps without
the need for control or external input. Notably, the jumping robot
is untethered and does not require physical connections to power
sources.

To enable repetitive jumps, it is necessary to incorporate self-
righting—resetting the orientation of the robot—to prepare it
for consecutive launching. For insect-scale robots, we must re-
alize such self-righting in a space and mass-efficient manner.(®!
We also want to keep the mechanisms as simple as possible
to ease the manufacturing and assembly process. To satisfy the
above two requirements, we decided to use a passive self-righting
mechanism. Onto the wooden frame of the SSRS device (see
Table S3, Supporting Information for its detailed parameters),
we mounted two carbon fiber filaments as balancers (Figure 4B,
~301 mg). This simple design of the jumper can effectively
achieve self-righting (Figure 4C). These balancers add negligible
mass to the jumper, leaving the monostable beam with ~70%
of the weight of the complete robot (see Table S4, Supporting
Information). Meanwhile, after the robot launches, the beam
stays in the downward (inverted) position. The resulting distribu-
tion of mass stabilizes the orientation of the robot during flight
toward a predictable upright landing.['%) The added balancers
enlarge the landing base to prevent the robot from tipping or
rolling after landing (observed in Figure 4D,E; Movie S6, Sup-
porting Information). Thus, after landing, the robot is oriented
appropriately for the next jump. Using this self-righting strat-
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egy, we could achieve autonomous, untethered continuous jump-
ing under constant light irradiation of 984 mW cm™ (Figure 4F,
Movie S7).

This jumping motion was primarily directed along the verti-
cal axis with small, randomly directed horizontal displacements
(Figure 4F, bottom). This pattern is driven by the transition mode
of the monostable beam during the snapping events; our de-
signed monostable beam (H = 4.0 mm, d = 1.3 mm) features
a symmetric transition mode (in orange, Figure 4G). This gen-
erates an actuation force perpendicular to the ground, leading
to a vertical launch (Figure 4D, Movie S8, Supporting Informa-
tion). By using a deeper beam (H = 5.0 mm, d = 1.3 mm), the
energetically favored®>7%l transition mode becomes asymmetric
with an S-shape (orange curve in Figure 4H, Movie S9, Support-
ing Information). In general, thicker and shallower beams are
more likely to exhibit symmetric U-shaped snap through, while
thinner and deeper beams tend to favor asymmetric S-shaped
transitions (Figure S19, Supporting Information). The resulting
snap-through transitions impart a predictable off-axis impulse
adding a horizontal component to the jump (Figure 4I). This
autonomous, untethered robot can repeatedly jump in a single
direction (Figure 4], Movie S10, Supporting Information) with
a height of about 40 mm and a horizontal distance of approxi-
mately 25 mm per jump (Figure 4K). The horizontal motion of
the robot requires more robust self-righting. We devised a com-
plementary passive mechanism to keep the robot’s center of grav-
ity located in the lower part of the structure and create a roll mo-
ment to upright itself (Text S6, Movie S11, Supporting Informa-
tion). This mechanism adds weight to the frame, reducing the
energy of each jump in order to ensure repeated performance.
A comparison of jumping performance with reported jumpers is
detailed in Figure S1 and Table S1 (Supporting Information).

2.4. Functional Capabilities and Robustness

When faced with rugged terrain, insect-scale robots must be
able to negotiate obstacles during locomotion. Our jumper can
leap over a hurdle of 26 mm (~1.6Xx body height) and continue
jumping along the same direction afterward (Figure 5A, Movie
S12, Supporting Information), maintaining excellent mobility
over uneven surfaces. Furthermore, the combination of the soft
LCE/Dragon Skin actuator and the flat wooden frame endows
our jumper with a high mechanical robustness. We applied a
load of 500 g (approximately 1700x body weight) on top of our
robot after its first jump. After the load was removed, the robot
resumed jumping with negligible degradation of performance
(Figure 5B, Movie S13, Supporting Information), surpassing the
performance of cockroaches which can withstand forces up to
900x body weight.”!) In addition, for insect-scale robots, a small
amount of contaminants attached to its body can add significant
weight undermining its mobility. For an optically actuated sys-
tem, contaminants can further block the incoming light and de-
crease the photothermal efficiency. Our jumper exhibits a self-
cleaning property, preventing contaminants from accumulating
on the LCE/Dragon Skin actuator. Using salt particles (feature
size: 0.2 — 1.0 mm) sprinkled over the top of the LCE, our robot
was able to eject the representative environmental contaminants
from its surface with its rapid snap-through motion (Figure 5C).

© 2025 Wiley-VCH GmbH
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Figure 4. Autonomous, repetitive jumping behavior with a constant visible light. (A) Schematic of a jumper built upon the SSRS mechanism. The snap-
though motion provides the impulse to launch the robot. (B) Optical image of a jumping robot that is composed of two balancers attached onto the
base of a SSRS device. (C) The balancers function as a passive self-righting mechanism to push the robot upright after landing. A jumper with balancers
in. (D) successfully landed while the other without balancers in (E) failed. (F) Snapshots and displacement profiles of a jumping robot in a series of
consecutive jumps. (G) Take-off of the robot shown in (D) (H = 4.0 mm, d = 1.3 mm, light intensity | = 928 mW cm™2). Top: key image frames; bottom:
shape evolution of the curved beam. The beam has a symmetric transition mode during snap-through, leading to a vertical jump shown in (D and F).
(H) Take off of a robot with a deeper beam (H = 5.0 mm, d = 1.3 mm, | = 928 mW cm~2). The beam shows an asymmetric transition, changing the
launching angle thus resulting in a directional jump (1). () and K) Snapshots and displacement of a series of directional consecutive jumps of the robot
in (H and 1). Note that we moved the light spot to follow the movement of the robot due to its limited size (see Materials and Methods). A large light
spot can eliminate this requirement.
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Figure 5. Functional capability of jumping robots. A) The robot is able to jump over a hurdle of 26 mm and continuously locomote afterward. B) The
robot resumes its directional jumping after surviving a short-term load of 1700x its own body weight (labeled as BW in the figure). C) The jumping
robot possesses a self-cleaning capability, ejecting contaminants (feature size: 0.2 — 1.0 mm) on top of its surface due to the high-speed motion of
snapping. Here we used small salt particles to represent contaminants for easy demonstration. The jumping direction and height might be affected by
the contaminants. D) Key image frames (left) and vertical displacement curve (right) of continuous jumping under concentrated sunlight. A Fresnel
lens was used to concentrate natural. sunlight to create a focused light field of an approximately 15 cm X 15 cm square and of ~1270 mW cm2 light

intensity.

For finer particles such as corn starch (feature size: 14 um), the
snap-through motion does not eject all particles, but as long as
the LCE receives sufficient light intensity, the continuous snap-
through would persist even if the robot is partially covered by the
contaminants. (Movie S14, Supporting Information).

To demonstrate that our jumper can continuously harvest so-
lar energy and realize autonomous locomotion in more practical
settings, we used a Fresnel lens to concentrate sunlight, form-
ing a focused light field of approximately 15 cm X 15 cm. Also, a
cold plate at 18 °C was used to facilitate the cooling of the robot
to complete the snap-back process at an ambient temperature of
28 °C. Our robot exhibited self-sustained actuation within
the light field without human intervention or artificial power
(Figure 5D, Movie S15, Supporting Information), demonstrat-
ing its potential for applications of untethered actuation pow-
ered by natural ambient energy. It is noteworthy that the robot
could repeatedly jump without external cooling under lower am-
bient temperature and better air convection (14 °C, wind speed
=16 km h™!, Movie S17, Supporting Information). However, for
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usage under broader environmental conditions, it would be help-
ful to insulate the robot from the ground by, for example, attach-
ing a “leg” to the monostable beam, which performed jumping
and recovery motion on a hot plate at 64 °C (Movie S18, Figure
S20, Supporting Information). Alternatively, other active cooling
methods like thermoelectric devices (e.g., Peltier devices) can be
possibly incorporated into our robot in the future, provided that
an onboard power source is available, which could potentially
be a triboelectric nanogenerator!’273! that harvests kinetic energy
from the snap-through motion. Environmental factors, e.g., light
intensity, spot size, and irradiation angle significantly influence
the actuation dynamics of the SSRS-based robot. We found that
increasing light intensity leads to a shorter actuation time with
minimal effect on jumping height, indicating that the released
energy and output power remain nearly constant (Figure S21A,
Supporting Information). This observation aligns with our previ-
ous conclusion that the released energy of a SSRS device is dom-
inated by the structural instability of the monostable beam rather
than the energy input. Additionally, the size of the light spot plays

© 2025 Wiley-VCH GmbH
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Figure 6. Jumping robot for detection of hazardous gas leakage. (A) Scenario sketch using our insect-scale jumping as a platform for hazardous gas
leakage detection. (B and C) A schematic and optical image, respectively, of the jumping robot (~315 mg) equipped with a reflector (negligible mass)
and a pH sensor (damp, ~8 mg). The reflector can be used to manipulate the direction and angle of take-off. (D) Time lapse image of the directional
jumping robot. The robot performs rightward locomotion toward the leakage location under simulated sunlight. (1020 mW cm~2). The pH test paper
gradually turns red from yellow as the robot approaches the ammonia leakage during the process of 4 jumps. (E and F) Displacement of the jumping

robot during the gas detection task.

a critical role. When the spot is larger than the LCE film, jump-
ing performance remains consistent; however, as the spot size
decreases, the time to jump increases (Figure S21B, Supporting
Information). This is because the LCE film requires more time
to reach the critical temperature needed to activate the monos-
table snap-through mechanism. Below a threshold spot diame-
ter (0.9 cm for our test sample), jumping is no longer triggered.
Furthermore, we examined the effect of the irradiation zenith an-
gle. As the incident angle becomes more oblique, jumping height
slightly decreases and actuation time increases. This behavior is
attributed to partial shading by the shutter, which causes uneven
and inefficient heating of the LCE film (Figure S21C, Supporting
Information).
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Insect-scale robots with untethered, autonomous actuation are
highly useful for executing tasks in hard-to-reach and harmful
environments. We demonstrate that our jumping robot can form
the basis for a multifunctional platform capable of remote pow-
ering and control for hazardous gas detection with the addi-
tion of an onboard sensor. We simulated the scenario of a haz-
ardous gas leakage by drilling an orifice on a plastic tube and in-
jecting a few drops of volatile ammonia hydroxide solution into
the tube (Figure 6A). We affixed a piece of damp pH test paper
onto the frame of a jumper with H = 5.0 mm and d = 1.3 mm
(Figure 6B,C), initially positioned ~138 mm away from the leak-
age point. Similarly, we only needed a solar simulator to provide
steady overhead illumination. To enhance the controllability of
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the jumping motion, an optical reflector was attached on the sur-
face of LCE (Figure 6B,C). This reflector can introduce asymme-
try by partially covering the LCE, manipulating the jumping di-
rection by enforcing the direction of the snap-through transition
mode. In this design, the reflector forced the monostable beam
to snap-through with its left part colliding with the ground, pro-
pelling the robot rightward. This reflector can also tune the take-
off angle after the fabrication of the robot: here, we used this re-
flector to lower the launching angle to trade off jump height for
an increased horizontal locomotion speed. Upon irradiation, it
consistently moved in the intended rightward direction. As the
jumper approached the orifice, the pH test strip successfully de-
tected the ammonia gas released from the leakage point, leading
to its color change from yellow to red (Figure 6D, Movie S16, Sup-
porting Information). A total of four jumps were recorded in the
gas detection process, traversing a net distance of 185 mm within
208 seconds with an average jumping height of approximately
30 mm (Figure GE,F).

3. Discussion

In this work, we have created a class of fully autonomous insect-
scale soft robots capable of continuous jumping with energy
harvested from the environment, enabled by self-sustained, re-
peating snapping (SSRS). We have captured physical princi-
ples that provide a general guideline for designing snapping-
based buckled-beam structures and built-in feedback mecha-
nisms driven by constant environmental light, for the develop-
ment of repeatable, ballistic motion. Atop this SSRS mechanism,
we have developed sub-gram soft robots by incorporating pas-
sive self-righting structures to enable autonomous continuous
jumping. Owing to their self-sustainability in both energy and
motion, these robots can function indefinitely under constant in-
cident light. This was demonstrated by 188 continuous jumps in
a single session (and over 800 lifetime jumps), indicating their
capability for persistent operation. These robots are also able to
jump directionally over a long distance, autonomously detect haz-
ardous gas leakage, avoid an obstacle, and self-clean contami-
nants. In addition, they are sufficiently robust to survive a short-
term load approximately 1700 times its own weight. These capa-
bilities demonstrate the promise for the proposed robots to be
deployed into real-world confined environments inaccessible to
human or traditional mobile robots (Figure S1, Table S1, Sup-
porting Information).

We envision that our robot could perform more complex sens-
ing tasks by installing lightweight, wireless onboard sensors. To
validate its capability of loading these functional components,
we tested its jumping performance when subjected to weight
loads. Our results show that even at 120 mg of weight load (about
40% of body weight), the robot still achieves approximately 75%
of its jumping height without extra load, demonstrating its ca-
pability to carry additional functional modules like sensors (see
Figure S22, Supporting Information). For example, microscale
colorimetric sensors weighing a few milligrams can be used to
detect pH, UV, heavy metals, and VOCs, whose image-based
readout could be obtained remotely with a camera.”*”] In ad-
dition, a 30 mg battery-free wireless sensor was previously re-
ported to sense light, temperature, and humidity with backscat-
ter communication that enables remote data transmission.!”®!
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An even more sophisticated example features an 84 mg wire-
less, power-autonomous camera system that streams “first per-
son” monochrome video to a Bluetooth radio from up to 120 m
away, which could be mounted on living beetles.l””] Building on
this potential for sensing integration, the broader implications
of our work extend beyond robotics and span diverse interdisci-
plinary applications. In environmental monitoring, these robots
— equipped with onboard sensors — can autonomously gather
data from remote or hazardous locations, aiding early detection
of ecological disturbances. For disaster recovery, their agility and
compact design facilitate efficient navigation through confined
or dangerous spaces, enhancing search and rescue efforts.

Moreover, the low cost of the robot supports large-scale deploy-
ment, making it an attractive solution for applications that de-
mand distributed sensing and autonomy. Our platform uniquely
integrates energy harvesting, self-regulation, and impulsive ac-
tuation through the interplay between photothermal materials
and mechanical instability, enabling continuous, high-power mo-
tion without external control and establishing a new paradigm
for autonomous soft robotics. Future advances in material sys-
tems, structural design, and embedded computation will further
enhance the robot’s capabilities, supporting practical deployment
and broader societal impact.

This work advances the field of autonomous, continuous
jumping robots. Further exploration on alternative instability
mechanisms and photo-active actuators can serve to enhance the
robots’ performance, improving jumping height, snapping fre-
quency, and locomotion speed. For example, replacing our buck-
led beams with dome-shaped monostable caps can significantly
enlarge the energy density of the system!>?] within a suitable in-
tegrated design. Alternative optimization targets include lower-
ing the required light intensity to allow a jumper to work directly
under natural sunlight.**] In this work, we demonstrated using
light as an environmental stimulus to power the photothermal
actuation of LCE; we expect that our strategy can be expanded
to materials with other driving mechanisms, such as humidity-
driven swelling/deswelling, to broaden the range of conditions
and timescales where these strategies can be employed. Other
interested environmental stimuli include temperature and mag-
netic fields. Besides passive strategies demonstrated in this work,
active methods to control the jumping direction can greatly en-
hance the maneuverability. For example, legs with LCEs as ac-
tivating tendons can actively adjust the launching angle for di-
verse jumping trajectories. By integrating new building blocks,
e.g., sensing and computation components, into our framework,
we can further expand their behavioral envelope to realize wider
deployment into real-life applications. Ultimately, we have pro-
vided a framework to realize self-powered, autonomous high-
speed long-lived motion in insect-scale soft robots.

4. Experimental Section

Chemicals:  2-Methyl-1,4-phenylene bis (4-(3-(acryloyloxy) propoxy)
benzoate) (RM257), and 2-methyl-1,4- phenylene bis(4-((6(acryl-
oyloxy)hexyl)oxy)benzoate) (RM82) were obtained from Shijiazhuang
Sdyano Fine Chemical. 1,3,5-Triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione
(TATATO), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), 2-
benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone (Irgacure 369),
and butylated hydroxytoluene (BHT) were obtained from Sigma—Aldrich.
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Ethylene glycol bis(3-mercaptopropionate) (GDMP) was obtained from
TCI. Triethylamine (TEA) was obtained from Merck. All reagents were
used as received without further purification.

Synthesis of LCE: Candle soot (CS) was used as the photothermal
agent here. It was deposited onto an aluminum foil by clamping the foil
above the flame of a paraffin candle and then scraped off from the foil.
CS was used without further treatment. The LCE was synthesized using a
two-step thiol-ene click reaction.[®3] Specifically, 856 mg of RM82, 250 mg
of RM257, and 24 mg of BHT were heated to melt in a glass vial at 80 °C.
Then, 103 mg of PETMP, 70 mg of TATATO, 404 mg of GDMP, 20 mg of
Irgacure 369, and 8.5 mg of CS were added to the melt and magnetically
stirred. CS was dispersed using probe sonication at 80 °C for 2 min. About
25 uL of TEA was thoroughly mixed with the solution. The mixture was cast
between two Scotch Magic tapecovered glass slides with two layers of |a-
beling tapes (thickness about 280 um) adhered on the sides as spacers.
The glass cell was held at 60 °C for 3.5 h to complete oligomerization, and
partially crosslinked LCE film was released from the cell using hot water.
The LCE film was uniaxially stretched to 80% strain and photocrosslinked
under a UV lamp (UVGO, 365 nm) at an intensity of 35 mW cm~2 for 20
mins on each side.

Characterization of Materials: Dynamic mechanical analysis (DMA) of
LCE and Dragon Skin was performed by using an analyzer (DMA850, TA
Instruments) to test the dynamic moduli and actuation strain of LCE. Rect-
angular samples with dimension of 25 mm x 4 mm x 0.13 mm were used,
which were heated at 150 °C for 5 min prior to testing and allowed to cool
to room temperature. A small preload of 0.01 MPa was applied to keep
the samples taut. For dynamic moduli measurements, the samples were
cycled at an oscillation strain of 0.2% at 1 Hz from 25 to 170 °C with a
ramp rate of 5 °C min~'. Actuation strain was tested from 25 to 170 °C
with a ramp rate of 5 °C min~". Cycling test of actuation strain of LCE
was performed equilibrating the LCE strip (25 mm x 4 mm X 0.13 mm)
at 25 °C and 100 °C in sequence, and a total of 10 cycles were tested. Op-
tical images was taken using a digital camera (EOS 70D, Canon) and the
length was analyzed using Tracker software. To measure the nematic-to-
isotropic transition temperature of LCE, differential scanning calorimetry
(DSC) of LCE was performed using DSC250 from TA Instruments. Approx-
imately 10 mg of sample was added to an aluminum pan. All samples were
heated to 180 °C at 10 °C min~' and held isothermally for 2 min to erase
the thermal history. Then, the samples were cooled to 0 °C at 20 °C min~",
held isothermally for 2 min, and heated to 180 °C at 10 °C min~1. UV-Vis
spectrum of LCE was measured to investigate the absorption properties
using UV-3101 PC from Shimadzu.

Fabrication of SSRS and Jumping Robot: The fabrication flow of the
SSRS device and jumping robot is illustrated in Figure S23 (Supporting
Information). Photocurable resin molds were printed using a 3D printer
(Form 3, Formlabs). Dragon Skin 30 was cast into the molds, degassed
under vacuum, and allowed to cure for 24 h. The Dragon Skin elastomer
beam was released from the mold with extra material removed with a razor
blade (Figure S24, Supporting Information). Silicone adhesive (500°F RTV
High Heat Silicone Sealant, Rutland) dissolved in hexanes (50 w/v%) was
used to glue the LCE and elastomer beam. A balsa wood frame (1.5 mm
thick, Qj-solar) was cut using laser cutting (Speedy 300 Flexx, Trotec Laser
Inc.). Two small pieces of carbon fiber substrate, the wooden frame, the
LCE/elastomer beam bilayer, and two PET shutters (Duralar, Grafix Plas-
tics) were assembled using super glue. For self-righting jumping robots,
two pieces of carbon fiber (30 mm long, 0.26 mm diameter) were attached
to the sides of the wooden frame using super glue.

Actuation of SSRS Device and Jumping Robot: A solar simulator (HAL-
320 W, Asahi Spectra) was used to irradiate a SSRS device or a robot from
an overhead direction (Figure S25A, Supporting Information). For actua-
tion of jumping robots, the light source is moved horizontally on a cus-
tomized supporting rig to track the position of the jumping robot after
each jump while maintaining the light intensity. This tracking is solely to
compensate the light spot’s limited size; a larger light spot would negate
this necessity. For actuation under concentrated sunlight, a Fresnel lens
(Greenpower science, 74 cm X 51 cm) was used to yield a light field of
approximately 15 cm in diameter. The jumping robot was placed on top
of a cool plate (Figure S25B, Supporting Information). We used a chiller
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(Heidorph, RotaChill Large) to maintain the temperature of a cold plate
at 18 °C to speed up the reset of the robot by enhancing the cooling pro-
cess. This sunlight actuation experiment was conducted at ~13:00pm on
July 19, 2023 in sunny weather conditions in Los Angeles (latitude of 34°
North, longitude of 118° West). Ambient temperature was 28 °C and there
was no wind.

Characterization of SSRS Device and Jumping Robot: The motion of a
SSRS device and jumping robot was recorded using a high speed cam-
era (VEO-710L, Phantom). The trajectories were then analyzed using the
software, Tracker (version 5.0.5). Infrared videos of SSRS devices/jumping
robots were obtained using an infrared camera (TiX 580, Fluke). The
method of extracting the corresponding temperature curves from the in-
frared videos are detailed in Text S7 (Supporting Information). Charac-
terization of the released energy and output power are adapted from ref.
[78], which are detailed in Texts S4 and S5 (Supporting Information),
respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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