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Bio-inspired multimodal soft actuator with
environmental self-adaptation
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Yichen Yan1, Muqing Si1, Tetsuya Iwasaki2 & Ximin He 1

Autonomous soft robots with built-in feedback can achieve self-sustained
motion under constant, untethered stimuli. However, these systems are con-
strained to single-mode actuationwithin a fixed structure under the same type
of stimulus and require human intervention to switch modes, lacking the
robust and efficient self-adaptation of living organisms in changing environ-
ments. Inspired by Gymnura micrura, we developed a light-responsive soft
actuator with engineered asymmetry and a dynamic structure, integrating two
distinct built-in feedbackmechanisms governed by intrinsic bifurcation. Thus,
the actuator can seamlessly switch between three different motion modes—
tracking, undulation, and oscillation—exhibiting self-adaptation to environ-
mental changes (e.g., light intensity, viscosity, temperatures, and physical
contact). Furthermore, this multimodal capability facilitates unique environ-
mental interactions, expanding applications beyond locomotion to include
fluid dynamics, electronics, and environmental monitoring. Such an
advancement in physical intelligence represents a pivotal step toward next-
generation autonomous soft robotic systems, unlocking higher-level auton-
omy and unprecedented adaptive behaviors.

In recent years, there has been anemerging interest in designingbionic
robots capable of adapting to diverse environments by performing
appropriate motions, including burrowing robot1, amphibious robotic
turtle2, and bipedal robot3. This self-adaptation trait can minimize the
occurrence of uncoordinated changes to increase survivability and
reduce energy consumption during operation. To achieve such bio-
level intelligence, conventional chip-based robots mimic the multi-
modal behaviors through complex multi-component hierarchical sys-
tems with separate roles, typically including centralized control units
for switchingmotionmodes, alongwith actuator, sensor, and tethered
power supply units (Supplementary Fig. 3A). However, this approach
inevitably leads to tradeoffs of increasingmass, size, and exponentially
growing complexity in systems, which become particularly critical for
the development of miniaturized and lightweight robots4. In contrast,
stimuli-responsive materials, which can change physical properties
upon environmental cues, offer an alternative solution to address
these issues at the material level by utilizing physical intelligence

(Supplementary Fig. 3B)5–7. For instance, photo-driven oscillators can
simultaneously integrate sensing, decision-making, and actuation in
response to the untethered input, leveraging built-in feedback loops
for self-sustained motion8–10. This eliminates the need for additional
control units and overcomes the connectivity limitations of tethered
power, presenting the potential for long-lasting, self-sustained robotic
systems11. Despite these advancements, existing examples of such
physical intelligence-enabled soft robots remain in their infancy, con-
strained to single-mode actuation for self-sustained motion within a
fixed structure when triggered by the same type of stimulus, and still
dependent on human intervention (e.g., reshaping the robot) to switch
motion modes, as their response logic is mechanically pre-encoded
into the material during fabrication12–14. Therefore, it remains a for-
midable challenge to further improve the autonomy of soft robotics to
enable self-adaptive motion transitions in response to varying condi-
tions (e.g., fluid viscosity, surrounding temperature, and physical
constraint)15.
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Sea creatures inspire us with their ability to seamlessly switch
between swimming modes to effectively adapt to diverse environ-
mental conditions16. One example is the Gymnura micrura, a stingray
species that can employ both undulatory (wave number ≥ 1 and phase
lag≥ 360°) and oscillatory (wave number < 1 and phase lag < 360°)
locomotion bymaneuvering its pectoralfin to swimatdifferent energy
outputs (Fig. 1A)17,18. When residing in the benthic zone for foraging or
reproduction, this species utilizes undulatory behavior with a low-
energy state, which is adopted for efficient low-speed swimming while
maintaining a high level of control and dexterity. By contrast, during
deep-sea cruising, Gymnura micrura switches to oscillatory locomo-
tion with a high-energy state, which allows for greater thrust genera-
tion at the cost of maneuverability19. Similarly, in the realm of
structural dynamics, the distinction between undulation and oscilla-
tion lies in phase relationships at different points. Oscillation refers to
thefirstmodeofmotion, characterizedby a uniformmovement across
the entire structure, where all parts experience similar phases of
motion. In contrast, undulatory motion corresponds to the higher
mode of motion, where different parts of the structure move out of
phase with each other, exhibitingmore complex behavior with shorter
periods and multiple peaks/valleys20. Currently, stimuli-responsive
polymershave beenused to recreate the above cyclicmotions through
built-in feedback loops that couple deformationwith the absorption of
energy input (Supplementary Fig. 4A)21,22. However, the emergence of a
specific motion mode is contingent upon structural dimensions,
mechanical properties, the nature of stimuli, and boundary
conditions23. For example, oscillation is realized by flexible cantilever
structures with certain bending stiffness, where localized light expo-
sure induces local photothermal contraction and bending of the can-
tilever beam, with its tip overshooting to block the light due to inertia,
thereby enabling cooling and recovery. Such material-stimulus inter-
action presents a self-shadowing mechanism and thus forms a built-in
feedback loop within the material system (Supplementary Fig. 4B)24,25.
On the other hand, self-sustained undulation typically relies upon a
bow-shaped structure that constrains internal forces, governed by a
different built-in feedback loop, where the photothermal crest moves
away from the horizontal light until it halts at the clamped end,
enabling a new crest to emerge from the other side through a snap-
through transition (Supplementary Fig. 4C)21,26. Both modes serve
important functions in biological kinematics and have been accom-
plished using a monolithic material system, but each necessitates a
distinct predesigned structure, with human intervention needed for
switching or reconfiguration27,28. To date, switching between different

orders of motion modes (e.g., undulation and oscillation) within a
single structure under the same kind of stimulus remains unrealized—a
key challenge in advancing physical intelligence—due to the difficulty
of dynamically modulating the inherent constraint of the structure.

Herein, we propose a self-adaptive multimodal actuator com-
posed entirely of stimuli-responsive soft materials, capable of dyna-
mically switchingmotionmodes according to its energy state (Fig. 1B).
Specifically, by introducing a controllable structural asymmetry via
creating a defect into an otherwise symmetric photoactive-passive-
photoactive trilayer, a stress asymmetry will be produced under con-
stant photothermal input, resulting in a system with two bifurcation
points (Fig. 1C). As system energy increases, the internal stress gen-
erated at the defect will be large enough to create a transient bow-
shaped structure for undulation, where downward buckling dom-
inates, defined as the first bifurcation (tracking-undulation bifurca-
tion). At a higher energy state where upward bending dominates, a
secondbifurcationwill occur as the system switches fromhigher-order
mode (undulation) to first-order mode (oscillation). The availability of
motion switching creates a dynamic photo-thermo-mechanical feed-
back system with the potential for multimodal adaptation under
varying conditions (e.g., light intensity, fluid viscosity, surrounding
temperature, and physical constraint) controlled by the energy state.
This leads to distinct performance outputs—analogous to the beha-
vioral strategy of Gymnura micrura—with higher peak output during
undulation but higher average output during oscillation, allowing for
continuous locomotion across diverse environments. In addition to
soft robotic kinematics, this generalized design for generating differ-
ent environmental interactions can be extended to broader areas,
including fluid dynamics, electronics, and environmental monitoring.

Results
Tracking-undulation bifurcation
To realize photo-driven autonomous motion with intrinsic photo-
thermo-mechanical feedback29,30, we designed a trilayer system con-
sisting of a polydimethylsiloxane (PDMS) passive layer sandwiched
between two photoactive liquid crystal elastomer (LCE) layers doped
with candle soot nanoparticles (CSNPs) (Supplementary Fig. 5). Due to
the homogenous dispersion, high photothermal efficiency, and
exceptional compatibility of CSNPs with LCE that prevents the aggre-
gation or precipitation31, we achieved an optimal balance between the
actuation performance and mechanical stiffness of the LCE/CSNP
active layer28,32. To engineer the multiple bifurcation kinematics, we
intentionally introduced an unbound region between the passive

Fig. 1 | Bio-inspired multimodal switchable actuator with environmental self-
adaptation. A The environmental adaptation of Gymnura micrura by switching
between multiple motion modes. B Multimodal switchability of our soft actuator

regulated by different energy states. C The design of the nanocomposite system
with two bifurcation points, discretizing different motion modes.
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PDMS and bottom active LCE/CSNP layer to create structural
instability in the trilayer system, forming an asymmetric structurewith
an artificial defect. This engineered localized delamination between
the two layers was observed under scanning electron microscopy
(SEM) (Supplementary Fig. 6). Therefore, we can divide the entire
structure into three parts, herein termed as: Region I, Region II (defect
region), and Region III (Fig. 2A, insert). The asymmetric defect region,
Region II, consists of a bilayer and an LCE/CSNP monolayer with dis-
tinct thermomechanical properties (Supplementary Fig. 7). As a result,
when the trilayer was first exposed to constant near-infrared (NIR)
illumination from the unconstrained side, the top bilayer reached a
higher temperature (69.7–82.3 °C) compared to the bottom LCE/CSNP
monolayer (69.1–78.7 °C) because the tip of the trilayer naturally dip-
ped downward due to gravity (Supplementary Fig. 8A). Thermal
energy accumulated on the outer active layers regardless of where the
light was focused and would eventually be transferred along the
structure to the defect region. In Region II, although the bilayer

exhibited a higher temperature under constant illumination, it gener-
ated less than one-third of the stress (77.1–134.9 kPa) compared to the
LCE/CSNP monolayer (362.9–475.6 kPa), as indicated by the DMA
results (Fig. 2B). Such antithetical trends between temperature and
stress constituted the instability for bifurcation.

At lower light intensities below the tracking-undulation bifurca-
tion point (3.728W/cm2), there was an inadequate difference in stress,
leading to static thermal bending for tracking behavior towards the
irradiation. A larger stress difference amplified the instability and led
to the buckling of the top bilayer to generate a transient bow-shaped
structure. In this scenario, the constant irradiation initiated a traveling
wave within the buckled Region II, from right to left (Supplementary
Fig. 9 and Movie 1)21. As a result, tracking-undulation bifurcation from
stable to unstable state was realized33. Meanwhile, Region III bent
upwards to achieve the self-shadowing mechanism22. IR camera ima-
ging and simulation modeling revealed a sudden temperature drop at
each buckling moment, followed by a gradual temperature rise that

Fig. 2 | Instability-induced undulation and bifurcation. A Schematics and
snapshots of the asymmetric trilayer during the undulation cycle from optical
images, IR images, and simulation results. B Actuation stress of LCE/CSNP
monolayer and bilayer under DMA isostrain condition (pink and purple
regions refer to the temperature ranges of LCE/CSNP monolayer and bilayer,
respectively, under constant illumination). C Comparison of tip amplitude and
frequency over a long time, where the undulation frequency is defined as the
buckling frequency. D Motion tracking with the angle change during the first
two cycles at the input of 3.728W/cm2 (green, cyan, and blue refer to left,

middle, and right points of the defect region, while violet and purple refer to
the midpoint and tip of Region III, respectively). E Amplitude adaptation to
increasing input, calculated from the trajectory of the cantilever tip (white
region for undulation, while pink region for oscillation; the maximum ampli-
tude is the buckling amplitude in undulation or the oscillation amplitude in
oscillation; the residual amplitude is the amplitude of the last complete swing
before buckling in undulation, which does not exist in oscillation). F The
undulation-oscillation bifurcation at the input of 5.494W/cm2. G Average
kinetic energy variation across the two bifurcation points.

Article https://doi.org/10.1038/s41467-025-62328-2

Nature Communications |         (2025) 16:7630 3

www.nature.com/naturecommunications


initiates the next cycle (Fig. 2A right and Supplementary Fig. 8B). To
quantitatively analyze the undulation, five points selected along the
trilayer were tracked. During a continuous period of 20,000 seconds
under identical irradiation, every waveform in Region II and III
remained constant without obvious attenuation and shared a similar
buckling amplitude and frequency (Fig. 2C, Supplementary Fig. 10, and
Movie 1). More importantly, there existed an apparent phase differ-
ence between different positions in the defect region (~10.5° between
green and cyan points while ~15.6° between cyan and blue points)
(Fig. 2D), indicating strong evidence for the instability-induced undu-
lation. Meanwhile, the selected points in Region III remained in the
same phase, characteristic of damping oscillation, which would not
interfere with the asymmetric structure. Afterward, we turned the tri-
layer upside down and observed the similar continuous undulation,
with thewave propagating along the structure from the unconstrained
side, while the tip was even able to buckle against the direction of
gravity (Supplementary Fig. 11). This suggests that gravity is not the
dominant factor in this instability-induced behavior; instead, the pri-
mary contributors are the structural asymmetry and the photo-
thermo-mechanical coupling.

Undulation-oscillation bifurcation
The change in light intensity, as theonly energy source, plays a decisive
role in themotionoutput, determining both undulation amplitude and
frequency. Starting under relatively low input (3.728–4.049W/cm2),
the whole structure was damped to an equilibrium tracking state
(residual amplitude =0) (Fig. 2E and Supplementary Movie 2). In this
scenario, while oscillation of Region III could be initiated by periodic
undulation of Region II, it was eventually damped out before the next
cycle of undulation. The rationale is that the input energy was partially
released to buckling, while the remaining thermal energy temporarily
fueled the damped oscillation. As the input energy damped out gra-
dually, the light illuminated the top bilayer to trigger the next cycle.
When the energy input increased incrementally, the residual ampli-
tudes rose, gradually supporting sustainable oscillation within every
undulation cycle (Supplementary Fig. 12). Notably, further increasing
the light intensity to the undulation-oscillation bifurcation point
(5.494W/cm2), the motion spontaneously switched to complete
oscillation without any buckling or undulation (Fig. 2F, Supplementary
Fig. 13 and Movie 2)19. Such bifurcation is a result of competition
between the bending and buckling tendency of the defect region, as
modeled below

Atmiddle=bottom interface

ε2 =α1ΔT 12 +
P1
a1E1

� a1
2ρ �

a2
ρ , ε3 =α3ΔT23 +

L�d
L

P3
a3E3

+ a3
2ρ

ε2 < ε3, undulation; ε2 > ε3, oscillation

ð1Þ

This equation reveals three parts contribute to the contraction
strain of the middle PDMS layer (ε2) and the bottom LCE/CSNP layer
(ε3): thermal strain, axial elastic strain, and bending strain. Specifically,
the higher light intensity heats the top surface, generating a larger
thermal strain α1ΔT, where α1 represents the negative coefficient of
thermal expansion of LCE/CSNP, thereby creating a tendency to bend
upward. Due to the thermal diffusivity (k/ρCp), only a limited amount
of heat can be transferred to the bottom layer. Meanwhile, the
unbonded defect region in the bottom layer experiences reduced
geometric and mechanical constraints, leading to increased deform-
ability under irradiation (Fig. 2B). Thus, despite receiving lower heat
and temperature compared to the top surface, the bottom layer is still
capable of bending down, leading to a buckling tendency. At the
undulation-oscillation bifurcation point, the bending curvature of the
top layer, 1/ρ =M1/E1I1 (Eqn. S3), changes from negative to positive,
signifying the predominance of the bending tendency over the pre-
viously dominant buckling tendency. Consequently, at the middle/
bottom layer interface, ε2 is greater than ε3 [Eq. (1)], resulting in the

crossing of the undulation-oscillation bifurcation point for motion
switching (Supplementary Text 2.1).

During this bifurcation, the buckling phenomenon vanished and
the residual amplitude merged with the maximum amplitude. The
cyclic motion before the undulation-oscillation bifurcation can be
decoupled into undulation and a damping oscillation, each with its
own frequency that depends solely on material properties and is
invariant against light intensity change (Supplementary Fig. 14). After
entering the oscillation regime, higher input increased the amplitude
and frequency to improve the average kinetic energy rather than
change the motion mode (Supplementary Figs. 13–15). Upon con-
ducting themodeling analysis, it was observed that the average kinetic
energy demonstrated a remarkably larger slope at two bifurcation
points (Fig. 2G). Besides, when the energy input was lowered below the
undulation-oscillation bifurcation point, the trilayer self-regulated
back to undulation (Supplementary Fig. 16 and Movie 3). Simply, such
an asymmetric structure can spontaneously select and self-adjust its
motion based on the current energy input.

Governing factors of bifurcation
The geometrical parameters of the asymmetric structure determine
the resulting modes of motion. Herein, we adopted the thickness
ratio of active:passive:active layers as 1:2:1, and the width would not
influence the motion behavior as long as the irradiation width can
cover the trilayer32. Thus, the key parameters can be simplified to X/L
(the normalized length of Region I) and d/L (the normalized length of
Region II). The experimental results were presented in Fig. 3A, where
all samples demonstrated the tracking ability but the other two
motion modes were more sensitive to changes in X/L and d/L. For
instance, when X/L was fixed at 0.20, undulation could be observed
with low d/L (Supplementary Fig. 17A). Increasing d/L resulted in the
enhancement of both the maximum amplitude and the residual
amplitude, since the larger length led to a more pronounced energy
imbalance to generate buckling (Fig. 3B). However, only the range
0.10 ≤ d/L ≤0.12 successfully achieved the undulation-oscillation
bifurcation, while delamination occurred in trilayers with d/L > 0.12
due to excessive energy exceeding the adhesive limit and destroying
structural integrity. Moreover, both larger X/L and d/L lowered the
triggering light intensity for tracking-undulation bifurcation. On the
other hand, when d/L was fixed at 0.12, bifurcation occurred only
within the range 0.20 ≤ X/L ≤0.30, with the resulting undulations
exhibiting similar amplitudes and frequencies (Fig. 3C and Supple-
mentary Fig. 17B). This indicated that the position of the defect
region primarily determined whether a tracking-undulation bifurca-
tion occurred, rather than simply influencing the undulation char-
acteristics such as amplitude or frequency.

The effects of d/L and X/L were also considered in the context of
our undulation-oscillation bifurcation model. Specifically, increasing
d/L produces a larger elastic strain (L − d)P3/a3E3L in the bottom layer
[Eq. (1)]. The effects of X/L are not explicitly shown in the equation, but
X/L affects the relative position between the illuminated and unbound
regions, further influencing the temperature and thermal strain (e.g.,
α3ΔT23 andα1ΔT12 in our analyticalmodel). As a result, ifX/L is too small
or too large, the symmetric region, where the curvature of the three
layers is always the same, will be illuminated without undulation. For a
givend/L andX/L, the undulation-oscillation bifurcation criterion in Eq.
(1) can be simplified by defining a ratio K0 between the thermal strain
of LCE/CSNP at the middle/bottom interface α3ΔT23 and the thermal
strain at the top/middle interface α1ΔT12 in Eq. (2). Since the top and
bottom layers are fabricated from the same LCE/CSNP recipe under
identical synthesis conditions (i.e., α1 = α3 = αLCE/CSNP), these terms
cancel out in Eq. (2). Thus, we can obtain a K0 map for given geome-
trical parameters, Fig. 3D (see details in Supplementary Text 2.2). Note
that the K0 represents the theoretical value of the bifurcation point,
and is required to be compared with the experimentally measured or
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numerically simulated thermal strain ratio, denoted as K, to determine
the state of the system. Such numerically simulated results update the
map to Fig. 3E, where the white region indicates the occurrence of
undulation—the key condition for achieving two bifurcations over-
served in experiments (Fig. 3A).

K0 =
α3ΔT23

α1ΔT 12
=
αLCE=CSNPðT23 � T0Þ
αLCE=CSNPðT 12 � T0Þ

,

(
K >K0, undulation

K <K0, oscillation
ð2Þ

For example, for X/L = 0.20 and d/L = 0.12, the theoretical
bifurcation point K0 is 0.8700, whereas the numerically solved
thermal strain ratio K is 0.8705 at 3.728W/cm2, which suggests the
onset of undulation (Supplementary Fig. 18). Furthermore, modeling
reveals bursts of energy output during each cycle in the undulation
mode, whereas the oscillation mode yields a higher average kinetic
energy output despite exhibiting lower energy maxima near the
undulation–oscillation bifurcation point (Fig. 3F and Supplementary
Text 2.3). Specifically, the peak output efficiency of undulation is
more than twice that of oscillation, whereas its average output

efficiency is only 0.681 times that of oscillation (Supplementary
Fig. 19). This trade-off is akin to the behavioral strategy of Gymnura
micrura, which employs undulatory swimming at lower speeds to
enhance instantaneous output andmaneuverability during predation
or reproduction, and shifts to oscillatory swimming for high-speed
cruising19.

Self-excitation
The introduction of the defect is also crucial for facilitating a self-
excitation behavior due to the associated decrease in structural stiff-
ness. In contrast, forced triggering was necessary in the case of the
trilayer structure without engineered asymmetry (Fig. 3G and Supple-
mentary Movie 4). Since the motion switching was only based on
energy inputs, the system would autonomously adapt to the proper
motion mode and skip the intermediate state when necessary, e.g.,
from tracking directly to oscillation (Fig. 3H and Supplementary
Movie 5). Additionally, when we introduced a second laser with addi-
tional energy to the asymmetric structure in the equilibrium tracking
state, it would self-regulate to the higher energy state and perform

Fig. 3 | Regulation of bifurcation and self-excitation behavior. A Influence of
structural parameters onmultimodalmotion (X andd refer to the length of Region I
and Region II, respectively). B Comparison of motions with different values of d/L
when X/L was fixed to 0.20. C Comparison of motions with different values of X/L
whend/Lwasfixed to0.12.D Simulation results of theoreticalK0 for theundulation-

oscillation bifurcation. E Comparison of numerically simulated K and K0 (white
region refers to where the undulation can occur). F Comparison of kinetic energy
between undulations and oscillations. G Excitation comparison of the symmetric
and asymmetric trilayer structures. H Self-excitation of the asymmetric structure
with different inputs.
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undulation, regardless of the laser incidence direction (Supplementary
Fig. 20 and Movie 6).

Advancing physical intelligence in varying environments
Since bifurcation points were invariant for one prepared structure, the
corresponding motion could be tuned by changing the environmental
dissipation under a constant input. Firstly, we demonstrated that this
trilayer structure can replicate the kinematics ofGymnuramicruraunder
aquatic conditions. The results confirmed that the energy law could be
extended to aqueous environments. That is, the motion of the asym-
metric structure is determined by the total energy accumulated
regardless of the input incidence (Fig. 4A, Supplementary Fig. 21A, and
Movie 7). By tuning the viscosity of the solution through varying poly-
vinyl alcohol (PVA) concentrations, the structure spontaneously swit-
ched motion modes, effectively adapting to environmental changes
(Supplementary Fig. 21B–D). Specifically, increasing viscosity with
higher PVA concentration led to greater resistance and more energy
dissipation, causing a decrease in systemenergy and thereby themotion
transition from oscillation to undulation, and eventually to static track-
ing (Fig. 4B and Supplementary Movie 8). Similarly, the self-adaptation
between various motion modes could be controlled by adjusting the
surrounding temperature to affect energy dissipation through the
thermal conduction rate (Fig. 4C and Supplementary Movie 8).

When physical contact was introduced into the system, a por-
tion of the kinetic energy was dissipated through collision, leading to

a reduction in the system energy and the transition from oscillation
to a lower-energy undulation state (Fig. 4D, Supplementary Fig. 22,
and Movie 9). To demonstrate its application, we first integrated the
asymmetric trilayer as an actuator with a PET film into a cart frame
made of Balsa wood, which was perforated and suspended on the
copper wires to guide the locomotion direction (Fig. 4E). Under
constant irradiation and physical contact with the ground, the
asymmetric actuator could continuously convert light energy into
mechanical actuation and generate powerful stroke to drive the cart
forward. Moreover, it would self-regulate its gait to ensure con-
tinuous forward movement once in contact with the ground (Sup-
plementary Fig. 23A and Movie 10). In contrast, the symmetric
counterpart was impeded by the same constraint even under sig-
nificantly higher input (Supplementary Fig. 23B andMovie 11), due to
the lower kinetic energy bursts that were insufficient to overcome
the friction (Fig. 3F). This undulation of the asymmetric actuator
indicated its ability to achieve the higher maneuverability to navigate
obstacles under lower energy output, paralleling the undulatory
locomotion of Gymnura micrura that adopts this strategy at low
speeds to improve controllability in confined spaces. Furthermore,
when the cart passed through a high-temperature zone, the motion
mode of the asymmetric actuator alternated between undulation and
oscillation, adjusting to the fluctuating temperatures without human
interference (Fig. 4F, Supplementary Fig. 24 and Movie 12). Similarly,
as the cart traversed the liquid-liquid interface with different

Fig. 4 | Self-adaptation with varying environments. Motion switchability under
fluid conditions with varying A light intensity, B viscosity, and C temperature.
D Self-adaptation to the physical constraint. E Cart design for self-continuous
locomotionwith asymmetric trilayer, while the symmetric counterpartwasblocked

by the physical constraint. F Self-adaptation of the cart passing through the high-
temperature zone (starting from i, passing through ii, and ending in iii). G Self-
adaptation of the cart passing through the liquid-liquid interface with different
viscosities.
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viscosities (Supplementary Fig. 25), its motion mode changed
accordingly (Fig. 4G and Supplementary Movie 13).

Multifunctionality and generalization
Moreover, the undulation-oscillation bifurcation entails a distinct
change in the surrounding airflow pattern (Fig. 5A, Supplementary
Fig. 26, and Movie 14). Particle image velocimetry (PIV) demonstrated
that the buckling during undulation enhanced the updraft airflow over
the defect region, while the oscillating actuator led to a unique vortex

around the tip area (Supplementary Fig. 27). This is analogous to the
non-reciprocal vortex existing in oscillating fishtails that generates
thrust, which highlights the potential of our asymmetric actuator for
fluid dynamics applications, including fluidic transportation and par-
ticle trapping during oscillation in fluid environments (Fig. 5B)16,24.
Additionally, the periodic vacancy changes in the bow-shaped struc-
ture during buckling-induced undulation make the asymmetric
actuator promising for developing triboelectric nanogenerators
(TENG) by adopting PTFE/Pt and PDMS/Pt as inner layers

Fig. 5 | Multifunctionality and generalization. A PIV analysis with enhanced air-
flowduring undulation and the formation of a vortex during oscillation.BDifferent
aquatic interactions between the asymmetric actuator and particles during undu-
lation and oscillation. C Contact-separation mechanism during undulation for

cyclic voltage output.D Comparison of TENG voltage outputs between undulation
and oscillation under varying conditions. E Temperature-dependent variation of
TENG voltage output. F Broad-spectrum operation of the asymmetric actuator.
G The selective and erasable coating for the asymmetric actuator.
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(Supplementary Fig. 28). In the undulation mode, the positive and
negative triboelectric layers created the contact-separation cycle to
generate the open-circuit voltage with every solid-solid contact
(Fig. 5C), which would not occur in the oscillation state due to insuf-
ficient change in the air gap (Fig. 5D)34,35. This distinct bifurcation can
be applied not only to monitor specific environmental changes—such
as voltage drops indicating viscosity or temperature crossing the
threshold—but also to control desired voltage outputs (both average
and peak voltage output) by manually tuning environmental condi-
tions (Fig. 5E).

Lastly, all the adaptive performances above could be triggered
remotely across a range of wavelengths since CSNP endowed the
system with a broad absorption spectrum spanning from visible to
near-infrared regions (Fig. 5F and Supplementary Fig. 29)28,36. Notably,
motion initiation could also be achieved by collimated light, apart
from localized lasers, as long as the irradiation covered the defect
region with appropriate intensity. Furthermore, the multimodal
behavior could be reproduced by marking the defect region with
erasable commercial light-absorbing inks instead of CSNP doping
(Fig. 5G and Supplementary Fig. 30).Meanwhile, we tried to extend the
LCE/PDMS system tomorematerial systems (Table S1). Among several
commercial materials tested as interlayer replacements, nitrile
demonstrated similar buckling behavior and exhibited the two bifur-
cation points (Supplementary Fig. 31), attributed to its comparable
thermomechanical properties (Table S2 and Supplementary Fig. 32).
Besides, the active-passive-active structurewas essential for instability-
induced motions, because the outer layers generated imbalanced
stress while the interlayer conducted heat and provided structural
support (Table S3). Moreover, we attempted to introduce additional
defects into Region III and found that the presence of a second defect
could influence all three motion modes and induce an additional
oscillation frequency in the oscillation mode (Supplementary Fig. 33
and Movie S15). Overall, we believe that such multimodal adaptation
can be extended to more material systems with proper thermo-
mechanical properties and comparable designs.

Discussion
We have proposed an auto-switchable soft actuator design that enables
multiple self-sustained motion modes with built-in feedback across
diverse environments. This is achieved by introducing a controllable
defect into an otherwise symmetric trilayer and harnessing photo-
thermo-mechanical dynamics within an entirely soft material system.
This simple structure advances the physical intelligence of soft actuators
by enabling autonomous regulation of motion modes across two
bifurcation points based on the energy state. In principle, the system
energy can be determined by (i) remote input (e.g., light intensity) and
(ii) environmental dissipation (e.g., fluid viscosity, surrounding tem-
perature, physical contact). Consequently, this generalizable design for
self-excitation and motion self-adaptation represents a promising
strategy for developing chipless, untethered soft robots with higher-
level autonomy and expanded functionality. Furthermore, the combi-
nation of undulation and oscillation broadens the scope of current
multimodal robotic systems and may inspire the development of other
disciplines, such as fluid dynamics, electronics, and environment
monitoring.

Methods
Materials preparation
The preparation of LCE/CSNP followed our previous routine based on
a two-step thiol-acrylate click reaction, detailed in Supplementary
Information. The PDMS and Dragon skin films were prepared by mix-
ing the base and curing agent at a ratio of 5:1. After vacuumdefoaming
for at least 5min, themixturewas cast intoglassmoldswithpredefined
spacers and cured at 80 °C overnight. Thin platinum layers, serving as
electrodes, were deposited by sputtering (Denton Desk II) on one side

of the PDMS and on one side of the PTFE layer for 45 s and 60 s,
respectively.

Fabrication of the asymmetric trilayer
The prepared LCE/CSNP and PDMSmonolayer should be pretreated to
enhance the adhesion before the assembly. Specifically, the LCE/CSNP
film was cut into the size of 25mm×2.5mm× 140μm, followed by
immersing in ethanol overnight. In the meantime, the PDMS film was
cut into the size of 25mm× 2.5mm×280μmandwashedwith hexane.
Both washed strips were treated with oxygen plasma for 3min, fol-
lowed by the deposition of a thin layer of silica coating using chemical
vapor deposition with TEOS and ammonia solution for 90min. Then,
two LCE/CSNP strips and one PDMS strip were assembled using sili-
cone glue (10wt% in hexane) layer by layer from bottom to top (Sup-
plementary Fig 5A). It is important to note that during the assembly of
the bottom layer of LCE/CSNP and PDMS, PTFE tape needed to be
placed in the predefined position to block the glue and create the
defect. Next, the assembled trilayer was transferred to an oven and
heated at 60 °C for 3 days to remove hexane. After the PTFE tape was
removed, the asymmetric trilayer with an unbound region was
obtained (Supplementary Fig. 6). Unless otherwise specified, all tested
trilayers have an X of 5mm (Region I length) and a d of 3mm (Region II
length, same as the width of PTFE tape).

Motion capture and analysis
All structures were mounted horizontally on a stage and illuminated
by an 808 nm laser (LSR808NL, DPSS Laser) from a horizontal
direction. The light spot had rectangular dimensions of 3.5mm×
4.5mm, which could fully cover the cross-sectional area of the
actuator. Besides, a linear translational stage was fixed on the laser
to control the precise height of the irradiation towards the sample.
All motion was captured and recorded by a camera (EOS 70D,
Canon) at 60 fps. The tips or the selected points were tracked by the
software Tracker to measure angles and positions, which were
subsequently used to calculate frequency and amplitude. Each point
with different input was recorded for at least 5 s once the motion
had stabilized, followed by analysis of the motion during every one-
second period. The results were processed to obtain average fre-
quencies and amplitudes. Actuation under various wavelengths was
performed using different light sources including a red 635 nm laser
(LSR635NL-100, DPSS Laser), a green 532 nm laser (Genesis MX-532,
COHERENT), a blue 470 nm LED driver (SM1U25-A, Thorlabs)
equipped with a collimator (M34 × 0.5 EXT, Thorlabs), and a solar
simulator (HAL-320W, Asahi Spectra).

Thermomechanical characterizations
All sampleswere annealed at 150 °C for 5min and then cooled to remove
any thermal history. Moduli, stresses, and lengths were measured using
a dynamic mechanical analyzer (DMA850, TA Instrument) under a
25 kPa preload, 1Hz oscillation frequency, and a 5 °C/min heating rate.
Isostrain mode was employed to measure internal stress and internal
forcewhen both endswere fixedwithout strain variation under 5 °C/min
heating rate. The adhesion force was obtained by the peel testing, with
two different layers fixed separately in clamps at each end.

Other characterizations
Differential scanning calorimetry (DSC250, TA Instrument) was per-
formed to measure the nematic-to-isotropic transition of LCE/CSNP
and the thermal property of PDMS. The cross-sectionmorphology was
captured by a scanning electron microscope (SEM) (Supra 40VP,
ZEISS). The CSNP morphology image was obtained using a scanning
transmission electron microscope (TEM) (FEI Titan 80-300), with the
CSNPdispersed in toluene and the solvent subsequently removed. The
photothermal process and thermographic imageswere captured by an
infrared camera (TiX 580, Fluke) and analyzed by the software Fluke
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Connect. UV-Vis spectra were measured to investigate the absorption
or transmittance using a spectrometer (UV-3101PC, Shimadzu). The
particle size of CSNP was measured using dynamic light scattering
(DLS) (Zetasizer Pro, Malvern Panalytical), with CSNP dispersed in
toluene.

Setup for aquatic tests
The setup consisted of a tank to hold the sample stage and two NIR
lasers to increase input energy, as heat dissipation underwater is sig-
nificantly greater than in air (Supplementary Fig 21A). The first laser
was set horizontally facing the sample, while the second one was
aligned at a ~15-degree angle to target the defect region. The PVA
solution was prepared by dissolving the PVA powder in DI water with
rapid stirring at 80 °C, followed by centrifugation in a mixer (ARE-310,
Thinky) to remove the bubbles. Viscosity measurements were con-
ducted by a rheometer (Discovery HR 30, TA Instruments) at room
temperature under the shear rate from 1 to 100 1/s. The tests under
different water temperatures were based on a similar setup by tuning
the temperature of the DI water.

Setup for cart design
Apart from a trilayer as the actuator, the setup consisted of a frame of
Balsa wood and a PET film (Fig. 4E). The mass of the actuator was
43.2mg, while the total mass was 129.8mg. The four feet of the frame
were perforated to allow copper wires to pass through and guide the
locomotion direction, which was directly opposite to the incident
light. The cart was initially positioned away from the physical con-
straint to enable the freemotionof the actuator. However, the distance
between the copper wire and the constraint in the front path was less
than the amplitude of the trilayer. For the physical contact demon-
stration, the light intensity to trigger the asymmetric trilayer was
3.967W/cm2, while the intensity for the symmetric trilayer was
6.723W/cm2. For the high-temperature passing demonstration, the
light intensity was 4.772W/cm2. For the liquid-liquid interface passing
demonstration, the upper layerwasethanolwhile the bottom layerwas
an ethanol solution with 5wt% D-glucose and blue dye, and the light
intensity was 9.348W/cm2.

Particle image velocimetry
First, the trackingparticle, BEHS,was added to an atomizer for uniform
dispersion in the air. After setting the stage and sample in a sealed
acrylic chamber, a 532 nm laser (Genesis MX-532, COHERENT) equip-
ped with a line pattern engineered diffuser was turned on to image the
airflow (Supplementary Fig. 26A). The linear irradiation was aligned
directly with the center of the sample. When no significant airflow can
be observed, the NIR laser was activated to initiate the motion. The
entire process was captured by a high-speed camera (Phantom with
the 100mm lens, Laowa) and analyzed by the PIVlab application in
Matlab.

Triboelectric nanogenerator test
The assembled photothermal TENGs were tested by an electro-
chemical workstation (CH Instruments, CHI660E). The sputtered
electrodes were connected to the working and counter electrodes of
the electrochemical workstation, while the reference electrode was
grounded. The open-circuit voltage was measured using the open-
circuit potential-time mode of the electrochemical workstation. The
entire setup was placed in a high-temperature oven equipped with a
thermocouple to evaluate the output voltage under different tem-
perature conditions.

Data availability
All data needed to evaluate and support the conclusions in the
manuscript are included in the main text or the Supplementary
Information. Contact X.H. for any questions.

References
1. Naclerio, N. D. et al. Controlling subterranean forces enables a fast,

steerable, burrowing soft robot. Sci. Robot. 6, eabe2922 (2021).
2. Baines, R. et al. Multi-environment robotic transitions through

adaptive morphogenesis. Nature 610, 283–289 (2022).
3. Kim, K., Spieler, P., Lupu, E.-S., Ramezani, A. & Chung, S.-J. A

bipedal walking robot that can fly, slackline, and skateboard. Sci.
Robot. 6, eabf8136 (2021).

4. Sihite, E., Kalantari, A., Nemovi, R., Ramezani, A. & Gharib, M. Multi-
Modal Mobility Morphobot (M4) with appendage repurposing for
locomotionplasticity enhancement.Nat. Commun. 14, 3323 (2023).

5. Sitti,M. Physical intelligenceas anewparadigm.Extrem.Mech. Lett.
46, 101340 (2021).

6. He, X. et al. Synthetic homeostaticmaterials with chemo-mechano-
chemical self-regulation. Nature 487, 214–218 (2012).

7. Hua, M. et al. Swaying gel: chemo-mechanical self-oscillation
based on dynamic buckling. Matter 4, 1029–1041 (2021).

8. Zhao, Y. et al. Somatosensory actuator based on stretchable con-
ductive photothermally responsive hydrogel. Sci. Robot. 6,
eabd5483 (2021).

9. Qian, X. et al. Artificial phototropism for omnidirectional tracking
and harvesting of light. Nat. Nanotechnol. 14, 1048–1055 (2019).

10. White, T. J. et al. A high frequency photodriven polymer oscillator.
Soft Matter 4, 1796–1798 (2008).

11. Chen, C. et al. Advancing physical intelligence for autonomous soft
robots. Sci. Robot. 10, eads1292 (2025).

12. Li, Z., Myung, N. V. & Yin, Y. Light-powered soft steam engines for
self-adaptive oscillation and biomimetic swimming. Sci. Robot. 6,
eabi4523 (2021).

13. Park, S.-J. et al. Phototactic guidance of a tissue-engineered soft-
robotic ray. Science 353, 158–162 (2016).

14. Djellouli, A. et al. Shell buckling for programmable metafluids.
Nature 628, 545–550 (2024).

15. Wang, X.-Q. & Ho, G. W. Design of untethered soft material micro-
machine for life-like locomotion. Mater. Today 53, 197–216 (2022).

16. Sfakiotakis, M., Lane, D. M. & Davies, J. B. C. Review of fish swim-
ming modes for aquatic locomotion. IEEE J. Ocean. Eng. 24,
237–252 (1999).

17. Smits, A. J. Undulatory and oscillatory swimming. J. Fluid Mech.
874, P1 (2019).

18. Di Santo, V. et al. Convergence of undulatory swimming kinematics
across a diversity of fishes. Proc. Natl Acad. Sci. USA 118,
e2113206118 (2021).

19. Rosenberger, L. J. Pectoral fin locomotion in batoid fishes: undu-
lation versus oscillation. J. Exp. Biol. 204, 379–394 (2001).

20. Rao, S. S. Vibration of Continuous Systems. (John Wiley &
Sons, 2019).

21. Gelebart, A. H. et al. Making waves in a photoactive polymer film.
Nature 546, 632–636 (2017).

22. Zhao, Y. et al. Soft phototactic swimmer based on self-sustained
hydrogel oscillator. Sci. Robot. 4, eaax7112 (2019).

23. Yao, D. R., Kim, I., Yin, S. &Gao,W.Multimodal soft robotic actuation
and locomotion. Adv. Mater. 36, 2308829 (2024).

24. Deng, Z., Zhang, H., Priimagi, A. & Zeng, H. Light-fueled non-
reciprocal self-oscillators for fluidic transportation and coupling.
Adv. Mater. 36, 2209683 (2024).

25. Shi, P., Zhao, Y., Liu, Z. & He, X. Liquid crystal elastomer composite-
based photo-oscillator for microrobots. J. Compos. Mater. 57,
633–643 (2023).

26. Zhao, T., Fan, Y. & Lv, J. -a Photomorphogenesis of diverse auton-
omous traveling waves in a monolithic soft artificial muscle. ACS
Appl. Mater. Interfaces 14, 23839–23849 (2022).

27. Shahsavan, H. et al. Bioinspired underwater locomotion of light-
driven liquid crystal gels. Proc. Natl Acad. Sci. USA 117,
5125–5133 (2020).

Article https://doi.org/10.1038/s41467-025-62328-2

Nature Communications |         (2025) 16:7630 9

www.nature.com/naturecommunications


28. Zhao, Y. et al. Sunlight-powered self-excited oscillators for
sustainable autonomous soft robotics. Sci. Robot. 8, eadf4753
(2023).

29. Zhang, H. et al. Feedback-controlled hydrogels with homeostatic
oscillations and dissipative signal transduction. Nat. Nanotechnol.
17, 1303–1310 (2022).

30. Hou, G. et al. Self-regulated underwater phototaxis of a photo-
responsive hydrogel-based phototactic vehicle. Nat. Nanotechnol.
19, 77–84 (2024).

31. Deng, X., Mammen, L., Butt, H.-J. & Vollmer, D. Candle soot as a
template for a transparent robust superamphiphobic coating. Sci-
ence 335, 67–70 (2012).

32. Zhao, Y. et al. Antagonistic-contracting high-power photo-
oscillators for multifunctional actuations. Nat. Mater. 24,
116–124 (2025).

33. Ling, F., Guo, H. & Kanso, E. Instability-driven oscillations of elastic
microfilaments. J. R. Soc. Interface 15, 20180594 (2018).

34. Cheng, T., Shao, J. & Wang, Z. L. Triboelectric nanogenerators.Nat.
Rev. Methods Prim. 3, 39 (2023).

35. Kim, W.-G. et al. Triboelectric nanogenerator: structure, mechan-
ism, and applications. ACS Nano 15, 258–287 (2021).

36. Wu, S. et al. Superhydrophobic photothermal icephobic surfaces
based on candle soot. Proc. Natl Acad. Sci. USA 117,
11240–11246 (2020).

Acknowledgements
We thank Dr. Wenzhong Yan for his participation in discussions and
assistance with equipment setup. This work was supported by the
Johnson&Johnson WISTEM2D Scholar award, the American Chemical
Society (GR-63402), the Office of Naval Research (ONR) awards
(N000142412187 and N000142212595), and the Moore Foundation
Award (12072).

Author contributions
X.H. conceived the concept and planned the project. C.C. designed and
conducted the experiments and data analysis. Z.L. developed the
simulation with the model and theoretical analysis. C.C. and P.S. con-
ducted the fabrication and characterization. C.C. and M.S. developed
the demonstration. C.C. and S.D. drew the schematic diagram. T.I.

guided the discussion of the control theory. All authors wrote the
manuscript under the supervision and participation of X.H. All authors
have given approval to the final version of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-62328-2.

Correspondence and requests for materials should be addressed to
Ximin He.

Peer review information Nature Communications thanks Yinding Chi,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-62328-2

Nature Communications |         (2025) 16:7630 10

https://doi.org/10.1038/s41467-025-62328-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Bio-inspired multimodal soft actuator with environmental self-adaptation
	Results
	Tracking-undulation bifurcation
	Undulation-oscillation bifurcation
	Governing factors of bifurcation
	Self-excitation
	Advancing physical intelligence in varying environments
	Multifunctionality and generalization

	Discussion
	Methods
	Materials preparation
	Fabrication of the asymmetric trilayer
	Motion capture and analysis
	Thermomechanical characterizations
	Other characterizations
	Setup for aquatic tests
	Setup for cart design
	Particle image velocimetry
	Triboelectric nanogenerator test

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




