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ABSTRACT

Self-sustained oscillations are fundamental to dynamic systems in nature, such as heartbeats, ocean waves, and firefly flashes.
However, creating similar autonomous, out-of-equilibrium behaviors across diverse materials and structures in artificial settings
remains challenging due to the lack of a universal, platform-independent control method. Here, we present an opto-magnetic
feedback control strategy that achieves reliable self-excited oscillations through combined light, magnetic, and mechanical
interactions based on a modular design approach. The dynamic, plug-and-play assembly of driving and deforming modules endows

the platform with exceptional versatility in material type, structural setup, mechanical response, and functional use. Notably,

this system can be tuned to produce continuous or intermittent self-oscillations, demonstrating its adaptability. We showcase

the broad utility of the system by integrating optical modules for reconfigurable dynamic displays and wide-field-of-view light

scanning, together with a thermo-mechano-electrical transduction module for high-efficiency energy harvesting. The proposed

approach establishes a universal feedback pathway linking autonomous soft machines with various technological platforms,

enabling on-demand adaptation across different application scenarios.

1 | Introduction

Biological systems have evolved to move in response to their sur-
rounding environment, whether to prey/forage, evade predators,
or adapt to natural disasters, all in the interest of survival. The
diverse responsiveness of biological systems to environmental
stimuli has inspired the development of soft, smart actuating
materials that mimic their behaviors. However, many current

artificial soft actuators generate either single, transient motion
under short-duration stimuli [1, 2] or periodic, continuous motion
in response to modulated stimuli [3-5]. While effective in some
contexts, they fail to exhibit the autonomous, adaptive, and intel-
ligent responsiveness seen in natural organisms. To address this
gap, autonomous actuating systems, particularly self-sustained
oscillations, have garnered significant interest for their ability
to generate continuous, energy-efficient, and interactive motions
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FIGURE 1 | Design, mechanism, and versatility of OMSOS. (A) The modular design of the OMSOS, which consists of a driving module and
a deforming module. The inset shows the SEM image of the cross-section of the driving module consisting of 4 layers of CrO,@SF film welded
together. Scale bar: 50 um. (B) Dependence of temperature and magnetization of the driving module on the near-infrared (NIR) laser illumination time
(I =150 mW/mm?). The driving module exhibits temperature-dependent magnetic modulation, where heating reduces magnetization while cooling
restores it. The magnetic driving module is heated to 120°C in 0.36 s (I = 150 mW/mm?) and cooled down to 30°C in 4.2 s. Insets indicate thermally
induced demagnetization. (C) The versatile design options of the deforming module, including customizable surface topographies and varied material
properties. (D) The self-oscillating negative feedback mechanism of OMSOS using unmodulated light and magnetic fields. (E) The versatility of the
OMSOS, featuring broad materials compatibility, multi-configuration and multi-modal operation, and programmable functionalities.

using unmodulated external stimuli, resembling the dynamic
behaviors of living systems [6, 7]. They operate through built-
in feedback loops connecting material properties, mechanical
deformation, and external stimuli, enabling motion that continu-
ously transforms between two or more metastable states under
constant energy sources and controls. Moreover, the reduced
requirement using unmodulated stimuli allows these systems to
harness ubiquitous natural energy sources such as sunlight [8,
9], thermal energy [10, 11], water vapor [12], fluid flow [13], and

moisture [14]. Utilizing these capabilities, self-oscillating material
systems have been applied in soft robotics [15], material transport
[16], bio-mimetic systems [17], energy conversion [18-20], sensing
[21], and photonic modulation [22, 23].

Following the conceptual framework, achieving self-oscillating
actuation hinges on strategies that effectively initiate and sus-
tain the out-of-equilibrium states within the system. To date,
self-oscillating motions have been studied in non-equilibrium
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material systems based on mechanisms including Belousov-
Zhabotinsky reaction [24-26], self-shadowing effect [8, 9, 15, 17,
18, 23, 27-32], gradient stimulus field [14, 19, 20, 22, 33-35],
and phase transition [36]. Leveraging these principles, Self-
oscillating systems have made remarkable advancements in
material innovation [37, 38], high-performance oscillation [9,
17], diverse motion modes [23, 28], and interfacing with other
technologies [16, 20, 23]. However, despite great success in
autonomous oscillatory motions, a persistent challenge remains:
existing implementations predominantly rely on specialized,
actively responsive materials to construct the majority, if not
all, of the deforming components of self-oscillating devices.
This reliance on tailored, irreplaceable materials dramatically
restricts the flexibility in material selection, configuration, defor-
mation modes, and integrated functionalities, as well as the
adaptivity to diverse environments or tasks, thereby hindering
the universality and versatility of the self-oscillating systems.
Therefore, a novel self-oscillating strategy is desirable to break
free from material-specific constraints, enabling more adaptable,
scalable, and multifunctional solutions for various practical
applications.

Here, we present a wirelessly controlled, modular self-oscillating
system powered by unmodulated light and magnetic fields. We
propose that the optically induced demagnetization strategy
offers an exceptional opportunity for a plug-and-play paradigm
for assembling the driving and deforming modules, in stark
contrast to conventional monolithic approaches, endowing the
self-oscillating system with unprecedented flexibility in com-
position, configuration, oscillation mode, and functionality. We
demonstrate that this system can be tuned to exhibit either
continuous or intermittent multi-modal self-oscillations with
controllable amplitude and frequency. Leveraging these capabili-
ties, we showcase applications including dynamic optical display
using surface-patterned silk fibroin (SF) cantilevers, light scan-
ning via aluminum reflectors, and electrical energy harvesting
with polyvinylidene fluoride (PVDF) cantilevers.

2 | Result

2.1 | Modular Design and Self-Oscillation
Mechanism

The opto-magnetic self-oscillating system (OMSOS) comprises a
driving module and a deforming module. Figure 1A illustrates
a typical modular assembly configuration designed to generate
bending oscillations, consisting of an elastic cantilever serving as
the deforming module and a patch of 4-layered composite films of
chromium dioxide and silk fibroin (CrO,@SF) laminated at one
end as the driving module. The driving module—the CrO,@SF
patch—generates an active magnetic force in response to an exter-
nal magnetic field. Crucially, this active force can be precisely
modulated via light irradiation due to the high photothermal con-
version efficiency and low Curie temperature of CrO, [39]. These
properties enable photo-induced demagnetization (Figure 1B),
thus allowing for a dynamic and non-contact control over the
magnetic actuation. The deforming module, which can consist of
diverse materials, is designed to mechanically counterbalance the
magnetic force through a passive force (e.g., elasticity or gravity)
while simultaneously providing application-specific functional-

ities by strategically tailoring its surface topography or material
properties (Figure 1C).

The OMSOS system achieves self-sustained oscillation through a
unique negative feedback loop mechanism that dynamically bal-
ances temperature- and position-dependent magnetic forces with
motion-induced passive forces under the synergistic stimulation
of light and magnetic fields (Figure 1D, Movie S1). In contrast to
conventional oscillators, which are limited to continuous motion,
our system exhibits dual-mode operation, supporting both contin-
uous and intermittent self-oscillations. In the continuous mode
(Movie S2), the motion follows a smooth, uninterrupted trajec-
tory with consistent reciprocating behavior, maintaining perfect
periodicity through sequential “deformation-release” cycles. In
contrast, intermittent self-oscillation is characterized by distinct
pauses at both trajectory endpoints, asymmetric reciprocating
paths, and elastic jitter during rebound (Movie S2). As a result,
the intermittent self-oscillation follows a more complex cycle
of “deformation-pause-release-jitter”. This distinctive capability
arises from the system’s unique capacity to independently mod-
ulate the active magnetic force (F,;) and passive elastic forces
(Fg). When these two forces are precisely balanced, even a
small temperature-induced change in magnetic force is sufficient
to reverse the direction of the net force, enabling continu-
ous self-oscillations. However, under deliberate force mismatch
(Fy > Fp), the system requires an extended heating period to
sufficiently weaken magnetic dominance for motion reversal,
resulting in characteristic intermittent oscillations.

As the core actuating component in the OMSOS, the driving mod-
ule leverages its superior photothermal conversion and thermal
demagnetization properties to tune the magnetic force rapidly
(Figure 1B; Figure S1), which is crucial for achieving a high self-
oscillating performance throughout the system. Additionally, the
driving module demonstrates mechanical robustness, morphing
flexibility, strong interfacial adhesion and weldability, and ther-
mal stability, thereby ensuring structural integrity, programmable
deformation, seamless integration with the deforming module,
and reliable operation. These attributes are supported through
an SF-based composite architecture, where the SF matrix serves
as a versatile host for CrO, particle doping while maintaining its
intrinsic magnetic performance. The CrO,@SF film is mechani-
cally robust and flexible (Figure S2); it can be readily transformed
into diverse 3D configurations using water-vapor-assisted origami
and kirigami techniques [40] (Figure S3). The CrO, particles
are uniformly distributed in-plane but aggregate at the bottom
of the film (Figure S4) due to particle settling during the
drying process. Leveraging the strong adhesion properties of the
amorphous SF matrix [40], this naturally occurring separation
is favorable in stacking multiple CrO,@SF films together (Inset
in Figure 1A) and interfacing with other substrates (Figure S5).
When bonded with another SF surface, the interface is invisible
and inseparable, demonstrating strong adhesion and seamless
welding that ensures efficient photothermal conversion and mag-
netic coupling. Furthermore, the driving module demonstrates
excellent stability of its chemical structure and reversibility of its
magnetic properties under long-term thermal cycling (Figure S6),
enhancing the overall reliability of the self-oscillating system.

The self-sustained oscillation in this work has collective advan-
tages over other self-oscillating systems, as summarized in
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Table S1. The modular design, which separates the driving
module from the deforming module, enhances the system’s ver-
satility in terms of material selection, configuration, oscillation
mode, and functional design. The body material can be readily
functionalized or substituted to accommodate diverse perfor-
mance demands and functional requirements. By strategically
engineering the assembly configuration of driving and deforming
modules, multi-modal oscillation, such as bending, rotation,
linear translation, pendulum, and a combination of these modal-
ities, can be achieved. These flexibilities make the self-oscillating
system highly adaptable to various application scenarios, includ-
ing structural color dynamic displays, holographic animation,
optical scanning, and energy harvesting. These favorable features
are illustrated in Figure 1E.

2.2 | Bending Self-Oscillation System

To evaluate the self-sustained oscillation performance, we sys-
tematically investigated the bending motion in a simplified
system comprising an SF cantilever integrated with a magnetic
patch laminated at one end (Figure 1A). As shown in Figure 2A,
a typical oscillation cycle consists of three stages. To better
understand the motion behavior in each stage, we recorded the
displacement of the cantilever tip and calculated its velocity,
acceleration, as well as the corresponding elastic and magnetic
forces (Figure 2B, Text 1, Supporting Information). In the first
stage, the SF cantilever bends toward the magnet from its original
state under the attractive magnetic force between the driving
module and the magnet. When the magnetic force applied to the
CrO,@SF begins to fall below the elastic force of the SF cantilever,
the bending motion decelerates. In the next stage, as the driving
module enters the light-illuminated region, the photothermal
effect of CrO, causes the local temperature of the CrO,@SF
to rise. This temperature increase reduces the magnetization of
CrO,, further widening the gap between the elastic and magnetic
forces. When the tip’s velocity reaches zero, the deformation
enters the third stage of the cycle, where the SF cantilever starts
to rebound. In this final stage, the cantilever tip initially moves
within the illuminated zone and then retracts out of it. The
heated region cools quickly due to convective heat dissipation
to the surrounding air. As the temperature drops, the magnetic
susceptibility of CrO, recovers, which helps the magnetic force
to exceed the decreasing elastic force. Eventually, the cantilever
stops retracting and starts bending toward the magnet again,
initiating the next oscillation cycle.

Leveraging the excellent photothermal response of CrO, @SF and
the high elasticity of the SF cantilever, this self-oscillating system
enables rapid start/stop behavior (Figure 2C, Movie S3,). Upon
activating the laser, the periodic oscillation stabilizes after only a
few cycles. When the laser is turned off, the oscillation amplitude
rapidly decreases and dampens to a full stop. This entire self-
oscillating process was theoretically simulated, and the results
were closely aligned with the experimental curve (Figure 2D,
Text 2, Supporting Information). Following the rapid initiation,
the stable oscillation dynamics are determined by the balance
between Fy, and Fj. The F),, which is given by F,;, = m X VB,
depends on the spatial distribution of the magnetic flux (VB)
generated by the magnet and the magnetic moment (m) of the
CrO,@SF composite, which is temperature- and magnetic field-

dependent (m = (y < T, B > /u,)+B, where y is the local magnetic
susceptibility, T is temperature, B is the external magnetic field,
and y, is permeability of vacuum). The F;; in the normal direction
at beam tip deflection (w) is given by Fy = Ebh’w/4L?, deter-
mined by the cantilever’s Young’s modulus (E) and its geometry,
including length (L), width (b), and thickness (k). Consequently,
the oscillatory dynamics can be actively tuned either (i) through
changing the external energy inputs, such as light field and
magnetic fields, which modulate F,; photothermally, or (ii) by
modifying material/geometric parameters to regulate Fy.

When the cantilever’s material and geometry are fixed, the
oscillation performance can be easily tuned by modulating the
NIR laser intensity. The influence of laser intensity on the
oscillation performance is depicted in Figure 2E. At relatively
low laser intensities (<14.1 mW/mm?), the deflection range
increases remarkably as the intensity rises. This is because a
higher intensity causes a greater temperature increase of the
driving module, which leads to longer cooling times and allows
for more rebound. Hence, the oscillatory amplitude is enhanced
through the expansion of the upper bound of the bending
angle (Figure 2E). In the intermediate laser power range (16.8-
36.2 mW/mm?), the upper bound continues to increase due to
the increasing maximum temperature. However, the lower bound
also increases with laser power, as rapid heating accelerates
demagnetization of the driving module, triggering rebound at
smaller deflections. As a result, the oscillation amplitude does
not change significantly, but it shifts slightly closer to the
cantilever’s initial position (75°, Figure S7B). When the laser
intensity exceeded 39.4 mW/mm?, we observed large fluctuations
in the oscillation amplitude with an unsteady cycle duration
(Figure S8). This instability is likely due to excessive heating,
which causes surface temperature fluctuation in the driving
module. These fluctuations disrupt the periodic pattern of the
magnetic and elastic forces, causing the system to enter a chaotic
oscillation mode. In contrast to the amplitude, the oscillation
frequency exhibits a monotonic decreasing trend with increasing
laser power (Figure 2E). In addition, the oscillatory performance
can be tuned by the magnetic field strength. Increasing the
magnetic field enhances the F);, leading to larger deformation
and acceleration of the functional module, and consequently
increasing both oscillation amplitude and frequency; conversely,
whereas weaker fields produce the opposite effect (Figure S9).

Under constant external light and magnetic fields, both the
oscillation amplitude and frequency can be tuned by modulating
the geometrical parameters of the SF cantilever. As the length
or thickness of the cantilever increases, the oscillation amplitude
first increases and then decreases, while the frequency exhibits
the opposite trend—initially decreasing and then partially recov-
ering (Details see Figure S10). Figure 2F,G presents the maximum
oscillation amplitude and frequency achievable by the system
under different geometric parameters, obtained by optimizing the
magnetic field strength and laser power for each configuration. In
one extreme case where the cantilever is long (45 mm) and thin
(35 um), the elastic force is too weak to counteract the magnetic
force, so no rebound occurs even after demagnetization. In the
opposite extreme, where the cantilever is short (25 mm) and thick
(75 um), the magnetic force is insufficient to bend the cantilever,
resulting in no observable deformation to begin with. In the
parameter space between these two extremes, varying the length
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FIGURE 2 | Performance analysis of the bending self-oscillation system. (A) Snapshots of the bending oscillating motion in one cycle. Inset is the
surface temperature and the projected cantilever tip on the NIR laser spot (I = 27.3 mW/mm?). Unless otherwise noted, an SF cantilever measuring
35 mm in length, 3.5 mm in width, and 50 um in thickness is positioned at an initial angle of 75°. (B) Recorded cantilever tip travel distance, calculated
velocity, acceleration, magnetic force, and elastic force throughout one oscillation cycle. The red-shaded region denotes the time interval within a single
oscillation cycle during which the driving module enters the laser spot. (C,D) Actuation performance throughout a complete self-oscillating process,
from initiation to the cessation of oscillation, characterized by experiment (C) and simulation (D). The definition of the bending angle is illustrated
in Figure S7A. (E) Oscillation angle range related to the horizontal reference (0°, Figure S7B) and frequency under various laser intensities. (F,G)
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and thickness enables a wide range of oscillation amplitudes and
frequencies, with maximum observed values of 52° and 3.3 Hz
for bending angle and oscillatory frequency, respectively. Besides
geometric parameters, the oscillation characteristics depend crit-
ically on the cantilever’s orientation (Figure S11). The maximum
oscillation amplitude increases with the initial angle, as a greater
separation from the magnet allows more space for bending defor-
mation during oscillation. However, the oscillation frequency
displays a non-monotonic dependence on the initial angles, first
increases, then decreases. This trend arises because, initially, a
larger initial angle leads to a greater deflection, which enhances
the rebound force and movement velocity, ultimately resulting in
a higher frequency. As the initial angle continues to grow, the
significantly enlarged amplitude prolongs the duration of each
oscillation cycle, thus reducing the frequency. The oscillation
amplitude and frequency under varying laser intensities and
geometries were predicted by using finite element simulation. As
shown in Figure 2H, the simulated results are in agreement with
the experimental curves, confirming the system’s responsiveness
to changing conditions. Notably, although oscillation amplitude
and frequency are coupled in the current single-magnet config-
uration, they can be effectively decoupled through a strategic
arrangement of the external magnetic field (Details see Note S1).
This capability represents a key distinction between the present
system and conventional self-oscillating platforms.

To qualitatively understand how external energy inputs and
geometrical parameters affect oscillation dynamics, we developed
a theoretical model to predict the maximum amplitude 6,,, and
frequency f (see more details in Text 3, Supporting Information),
which can be expressed as:

w (Bmax_Bstart)'mO'Lz
- 1
max occuk\/ E x b3 x h? rad ()
VB, X m
f= U ®)
2 X \2X L X 06,,,XG

where B_,, and By, denote as the maximum magnetic flux
strength at the light-induced rebound position and the magnetic
flux strength at the initial oscillation point; VB, is the gradient
of the magnetic induction; m, is the original magnetic moment
of CrO,; G, L, E, b, and h represent the mass, length, Young’s
modulus, width, and thickness of the deforming module; «
represents the coefficient of proportionality between the dynamic
and static temperatures mentioned; w and w; represent the
experimental light intensity used for oscillation and the light
intensity required to heat the material to the Curie temperature
during static measurement; When o > wy, take w = w, as the

oscillatory frequency plateaus. To assess the consistency between
theoretical predictions and experimental observations, we per-
formed validation calculations using SF cantilevers of varying
stiffness. The results demonstrate that the theoretical values are
in good agreement with the experimental measurements (see
case study in Text 3, Supporting Information for details). From
the equation, it is evident that f is inversely proportional to the
O max> Which is also consistent with the experimental observations
presented in Figure 2E. In practice, the oscillation performance
of OMSOS can be further enhanced by systematically integrating
and coordinating optimization strategies spanning photothermal
efficiency, heat dissipation, magnetic force, and system archi-
tecture, thereby enabling an overall optimal oscillatory response
(Details see Note S2).

In addition to performing continuous self-oscillation, intermit-
tent oscillation (Figure 2I) can be achieved by reducing either
the light intensity or the stiffness of the body material. The
intermittent oscillation cycle comprises three distinct stages:
(i) magnetically attracted bending, (ii) quasi-static heating, and
(iii) rebounding with attenuated vibrations. With a smaller Fy
generated by a less stiff body material, in order to still meet the
condition |F;| > |Fyl for activating the retraction process, the
magnetic component needs to undergo further demagnetization
by reaching a higher temperature. Without increasing the NIR
power, the magnetic component must be illuminated for a longer
period to reach this elevated temperature. This extended heating
time leads to the stationary deformation at the bent position.
Once the magnetic force is reduced below the elastic force, the
stored elastic energy is rapidly released, causing the cantilever
to quickly rebound and undergo attenuated vibrations as it cools
down and eventually comes to a stop. The interval between the
attracted bending and rebound vibration can be shortened by
increasing the NIR intensity (Figure S12). This unique oscillatory
behavior, comprising two motion stages and a stationary stage,
enables effective decoupling of amplitude and frequency (Note
S1).

In Figure 2J, we summarize the experimental results of oscillation
states under varying laser intensities and different stiffness levels
of the deforming module. Steady oscillations occur over a wide
range of laser intensities and material stiffnesses, whereas inter-
mittent self-oscillations emerge in low-laser-intensity and low-
material-stiffness regimes. Unstable oscillations primarily arise at
high laser power and medium material stiffness. However, at low
laser power, the system fails to generate oscillatory motion and
instead exhibits only static bending due to insufficient demag-
netization. Because the SF cantilever undergoes purely elastic
deformation while the CrO, @SF module reversibly demagnetizes
and remagnetizes, the self-oscillation motion remains stable
and repeatable for at least 12 h under continuous operation

The influence of deforming module geometries on the oscillation amplitude (F) and frequency (G) at a fixed initial angle of 75°. The amplitude and

frequency for each size represent the maximum achievable value under the given conditions. (H) Oscillation profiles under varying geometries and laser

intensities by experiment and simulation. (I) Bending angle and the corresponding surface temperature over time under the intermittent (L = 45 mm,
I=5.86 mW/mm?) mode. (J) Oscillation states concerning the stiffness of the deforming module and laser intensities. Stiffness k is defined as k = 3EI/L?,
where I = bh3/12, where E is Young’s modulus, L is length, b is width, and & is thickness. (K) Bending oscillation recorded for over 43 210 s (12 h). Laser

intensity of 14 mW/mm?. (L) Overlayed photos showing the bending oscillation driven by focused natural sunlight (I = 0.25 mW/mm?). (M) Recorded

bending motion over time. (N) Schematic of the lateral airflow disturbance test of the OMSOS. (O) Dynamic response and autonomous recovery of

OMSOS under external disturbance. Scale bars: 1 cm. Data in (E) are presented as mean + SD, sample size n = 5.
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(Figure 2K), demonstrating the system’s durability and reliability
for long-term use.

Since the photothermal effect of CrO, is not wavelength-specific,
ubiquitous sunlight can effectively trigger the oscillation, greatly
enhancing the versatility of the self-oscillation system. We first
demonstrated continuous self-regulated oscillation using focused
simulated sunlight (Figure S13 and Movie S4). In the intensity
range from 0.063 to 0.6 mW/mm?, the oscillation amplitude
increases with higher sunlight intensity. However, when the light
intensity surpasses a certain threshold, for example, when using
1 mW/mm?, the amplitude begins to decrease due to overheating-
caused fluctuations. Notably, the self-oscillation system operates
effectively under a wide range of light incident angles (Figure
S14). This means that, when using natural sunlight as the heating
source, the system can operate over extended periods, as the
solar angle changes throughout the day, rather than at a fixed
time. We further demonstrated the utilization of focused natural
sunlight to power the self-oscillation motion (Figure 2L and
Movie S4), achieving an oscillation amplitude of 25.38° and
frequency of 3.53 Hz (Figure 2M). In contrast, unfocused light
illuminates the driving module constantly, though the light’s
incidental angle varies as the beam deflects, the heating effect
is not different enough so that only chaotic oscillation occurs
(Figure S15). Beyond sunlight-driven operation, the OMSOS
exhibits pronounced resistance to external perturbations, such as
strong lateral airflow (Figure 2N), and an ability to autonomously
recover stable motion (Figure 20), underscoring its potential
for reliable operation in complex and fluctuating environments.
Furthermore, when hygroscopic materials are used as functional
modules, the system still exhibits good tolerance to environmen-
tal humidity fluctuations and strong performance recoverability:
upon returning to the initial humidity level, the oscillatory
behavior is largely restored (Figure S16).

2.3 | Self-Oscillation Systems With Broad
Materials and Configurations

The modular design of the OMSOS system significantly broad-
ens the design space for material selection. To enable self-
oscillation across different material compositions, it is essential
that their stiffness—governed by Young’s modulus and geometric
dimensions—falls within an appropriate range, as shown in
Figure 2J for an exemplary cantilever system. This stiffness
window allows for the systematic determination of compatible
dimensional parameters for any given material system. Using the
stiffness boundary values identified in Figure 2J, we calculated
the range of geometric parameters (A, defined as bh’/4L?, see
Text 4, Supporting Information for details) capable of sustaining
continuous self-oscillations for materials with varying Young’s
moduli (Figure 3A). To validate these calculations, we selected
six representative body materials spanning seven orders of mag-
nitude in Young’s modulus as the deformation modules to con-
struct OMSOS systems. Experimental measurements confirmed
that all fabricated samples exhibited sustained self-oscillatory
motion (Figure S17 and Movie S5), in agreement with the
predictions.

In addition to material versatility, this system also enables flexible
configuration design and adaptive oscillatory modalities that

transcend the simple bending mode of conventional cantilever-
beam architectures. Using SF films as the core material for the
deforming module, we demonstrate a library of reconfigurable
self-oscillating systems capable of diverse architectures and mul-
timodal dynamics (Movie S6). First, we constructed an SF spring
architecture to generate vertical up-and-down self-oscillation
(Figure 3B), driven by a balanced extension-heat-demagnetize-
retraction-cool-extension cycle. Next, we suspended an SF disk
using an SF ribbon and integrated two 4-layered CrO,@SF
films at both ends of the diameter to enable a large-amplitude
rotational oscillation (Figure 3C). Additionally, we demonstrated
a pendulum-like setup where the interplay of magnetic and
gravitational forces induces a swinging motion (Figure 3D). The
configurational flexibility of OMSOS also enables synergistic
coupling of multiple motion modalities. For instance, a helical-
shaped SF ribbon allows both vertical stretching and horizontal
twisting oscillations (Figure 3E). In a different design, combining
an SF spring with two SF cantilevers produces coupled up-and-
down and bending oscillations (Figure 3F). Beyond continuous
self-oscillation, these modes can operate in intermittent regimes
(Figure S18), introducing an additional control dimension for
dynamic motion manipulation. A fundamental requirement for
sustaining self-oscillation across all modes is that the light spot
must remain smaller than the driving module’s displacement
range, ensuring the module can move away from the light during
oscillation. When satisfied with proper architectural designs,
diverse self-oscillation modes beyond those demonstrated in this
work become achievable.

2.4 | Self-sustained dynamic Optical Display and
Scanning Systems

Being capable of decoupling the deforming module from the driv-
ing module transforms the design paradigm for self-oscillating
systems, shifting from integrated monolithic systems to modular,
customizable (plug-and-play) component systems. This architec-
tural flexibility significantly expands the application scope of
OMSOS, enabling functionalities that are not equipped by exist-
ing self-oscillation systems. By integrating optical components
directly with the deforming modules, this framework allows
for the real-time reconfiguration of light-matter interactions,
providing a versatile platform for self-sustaining, dynamic optical
displays. To demonstrate this capability, we developed passive
dynamic structural color and holographic display devices through
precisely engineering the surface topography of a bending-
mode deforming module. The SF film was selected as the
deforming module due to its exceptional compatibility with nano-
imprinting techniques, allowing for high-precision fabrication
and integration of optical structures [40, 41].

Leveraging the angle-dependent optical response of grating struc-
tures, we demonstrated a dynamic structural-color-based display
using OMSOS. We imprinted two patterned diffractive gratings
with different periods on the two surfaces of an SF cantilever
(Figure 4A). Since gratings of different periods exhibit distinct
angle ranges for visualization [40], we could achieve reversible
pattern switching by optimizing the bending oscillation ampli-
tude according to the grating angles. As shown in Figure 4B, the
bending motion first caused a blue shift in the color of the “SILK”
pattern and then switched to show the “CrO,” pattern, which
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FIGURE 3 | Versatility of OMSOS in materials, configurations, and oscillation modes. (A) Material-dependent conditions for achieving continuous
self-oscillation. (I) Calculated A value as a function of Young’s modulus (blue-shaded area) and experimentally validated data points corresponding
to materials with different moduli that are capable of sustaining self-oscillations (points). (IT) Enlarged plot of the red box in (I). (B-F) Self-oscillation
systems with different configurations and modes: (B) an SF spring architecture for up-and-down oscillation, (C) An SF ribbon suspended from the center
of an SF disc for rotational oscillation, (D) A pendulum-like setup for swinging oscillation, (E) A helical-shaped SF ribbon for a complex oscillation that
combines up-and-down and twisting oscillations, (F) A SF spring combined with two SF cantilevers for a complex oscillation that combines bending
and up-and-down oscillations. (I-III, in B-F) Set-up (I), oscillation snapshot (II), and the corresponding trajectory analysis (III) of each configuration.
The NIR laser intensity is 20 mW/mm? for up-and-down and complex mode in (E), 51 mW/mm? for rotation mode, 15 mW/mm? for swing mode, and
25 mW/mm? for complex mode in (F). Scale bars: 1 cm.
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FIGURE 4 | Dynamic optical display systems. (A) The setup for the dynamic structural color display and a photograph of the corresponding device.
(B) Photo series of information switches in one oscillation cycle. NIR laser intensity is 22.5 mW/mm?. (C) The setup for a dynamic holographic display and
a photograph of the corresponding self-oscillating device. (D) Photo series showing the customizable switching between different combinations of DOE
diffraction patterns via laser intensity modulation. (E) Photographs showing the device for a holographic animation display. To mitigate irradiation-angle-
dependent effects on the diffraction pattern, the imprinted SF DOEs were mounted onto an SF cantilever at different angles (see Figure S20 for details).
(F) Photo series showing the bending motion over time during one oscillation cycle along with the corresponding holographic animation keyframes.
NIR laser intensity is 27.3 mW/mm?2. (G) Schematic of the wide-area camera scanning setup, in which a miniature camera is integrated onto the OMSOS
to achieve oscillatory scanning. (H) Photographs of the experimental setup (left) and a camera connected to a battery (right). (I) Trajectory analysis of the
oscillatory scanning system actuated by focused natural sunlight. (J) Photographs demonstrating real-time security monitoring of a restricted building
using the OMSOS-integrated scanning system. Scale bars: 1 cm (B,F,H-middle,H-right), 3 cm (H-left).
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similarly underwent a blue shift. During the return motion, this
optical transformation sequence is reversed (Movie S7).

The OMSOS also enables dynamic far-field holographic display
capabilities. To demonstrate this functionality, we fabricated
an array of diffractive optical elements (DOEs) directly on the
SF cantilever via nanoimprint lithography (Figure 4C). During
the self-regulated bending motion, a 523 nm laser (for display-
only) sequentially illuminated different DOE zones, projecting
time-multiplexed holographic images onto the screen below
(Figure 4D). The dynamic mechanical deformation enables
autonomous pattern switching without additional control inputs.
The frame rate of the display (patterns per oscillation cycle)
can be controlled by modulating the intensity of the NIR
heating laser, enabling adaptive holographic display without
system reconfiguration (Movie S8). Furthermore, self-looping
holographic animation playback can be achieved using this
approach by sequentially encoding stop-motion keyframes onto
the deforming module. As a proof-of-concept, we developed a
holographic animation system depicting a hummingbird feed-
ing from a flower, with each DOE encoding a discrete frame
of the animation (Figure 4E). During bending oscillation, the
system’s large and controllable amplitude, combined with its
optimal oscillation frequency, enabled high-quality reciprocal
animation playback with distinguishable keyframes and smooth
motion perception (Figure 4E, Movie S9). This mechanical
oscillation system establishes a new, low-cost strategy for cre-
ating persistent-of-vision displays through controlled structural
dynamics.

Beyond dynamic optical displays based on bending oscillations,
the rotational self-oscillation system offers further advantages. Its
inherent configurability—including on-demand reconfiguration
of deforming components and integration schemes—combined
with large-amplitude motion, makes it particularly suitable for
wide-angle optical scanning applications. In one such demon-
stration, a miniature camera was integrated into a self-oscillating
rotational system to realize a cost-effective, remotely controlled,
and wide-area visual scanning system. The self-oscillating system
is easy to set up: CrO,@silk films were welded to plastic
patches and mounted onto each leg of an eight-legged plastic
load platform with a miniature camera via a tenon-and-mortise
structure, which was then mounted on an elastic SF ribbon
(Figure 4G,H; Figure S19). The camera module is powered via a
Type-C interface (Figure 4H). Power is supplied through a 0.1-
mm-diameter enameled copper wire helically wrapped around
the central elastic strip, preserving the self-oscillating rotational
motion while ensuring a stable and continuous external power
supply. Despite the additional payload of the micro-camera (3.5 g),
large-amplitude oscillation is preserved by increasing the number
of driving modules to compensate for the added inertia. Under
focused sunlight illumination, the system maintains an oscilla-
tion amplitude of 165° (Figure 4I), thereby expanding the effective
surveillance coverage from 140° to 305° (Figure 4G). With this
setup, we constructed a security monitoring scenario (Figure 4J
and Movie S10), in which OMSOS-mounted cameras perform
continuous real-time surveillance around a restricted building.
Owing to the wide-angle oscillatory motion, the camera coverage
fully encloses the building perimeter, enabling comprehensive
tracking of moving objects and early identification of potential
security risks. Furthermore, the swinging oscillation mode of the

OMSOS can be utilized to construct a laser modulator by lever-
aging the laser as both the excitation source and the modulation
output, enabling autonomous, motion-encoded photo-thermal
modulation (Note S3).

2.5 | Self-Oscillating Electricity Generator

The OMSOS system can be reconfigured to apply for highly effi-
cient, sustained electrical energy harvesting. To demonstrate this
capability, we incorporated a commercially available piezoelectric
and pyroelectric PVDF membrane into the OMSOS system as the
deforming module. As illustrated in Figure 5A, the self-oscillation
generator was assembled by coating the PVDF membrane with
aluminum electrodes on both sides and moisture-welding a 4-
layer CrO,@SF patch to its tip. The generator was electrically
connected to aload resistor for energy conversion analysis (Figure
S21). Under bending oscillatory motion, the voltage output
is generated through both the piezoelectric effect induced by
dynamic strain variations across the entire PVDF cantilever and
the pyroelectric effect [42]. (Figure 5B) resulting from dynamic
temperature fluctuations localized at the cantilever’s tip. To assess
the performance, we compared the generated voltages from
continuous and intermittent self-oscillation modes (Figure 5C).
The intermittent mode exhibits significantly higher peak output
voltages (+10.5 and —12.3 V at 1 GQ load, Figure 5D) than the con-
tinuous mode (Figure S22). To maximize the electrical output, we
employed the intermittent self-oscillation mode for this energy
harvesting system. To decouple the contributions of piezoelectric
and pyroelectric effects, we replaced the welded connection with
a short SF filament, thermally isolating the magnetic/heating
module from the PVDF cantilever. This design ensures that the
measured peak output (+127 and —97 mV, Figure 5C; Figure
S23) stems solely from mechanical bending (piezoelectric effect).
Notably, this signal is three orders of magnitude lower than the
combined pyroelectric-piezoelectric output, demonstrating that
the pyroelectric effect dominates the overall electricity generation
in our system.

To elucidate the high-voltage generation mechanism during inter-
mittent self-oscillation, we systematically analyzed the interplay
between output voltage, bending angle, and temperature dynam-
ics. Our analysis reveals three distinct voltage generation stages
within each oscillation cycle, each corresponding to specific
variations in bending angle and temperature (Figure 5E). We
learned that the voltage generation is mainly contributed by the
heating/cooling pyroelectric effect. In pyroelectric systems, the
output voltage scales proportionally with the rate of temperature
change (dT/dt) [43]. In the maximum bending and static heating
stage (red shaded zone, first stage), a sharp temperature increase
generates a high positive (+) voltage, and it rises to a gradual
plateau as heating slows down; in the rebound and dynamic
cooling stage (dark blue shaded zone, second stage), the damped
oscillation enhances thermal convection, accelerating cooling of
the PVDF membrane and leading to a swift transition to negative
(=) voltage output; and in the static cooling stage (light blue
shaded zone, third stage), the slower, steady cooling rate results in
gradually stabilizing voltage output variations. Further analysis
reveals that intermittent self-oscillation achieves significantly
larger temperature gradients and faster temperature change
rates compared to continuous operation, thereby accounting

10 of 15

Advanced Materials, 2026

85U8017 SUOWILIOD BA a1 3edlidde aup Aq pausenob ase e YO ‘SN JO s3I 10} ARiqiT8UIIUO AB[IAA LO (SUONIPUOD-PUR-SLLIBIALIOD" A |IM A RIq U UO//SANY) SUORIPUOD pue swie | 8 88s *[9z202/20/e2] Uo ArigiTauliuo A8im ‘Aisieniun BuilueN Aq 8vE025202 eWPpe/Z00T 0T/10p/LL00" A3 IM"Aleiq Ul U0 peoueApe//:Sdny Woly papeojumod ‘0 ‘S605TZST



A | | B

808nm Laser

@
PVDF ) %
NS hyt
<

Cool ( )Heat

Driving
module

c 100 b 15 E <
1: Piezo-intermittent < 10]
2: Piezo-continuous 10- > 04 AT
10+ 3: Pyro-continuous S I
4: Pyro-intermittent < -10 90

[&)]
1

<
s S 4 e
[} ) h, W o 2
g 13 g 01 > A (L / (708
= = - / Q
8 S 54 % 301 50 £
0.1 - 5 20] g S
m -107 2 101y J—\‘w
- 5 0] 'W- i M
G T T T T ‘15 T T % T 1
1 2 3 4 0 20 40 60 m 0 5 15
Modes of generation Time (s)
F G
This work
Ref. 14 =
Ref. 34 [‘ . g
Ref. 44 24 mV N £
N S
Ref. 35 22.4mV \‘
.
Ref. 17 I
1 10 100 1k 10k 100k
Voltage (mV)
H |
3 .
Discharge
g 2 g UV LED OFF
N S 4
g [ | e
S s ,]
0 Light off Light on o UV LED ON
0 250 500 750 1000 0 50 100 150 200 250
Time (s) Time (s)

FIGURE 5 | Autonomous energy harvesting using self-sustained PVDF oscillators. (A) The setup and composition of the energy harvester. PVDF
membrane dimensions: 45 mm (length) X 4 mm (width) x 50 pm (thickness). (B) The pyroelectric mechanism of the PVDF membrane. Temperature
variations in PVDF induce a redistribution of internal charges, which creates a surface potential difference that generates measurable electrical signals
through an external circuit. (C) The comparison of the peak output voltage of different generation modes. (D) The voltage output of the OMSOS
generator with a 1 GQ load resistor in an intermittent bending self-oscillation mode (I = 55 mW/mm?). (E) The correlation among output voltage,
surface temperature, and bending angle in the PVDF energy harvester. The shaded zones indicate the bending and heating (red, first), rebound and
dynamic cooling (dark blue, second), and static cooling (light blue, third) stages, respectively. (F) Comparison of output voltages between bending-
mode self-oscillating energy-harvesting systems. (G) The stable voltage output over a 10 800-s test period. (H) Charging and discharging curves of the
tandem capacitor (4.7 uF), with insets showing an LED (working voltage: 1.8 V) illuminated during the capacitor discharge. (I) Photograph of an energy-
harvesting system with six energy-conversion units connected in series. (J) Charging and discharging curves of the tandem capacitor (4.7 uF), with insets
showing a UV LED (working voltage: 3.7 V) illuminated during the capacitor discharge. Scale bar: 2 cm. Data in (C) are presented as mean + SD, n =5.
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for its enhanced voltage generation performance (Figure S24).
Remarkably, its output voltage surpasses that of other bending-
mode self-oscillating energy-harvesting systems by at least two
orders of magnitude [14, 17, 34, 35, 44] (Figure 5F).

With its high peak output voltage, this self-oscillating electrical
generator generated an average output power of 54.7 nW and
cumulative output electric energy of 44.3 uJ in 1800 s (Figure S25).
In addition, the self-oscillating generator demonstrated excellent
operational stability, maintaining consistent performance with-
out significant degradation during continuous operation for over
3 h (Figure 5G). Notably, by directly replacing the NIR source
with sunlight, this system enables fully autonomous, zero-energy
operation through self-oscillation-assisted solar-thermal-electric
conversion. Under comparable incident light power densities, the
output voltage generated by sunlight-driven operation is compa-
rable to those obtained under laser excitation (Figure S26). The
harvested electrical energy can be efficiently rectified and stored
in a capacitor and subsequently used to power a light-emitting
diode (Figure 5H). What’s more, by connecting multiple energy-
conversion units in series (Figure 5I), the output voltage can be
further amplified (Figure S27). After energy storage, the harvested
electrical power is sufficient to drive LED with higher operating
voltage; for example, the system successfully powers a UV LED
with a nominal operating voltage of 3.7 V (Figure 5J). Together,
these results demonstrate the excellent scalability and practical
feasibility of the OMSOS-driven energy-harvesting system as a
self-sustained power-supply platform.

3 | Conclusion

In summary, we have developed a wirelessly activated, modu-
larly assembled self-oscillation system through the synergistic
application of unmodulated light and magnetic fields. By decou-
pling the active driving components and the passive deforming
components, this OMSOS system addresses key limitations of
current self-oscillation platforms, which require the deforma-
tion structures to be composed primarily or entirely of irre-
placeable active components. This modular design paradigm
unlocks unprecedented programmability in system composition,
geometric configuration, deformation modes, and functional
versatility. These capacities, along with wavelength-independent
light actuation, allow the OMSOS system to adapt to diverse
operational environments and application scenarios beyond the
presented prototype implementations. Additionally, the ability
to construct complex 3D configurations of the driving module
enables the generation of spatially coupled and highly intricate
oscillatory behaviors that are unattainable with conventional
designs. This optically-induced demagnetization strategy enables
precise microscale self-oscillation control and opens up new pos-
sibilities for seamless integration of micro-oscillators with various
advanced technological platforms, including IR metamaterials,
optical microcavities, sensor chips, and bioimaging devices.
Through strategic improvement of the driving module’s energy
conversion efficiency and rational optimization of the system
configuration, higher oscillation performance can be achieved
using excitation light sources of lower power, which will enable
more effective functional implementation and enhance overall
practical applicability. The outlined strategy bridges critical gaps
in current artificial self-oscillation systems and establishes a

versatile framework for developing novel dynamic, adaptive, and
intelligent systems that can leverage these automatic actuation
mechanisms for advanced applications.

4 | Experimental Section

4.1 | Preparation of Regenerated Silk Fibroin (SF)
Solution

SF was extracted from Bombyx mori silkworm cocoons. The
aqueous SF solution was prepared using the method described in
previous studies [45]. Briefly, silk cocoons were cut into smaller
pieces and boiled in a Na,COj; solution (0.02 M) for 30 min to
remove the sericin layer. Following drying at room temperature
for 2 days, the degummed SF fibers were dissolved in a LiBr
solution (9.3 M) at a silk-to-LiBr solution ratio of 20% wt/vol at
60°C for 4 h. After dialyzing against deionized water for 3 days
to remove the salt, and centrifuging at 11 000 rpm for 20 min
to eliminate impurities, the final silk fibroin aqueous solution
(~65 mg mL™, slightly varying from batch to batch) can be
obtained.

4.2 | Pretreatment of Chromium Dioxide (CrO,)

The method used to chemically passivate the as-received CrO,
powder (Aladdin, Shanghai, China) was adapted from a previous
study (39). CrO, powder was first ball-milled at 1500 rpm for 2 h
to achieve a smaller and more uniform particle size distribution.
CrO, particles (0.4 g) were suspended in ethanol (80 mL) for
5 min of ultrasonication, then ammonia (28% in water, 6 mL) was
added to the mixture. Under vigorous stirring (300 rpm), a TEOS-
ethanol solution (2% vol/vol, 20 mL) was slowly added dropwise
to the suspension and left to react for 3 h. Silica-coated CrO,
powder can be obtained after filtering the reacted suspension,
washing it with ethanol 3 times, and subsequently drying it in an
oven at 60°C

4.3 | Fabrication of CrO,@SF Films

After being sonicated for 10 min, the pretreated CrO,
power/water suspension (0.2 g mL™) was added into aqueous
SF solution, with a CrO, to SF mass ratio of 1:1. The well-mixed
CrO,/SF suspension was quickly cast onto a silicon wafer that
was pretreated by trichloro (1H, 1H, 2H, 2H perfluorooctyl)
silane. The freestanding CrO,@SF film was obtained after drying
in a closed chamber (25°C and 50% RH) for 24 h.

4.4 | Fabrication of the Driving Module

CrO,@SF film pieces (3.5 mm X 3.5 mm, unless otherwise
specified) were fabricated using a laser cutter (Speedy 100R,
Trotec Laser, Austria). A cut piece was sprayed with water mist
on its SF-enriched surface for 3 s, then rapidly pressed onto the
CrO,-enriched side of another piece and left to dry before release.
This procedure was repeated until four layers of CrO, @SF films
were welded together, forming the driving module.
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4.5 | Assembly of The Self-Oscillation Systems
4.5.1 | Bending Self-Oscillation

The driving module was exposed to water mist for 3 s, then quickly
pressed onto the tip of a designated cantilever beam (SF film or
PVDF), and released after drying.

4.5.2 | Up-and-Down Oscillation

SF strips (80 mm X 3.5 mm X 50 um) were cut and wrapped into
“snake-shaped” grooves made of polydimethylsiloxane (PDMS).
The assembled structure was placed in an environment of 45°C
and 100% RH for 1 min to absorb water and undergo plasti-
cization. Afterward, it was removed and dried under ambient
conditions (25% RH) for 2 h to form the SF spring architec-
ture. Finally, the CrO, driving module was welded to one end
using water vapor to construct the up-and-down self-oscillating
system.

4.5.3 | Rotational Oscillation

An SF disc (40 mm in diameter, 100 pm thick) was laser-cut,
with openings created at the center and both lateral ends. An SF
strip (20 cm X 1 mm X 30 um) was threaded through the central
opening, and an L-shaped SF film (3.5 mm X 5 mm) was used as
a welding patch to secure the strip to the disc. The notches at the
disc’s ends were inserted into a small driving module assembly,
which was pre-fabricated by welding the driving module to
a silk film (8 mm X 3.5 mm X 100 pm) featuring an end
notch.

4.54 | Swinging Oscillation

A lollipop-shaped SF film (disc diameter: 10 mm; rectangular
handle size: 10 mm X 5 mm; thickness: 100 um) and an SF strip
(50 mm x 5mm x 100 um) were prepared, each containing a notch
at one end. A driving module and a 1 mm-thick PMMA sheet
(0.3 g) with a matched size to the disc were symmetrically welded
to opposite sides of the disc. This assembled structure was then
connected to the SF strip via the notch. The complete assembly
was mounted onto a 1 mm-diameter metal shaft and positioned
within a U-shaped metal ring to construct the self-oscillating
system.

4.5.5 | Up-and-Down and Rotational Oscillations

An SF strip (80 mm X 3.5 mm X 50 um) was spiral-wound onto
a glass rod with a 5 mm diameter, and the pitch was adjusted
and fixed. The assembly was then plasticized via 45°C water
vapor fumigation for 1 min, removed, and dried under ambient
conditions for 2 h to form a stable spiral SF film. Finally, a driving
module was welded to one end of the spiral to construct the
self-oscillating system.

4.5.6 | Bending and up-and-Down Oscillations

An SF spring structure was prepared, and an SF strip
(3.5 mm X 50 mm X 50 ym) was welded to one end of the
spring structure, followed by the attachment of driving modules
to both ends of the strip. After water vapor treatment, the driving
modules were bent inward at 90° and secured to finalize the
self-oscillating system.

4.6 | Fabrication of DOE Devices

The DOE devices were fabricated by a laser direct writing system.
A glass substrate with a thickness of 3 mm was pre-cleaned and
spin-coated with a layer of positive photoresist (RJZ-390, RUI-
HONG Electronics Chemicals, China) at a thickness of 1 um. The
glass plate was then patterned by a homemade lithography system
(Miscan, SVG Optronics, China) at a speed of 40 mm?/min. The
glass plate was developed in NaOH solution (8%) for 30 s. Finally,
the glass plate was post-baked for 1 h. For mass production, the
surface relief nanostructures on the glass plate can be further
imprinted at low cost with high efficiency.

4.7 | Imprinting of SF Films

SF film patterning was performed using the previously reported
micro- and nanoimprinting method [40]. In brief, an SF film cut
into the desired shape was placed on a clean PDMS substrate,
covered with a PDMS mask containing the target macro pattern,
and exposed to water vapor at 45°C for 30 s. After stencil removal,
a grating (period: 600 or 1200 grooves/mm) or a DOE master was
immediately pressed onto the wetted film surface under constant
pressure. Once dried, the master was carefully removed, leaving
a replicated optical structure on the film surface.

4.8 | Characterization

The cross-sectional morphologies of the CrO,@SF films were
examined using a field-emission scanning electron microscope
(S-8100, Hitachi, Japan). The hysteresis loops of silica-coated
CrO, particles at 300 K were measured using a vibrating sampling
magnetometer (Physical Property Measurement System, PMMS-
9, Quantum Design, Inc., USA) under an external magnetic
field range of —30-30 kOe. During the M-T measurements, the
magnetic moment was measured from 200 to 400 K under an
external magnetic field of 5 kOe. The light source used to heat the
driving modules is an NIR (808 nm) continuous-wave laser (MDL-
H-808-5 W, Changchun New Industries Optoelectronics Tech. Co.
Ltd., China). The collimated laser beam was defocused using a
lens of 3 cm focal length to expand the beam diameter to 5 mm.
The total output power of the NIR laser was measured using an
optical power meter (PM100A, Thorlabs GmbH, Germany). The
temperature profile measurement or thermal image capturing
was performed by an IR camera (628C, Forric, China). Since
the temperature profile was not spatially uniform across the
sample, the maximum temperature was recorded. Photographs
were taken with a digital single-lens reflex camera (EOS 850D,
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Canon), and videos were taken at a framerate of 30 fps. The
trajectory of the oscillators was analyzed using Tracker (open-
source, version 6.1.3) to track the beam tip position in each frame,
from which the amplitude and frequency were determined. The
far-field diffraction information was extracted by propagating a
green laser (2802, deli, China) with a wavelength range of 500-
552 nm through the imprinted SF film. The output voltage of
the PVDF (Jinzhou KEXIN Electronic Material Co., Ltd., China)
self-oscillation generator was measured using an electrochemical
workstation (VSP-300, BioLogic, France) in adapted mode with a
sampling rate of 10 points per second.
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