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Acoustic shape-morphing micromachines

Received: 16 July 2025 Xiaoyu Su®'?%9, Lei Wang ® %°
Dazhao Zhu®, Zhijun Li®’

Binglu Wang ®8

, Zhaozhong Wang ® 3, Le Yang?, Mingjie Li°,
, Weizheng Yuan®"/ , Honglong Chang'’ ' &

Accepted: 19 January 2026

Published online: 02 February 2026

% Check for updates Shape-morphing mechanisms help organisms adapt to their environment and

have inspired applications in advanced systems. Designing microrobots that
are both miniaturized and capable of fast shape changes is challenging, as
performance can be weakened at small scales. Ultrasound offers advantages
such as fast response, repeatability, and programmability, making it suitable
for enabling shape-morphing microrobots. Here, we introduce an acoustic
micromachine composed of two microbubbles connected by a microhinge.
Acoustic-field excitation generates interaction forces between the bubbles,
enabling complete micromachine deformation within milliseconds. We also
present design principles for programmable acoustic deformation, enabling
both forward and inverse design, precise control, and information storage. By
tuning the excitation amplitude, the micromachine can switch between mul-
tiple modes. As proof of concept, microlotus and microbird structures are
demonstrated with controllable and stable performance.

Shape-morphing mechanism enables organisms to adapt to the envir-
onment, enhancing their chances of survival. For example, a pillbug
defends itself against external threats by rolling its body into a tight
sphere'. At the microscale, microorganisms achieve locomotion or
predation through dynamic shape changes; for example, the spasmo-
neme in Vorticella can contract within milliseconds’ (see Fig. 1a). Owing
to their excellent environmental sensitivity and adaptability, these cri-
tical morphing mechanisms are widely applied to various macroscopic-
scale systems, including robotic systems®*, wearable devices*®, medical
devices””, artificial muscles®", and materials science'. However, most
existing designs cannot maintain their superior shape-morphing char-
acteristics while miniaturizing the structures. These designs often
require tethered connections to external sources™", significantly lim-
iting their microscale applicability. Moreover, with increasing static
friction and adhesion forces, surface forces, such as van der Waals and
electrostatic forces, become predominant at the microscale. Conse-
quently, small-scale structures typically maintain rigidity, showing high
susceptibility toward fracture formation™", thereby rendering the
design of microscale variants highly challenging.

With rapid advancements in smart functional materials”, micro/
nano manufacturing technologies'®'’, precise manipulation®**, and
multiphysics driving strategies”, research on design frameworks
and methodologies rooted in microscale shape-morphing mechan-
isms has seen substantial progress. These designs leverage character-
istics, such as strong electrostatic adsorption, huge surface tension,
and high area-mass ratio, endowing microrobots with advantages
including high permeability, low immune rejection, and high local
efficiency. As a result, they demonstrate significant potential across a
range of fields, including biomedical engineering’®?, microfluidics®®,
and microactuation®-°. Besides, multiphysics field-driven methods are
designed and used to control small untethered robots by using various
stimuli, such as chemical gradients®*, light**, heat**™*, electric
fields*****", and magnetic fields**™". Although these designs address
the challenges associated with microscale effects, substantial limita-
tions exist. For example, pH-responsive hydrogel materials exhibit
limited sensitivity and slow response because they can only react
within a specific pH range. The choice of solvent can influence the
behavior and applications of a material, thereby constraining its
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Fig. 1| Morphing behavior of ASM. a Shape transformation occurs across different scales in nature, such as pillbug and vorticella. b Schematic of an untethered acoustic
micromachine and its high-speed, reversible shape transformation in an acoustic field. ¢ Schematic of a high-throughput ASM array.

potential utilization®’. Consequently, the application of pH-responsive
hydrogel deformation systems is limited for scenarios requiring rapid,
repeatable, and frequency-programmable deformations. Shape mem-
ory alloys or polymers are commonly used as temperature-responsive
deformable materials. However, their morphing mechanisms exhibit
long response times and are difficult to miniaturize™. Furthermore,
heating may be unsuitable or require stringent control in biological or
temperature-sensitive environments. Photoresponsive morphing
structures are constrained by environmental factors and photo-
responsive materials are active within a limited wavelength range.
Additionally, the scattering and reflection of light restrict the func-
tionality and repeatability of photoresponsive morphing
mechanisms®. Consequently, optically-actuated deformation systems
are well-suited for environments with ample illumination, but are less
applicable in scenarios that require actuation through opaque or
highly scattering materials. Although deformation structures driven by
electric and magnetic fields have attracted considerable attention™,
complex preprogramming, including predesigned magnetic
moments, multilayer structures, and multistep processes, are required
to produce micromachines compatible with such approaches. Fur-
thermore, scaling down may lead to the failure or significant dete-
rioration of the underlying physical mechanisms governing such
designs.

Ultrasound fields exhibit several properties, such as high pene-
tration, flexibility, low cost, and biocompatibility, and can generate
significant power. Acoustic actuation methods based on sharp edges
and microbubble-induced oscillations can generate intense local
pressure gradients and fluid flows®**. For instance, ultrasound-
activated artificial ciliary bands mimic biological cilia to generate
volumetric flow for cargo transport”, while bubble-based microrobots

demonstrate efficient propulsion through biological environments
with the ability to adhere to soft tissues’®. Despite exciting prospects,
the use of acoustics in transformable micromachines has received
minimal attention®. Controllable deformations at the microscale can
be generated in micromachines using acoustics technology. These
mechanisms can be miniaturized, remotely controlled, wirelessly
operated, and rapidly fabricated for rapid and reversible switching
within tens of milliseconds®’. However, this deformation mechanism
relies on differences in geometry and material stiffness, which makes it
slow and power-hungry. Moreover, it struggles to reconfigure complex
three-dimensional (3D) shapes or maintain stable deformation across
different states. Therefore, research on the mechanisms, driving
methods, and control techniques of acoustic micromachines is cur-
rently in the nascent stage, and a comprehensive theoretical frame-
work for such systems has not been reported.

In this study, we designed an acoustic shape-morphing micro-
machines (ASMs) (see Fig. 1b) that can alter their shape within 10 ms
under acoustic-field stimulation and rapidly return to their initial state
on acoustic-field removal. These micromachines comprise a pair of
identically sized microbubbles connected by flexible microhinges. On
acoustic field exposure, microbubble oscillation induces deformation
within milliseconds; the forces and torques required for this defor-
mation are generated by secondary acoustic radiation forces between
the microbubbles and the flow induced by their oscillations. This can
be continuously tuned by varying the exciting acoustic-field voltage.
Additionally, this study proposes a modular design approach for
deformable micromachines based on their rapid response, ultrafast
deformation, large deformation angles, and programmability proper-
ties. The motion of these machines can be predicted using Denavit-
Hartenberg (DH) parameters, which can explain 2D-to-2D and 2D-to-
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3D deformations. Subsequently, the potential of the proposed method
for 3D-to-3D deformation is analyzed. The results offer different design
paradigms for a wide range of applications at the microscale in various
fields, including soft robotics, flexible electronics, microfluidics, smart
materials, and adaptive optics.

Results

Design and Characterization of ASMs

Microbubbles are widely used as microscale acoustic tools. Compared
with other tools, such as sharp-edged structures®, microbubbles
exhibit frequency response characteristics under external acoustic-
field stimulation®®. Additionally, interaction forces exist between dif-
ferent microbubbles®. These mechanisms offer greater flexibility in
the design and characterization of microbubble-based micro-
machines, thereby enhancing their potential multifunctionality. Sup-
plementary Figs. S1 and S3 show the working schematic and fabrication
process of the ASM, respectively. Micromachines with hinges of
varying lengths, ranging from 4 to 16 um, width within the range of
0.5-3pum, and a uniform height of 57.5um in the Z-direction were
manufactured in this study. The deformable angle between the two
microbubbles ranged from 0° to 75°. Supplementary Fig. S7 shows the
rigid structure of the ASMs and Young’s modulus of their flexible
microhinges measured using an atomic force microscope (see Sup-
plementary Note 1 and Supplementary Fig. S7 for details). Detailed
information on the fabrication process is presented in the Materials
and Methods section.

The characterization of the manufactured ASMs was experimen-
tally investigated using a setup comprising an acoustic manipulation
region and a piezoelectric transducer (PZT) adjacent to a glass slide
(see Supplementary Fig. S2). The PZT was connected to a signal gen-
erator through an amplifier to produce an acoustic field with adjus-
table amplitude and frequency. The dynamic deformation of the ASMs
was observed using a microscope and camera. An acoustic field with a
voltage amplitude varying within the range of 0-60V and a working
frequency of 102-104 kHz, matching the resonance frequency of the
experimental setup, was applied during the analysis. Further experi-
mental details are provided in the Materials and Methods section.

A microbubble pair with identical diameters is a crucial compo-
nent of ASMs as it determines the deformation capability of the entire
device. When the acoustic field traverses the liquid medium and
reaches the micromachine, acoustic streaming effects occur between
the pair of microbubbles; secondary acoustic radiation forces induces
attraction between the bubbles. Simultaneously, the microhinges
contract, causing the two microbubbles to approach each other until
complete contact, as shown in Fig. 2a, b. The ASMs manufactured in
this study showed a fully folded shape within 5-10 ms, as indicated by
the experimental results (see Supplementary movie S1). This dynamic
deformation was controlled by the acoustic pressure; once the
acoustic field was turned off, the ASMs rapidly returned to its original
shape, as shown in Fig. 2¢, d. Through structural design, the defor-
mation in the XY-plane could be extended to the ZX-plane, as shown in
Fig. 2e. After deformation of the ASMs, their microscopic images
showed defocusing along the Z-axis, as illustrated in Fig. 2f, g. Notably,
this dynamic deformation is regulated by the excitation voltage of the
external acoustic field, which can be adjusted using a signal generator.
The Materials and Methods section provides a detailed characteriza-
tion of the acoustic pressure distribution generated by our setup, as
well as the operational lifetime of the microbubbles in the ASM.

To further understand the mechanisms underlying shape
morphing, the dynamic mechanisms of micromachines in an acoustic
field were investigated. According to bubble acoustics, acoustically
excited bubbles function as acoustic sources when they approach each
other®***, Because the distance between the bubbles is significantly
smaller than the wavelength of the ultrasound in the experimental
setup, the acoustic radiation force generated by the background

acoustic field can be assumed to not cause relative displacement
between the microbubbles. Therefore, the secondary forces acting on
the micromachine comprised the interaction forces between the
bubbles, resistance induced by acoustic streaming, and secondary
acoustic radiation forces. As identical bubbles produce the same
acoustic streaming, the interaction force between them is attractive,
causing the adjacent microbubbles to move closer to each other. The
total force acting on the microbubbles can be expressed as follows:

Fp=Fy+Fs+Fg @

where Fy, Fs, and Fr represent the acoustic radiation force, thrust from
the flow, and drag force exerted on a bubble by the flow generated by
the neighboring bubbles, respectively. As the distance between the
bubbles is comparable to the bubble size, which is significantly smaller
than the wavelength of sound waves, in this study, we assumed that Fp
did not depend on the distance between the microbubbles®. There-
fore, we have |Fg| = |Fs|. Given that acoustic streaming is a second-order
effect, its resulting thrust remains substantially smaller than the
secondary acoustic radiation force at low-to-moderate drive levels
with the microbubble approaching. According to the force balance
equation®*®®, the above equation can be rewritten as

Fp~Fy=BG )

_n 1
0 0

where G > 0O represents the attraction between the microbubbles. As
shown in the Fig. 2a, r; represents the radius of the identical micro-
bubble pairs, L denotes the distance between the microbubbles, wg is
the natural frequency of the microbubble pair, and w is the acoustic
excitation frequency. Moreover, 8o denotes their total damping con-
stants. B is a scalar related to the excitation amplitude and does not
change the sign of the force. Equation (3) indicates that the sign of the
interaction force between the identical microbubbles remains con-
stant, regardless of the changes in the acoustic excitation frequency.
Therefore, the identical microbubbles tend to attract each other.
However, the complex interaction forces between microbubbles of
different sizes can result in attraction or repulsion depending on the
acoustic excitation frequency. Details regarding to theoretical devel-
opment, verification, and simulations of the model are provided in
the Supplementary Information (see Supplementary Notes 2, 3 and
Supplementary Fig. S4).

An intriguing phenomenon was observed on investigating the
dynamics of the manufactured ASMs using high-magnification micro-
scopy. As the two microbubbles were driven by a variable-amplitude
acoustic field, the deformation amplitude of the micromachine chan-
ged with variations in the acoustic-field amplitude. The deformation
amplitude of the micromachine remained constant at a constant
acoustic-field amplitude. The introduction of tracer particles into the
liquid generates microvortices in the surrounding fluid, as illustrated
by the simulated streamlines in Supplementary Fig. S5, leading to rapid
oscillation of the microbubbles. As the distance between the two
microbubbles decreased, as per Equation (3), their interaction force
increased significantly. Consequently, the microbubbles progressively
attracted each other, inducing microhinge folding, resulting in a
nonlinear reduction in the angle between the two microbubbles, as
shown in Fig. 2h.

A series of experiments was conducted to optimize the micro-
hinge structure of the ASMs for efficient transformation by varying
their microhinge length, angle, and width. The deformation angle of
the micromachine was significantly influenced by the microhinge
width and length. At the microhinge length of 10 pm and an excitation
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Fig. 2 | Characterization and optimization of the fabricated shape-morphing
micromachine (ASM). a Schematic and design geometry of the ASM in the XY-
plane. The basic structure of the ASM comprised a pair of microbubbles of the same
diameter and a flexible microhinge connecting them. b Schematic of the ASM in the
XY-plane after deformation under acoustic field excitation. The two microbubbles
moved closer to each other, while the flexible microhinge showed bending.

c,d Optical images of the initial and deformed ASM in the XY-plane. e Schematic
and design geometry of an ASM in the ZX-plane. f,g Optical images of the initial and
deformed ASM in the ZX-plane. h Effect of the acoustic field excitation voltage on
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with a microhinge width of 1.5 wm and a excitation voltage of 60 V. Scale bars (for
both images), 50 pm.

voltage of 25V, a 25% reduction in the microhinge width (from 2 to
1.5 um) resulted in a 445% increase (from 11° to 60°) in the maximum
deformable angle, as shown in the Fig. 2i, possibly owing to a reduction
in stiffness. Similarly, at the microhinge width of 1.5 um, an increase of
33% in the microhinge length (from 6 to 8 pm) led to a substantial 100%
increase (from 30° to 60°) in the maximum deformable angle. For

microhinge lengths below 10 pum, the acoustic radiation force domi-
nated the total force. The secondary acoustic radiation force reduces
markedly with increased inter-microbubble distance. Under our
experimental conditions, its attenuation upon microbubble separation
le thereby the streaming-induced thrust to become predominant.
Consequently, when the microhinge length exceeded 10 um, the
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magnitude of the acoustic radiation force decreased, and the thrust
from the fluid became dominant, causing the sign of the total force to
switch, resulting in the microbubbles beginning to repel each other, as
shown in Fig. 2k.

Notably, the excitation voltage required for complete deforma-
tion increased with an increase in the initial ASM angle, as shown in
Fig. 2j. The micromachine deformation time was investigated at dif-
ferent widths and excitation voltages. Upon only varying the external
excitation voltage, the micromachine required 50-60 ms to deform
completely. On full deformation, the deformation time decreased
significantly with increasing excitation voltage; rapid deformation
(8 ms) occurred at 60 V. Thin and long microhinges showed relatively
low stiffness, and soft hinges generated greater acoustic forces, lead-
ing to more pronounced deformation. Moreover, by adjusting the
laser intensity, the degree of microhinge cross-linking could be con-
trolled by selectively enhancing the stiffness differential between the
rigid link and soft hinge. These varied options for stiffness modulation
provide exciting possibilities for designing and programming trans-
formable micromachines and microrobots.

Design and Encoding of 2D ASMs

Unlike traditional 3D printing, shape-morphing micromachines should
address complex forward and inverse design problems, making the
model design crucial for precise experimentation. Considering the
degrees of freedom and programmability of the ultrasonic deforma-
tion module, a modular design approach was used to analyze the
forward and inverse kinematics of the target structure by defining the
DH parameters associated with the deformation, which adhere to the
principle of superposition. Any complex transformation can be
described using only these four physical parameters in a closed-form
analytical manner®.

[TI=XY1lIZIXYZ5] - - XY p]iZ,] “@)

Here, T denotes the transformation positioning the terminal link
of the final building module. This transformation allows the frame
structure to undergo curved motion around a defined axis.

[XY{1=Trans,, (R, )Trans, (d)Rot,, (6, )Rot,, (&) )
[Z;]=Trans, (d;)Rot, (6,) (6)

where d;, a;, R;, 6; represent the DH parameters. In combination with
the micromachine units described above, the DH parameters can be
used to define the morphology planning principles of the modular
system, as shown in Fig. 3a-i. Figure 3a-e shows the simulated rota-
tional motion of micromachine units encoded using 6;. These micro-
units were rigidly connected to each other to avoid inter-unit
deformation interactions and ensure the validity of the superposition
principle. The rotation angle of the microunits rotating around the Z-
axis, determined by 6, , can be adjusted by tuning the exposure dose
during the manufacturing process. Figure 3f, g indicate that the radius
of rotation, R;, can be changed by connecting deformed microunits to
the fixed microunits. Figure 3h shows the microunit offset along the
Z-axis (d;), which was used to construct the deformed morphology,
and Fig. 3i shows that a coordinate system can be reconstructed by
rotating the microcell in the XY-plane (a;). Together, these four DH
parameters can be used to formulate the morphological planning rules
for the modularized system. The details regarding the theoretical
development, validation, and simulations of the model are provided in
the Supplementary Information (see Supplementary Fig. S11, Supple-
mentary Tables S1, and S2, respectively).

According to the aforementioned rules, any 2D shape can be
converted into a finite number of ASM modules. Here, the DH

parameters were derived from inverse kinematics, and switching rules
were constructed between the target and initial morphologies
according to Equation (4), as shown in Fig. 4a. Figure 4d shows the
details of the structure. Considering the deformation designs of the
chain and wave to be the target and initial morphology, respectively, 6;
is the only variable parameter in the morphing design. Figure 4b, c
show the experimental results of the chain-to-arc conversion (see
Supplementary movie S2). Under the excitation voltage of 23 V, the
chain structure folded sequentially, and the deformation of the four
modules produced a deformation effect of up to 233°; complete
folding and release occurred within 2003 and 742 ms, respectively, as
shown in Fig. 4e. In the subsequent experiments, prior to the com-
pletion of folding, the response time increased with increasing voltage.
When the excitation voltage exceeded the critical voltage of 23V, at
which full folding occurs, the time required for full folding gradually
decreased with increasing voltage, finally requiring only 95ms for a
complete chain-to-arc deformation at the excitation voltage of 50 V.
Additionally, Fig. 4f, i show transformations from chains to rolls,
honeycombs, ‘S’s, and waves (see Supplementary movies S3-S6),
confirming the versatility and generality of the proposed design
approach.

Notably, multimodule micromachines that can store information
can comprise modular unit assemblies (see Fig. 5). Multiple tailored
configurations can be developed by encoding target traits according
to the reverse-design method. Therefore, different information edits
were implemented on the chain structure to enable the ASM to store
the corresponding information. Here, the letters were encoded ‘N’, ‘W’,
‘P’, and ‘U’ (representing Northwestern Polytechnical University) in the
chained 2D-ASM, as shown in Fig. 5a. The deformation process of each
letter, which is the driving region of the deformed structure that gra-
dually bends to the pre-edited position under the action of an exter-
nally stimulated acoustic field, was subsequently characterized, as
shown in Fig. 5b—e and Supplementary movie S7. Thus, the ASM con-
cept of information coding allows the creation of complex shape-
coding systems with customized 2D transformations by tuning the
design and layout of the deforming microunits.

Complex 3D-ASM

Blooming microlotus. To analyze the applicability of acoustic ASM
technology, complex configurations of ASM in 3D space (labeled 3D-
ASM) were investigated. In the aforementioned deformable micro-
modules, the interaction forces between bubbles under varying
acoustic-field intensities enable them to maintain a stable state in any
deformed configuration. Here, the deformation direction of the
micromodules was adjusted to extend the deformation degrees of
freedom along the Z-axis to design an acoustically driven microlotus
inspired by the blooming of natural lotus flowers (see Fig. 6a). To
address the constraints between structures, the flower comprised four
petals connected to the center by ASM micromodules (see Fig. 6b).
The driving force for structural deformation comprised interaction
forces between a pair of identical acoustic-field-activated micro-
bubbles. The deformation direction of the micromodules was config-
ured to be along the Z-axis, resulting in a maximum deformation angle
of 60° (see Supplementary movie S8). The deformation process was
assessed in chronological order using one flower petal at a time. Unlike
other deformation methods, such as those involving pH”, thermal®
and photonic stimuli**, the deformation of the microlotus designed in
this study could be halted at any moment and maintained in its current
configuration by fixing the excitation voltage. On removing the ultra-
sonic excitation signal, the flowers rapidly returned to their initial state
(see Supplementary Fig. S6). At the same time, the deformed micro-
lotus could resist the external interference. On exposing the deformed
microlotus to significant disturbances using a microprobe, the shape
of the flower was restored within A few milliseconds (see Supple-
mentary Note 5 and Supplementary Fig. S8). This deformation method,
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Fig. 3 | Design principles and rules for shape-morphing micromachine (ASM)
modular systems. a-e Rotational deformation induced by the morphing of the
ASM. Each ASM can be viewed as a combination of a rotational joint and a rigid bar,
resembling a robotic arm. f~i Schematic of rotational movements with controlled

amplitude and orientation enabled by the assembly of various preprogrammed
ASMs. a-i Schematics showing the implementation of the four DH parameters d, a,
R, and 6 are implemented in our modular ASM.

which enabled the rapid opening and closing of the flower while
maintaining its current state at any moment, could enable the precise
3D microscale-manipulation of microparticles, cells, or microrobots.
We demonstrates a micromanipulation task where the magnetic cargo
is delivered along a fixed track to a target location by the microlotus.
The cargo is released upon the cessation of the acoustic excitation, as
shown in Supplementary Fig. S15.

Figure 6¢ shows that the deformation time of the microlotus
gradually decreased with increasing voltage. Under an external
acoustic-field activation voltage of 30 V and frequency of 103 kHz, a
maximum time of 621 ms was required for complete structural

deformation (from the ‘bloom’ state to the ‘bud’ state). The resultant
net force and net torque caused the micromachines to undergo
transformation with a negative Poisson’s ratio of approximately -1
(refer to Supplementary Note 4 and Supplementary Figs. S9 and S10
for calculation method and results). The time required for complete
deformation decreased with increasing excitation voltage. At the
acoustic-field activation voltage of 50 V, complete structural defor-
mation occurred within 138 ms, resulting in a 77.8% reduction in
response time as compared with that at the excitation voltage of 30 V.
Figure 6e shows the optical images of the microlotus deformation
process at the excitation voltage and frequency of 40 V and 103 kHz,
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into an arc under sound field excitation, and the maximum time required for the
ASM to complete the full deformation is 2003 ms. ¢ After stopping the acoustic
field excitation, the arc structure returned to the chain structure after 742 ms.

d SEM images of the ASM. e Relationship between ASM deformation time and angle
and sound field excitation voltage.f-i Optical images of the assembled morphing
ASM encoded with different DH parameters. Scale bar (for both images), 100 pm.

respectively. Projection curves of the microlotus in the XY-plane at
different deformation angles were used to correlate the optical images
of the system with the degree of deformation (see Fig. 6d).

During the bubble’s stable period, we cyclically actuated the
microlotus at 103 kHz using sinusoidal voltages from 25 to 50 V. One
cycle was defined as a full petal deformation and relaxation. By mea-
suring cycle time and total bubble lifetime (see Supplementary

Fig. S16), we estimated the maximal actuation cycles for each voltage.
At 25V, 545 cycles were possible before bubble shrinkage began. At
35V, the actuation was faster, yielding 1403 cycles, though shrinkage
accelerated slightly under stronger drive. At 50V, despite larger
deformation amplitude, the total lifetime dropped and the cycle count
fell to 1136. These results reveal a trade-off: higher voltages yield faster
and greater deformation but shorten microbubble longevity.
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b

Fig. 5 | Encoding letters of the alphabet into ASM. a Conceptual design of ASM  applied. b-e Schematics and corresponding optical microscope images of the
with a chain structure that can be encoded to transform into letters "N', "W', °P', fabricated micromachines encoded for "N', "W', "P', and ~U' shape morphing. The
and “U'. Each module in the schematic can be coded independently and the corresponding voltage of the excitation sound field is 30 V. Scale bar (for both the
deformation angle can be selected independently. As a result, the characteristic images), 200 pm.

positions of the chain structure will be deformed or fixed when acoustic field is
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Fig. 6 | 3D microlotus with reversible transformation and infinite-mode.

a Shape-morphing occurs in nature represented by a microlotus. b Schematic of an
untethered acoustic micromachine and its high-speed, reversible shape transfor-

mation in an acoustic field. ¢ Effect of the acoustic field excitation voltage on the
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microlotus deformation angle and time of the microlotus. d Projection curves for
the microlotus on the XY-plane for different deformation angles. e Microlotus
constructed from the ~bloom state' folds into the “budding state’ at the acoustic
field excitation voltage of 40 V. Scale bar (for both the images), 100 pwm.

Multiflight-mode microbird. Varying the deformation direction can
result in advanced deformation behaviors, and the deformation
amplitude can be tuned by adjusting the maximum deformation angle
between the microbubbles within the ASM. Figure 7c shows two ASM

units with different deformation directions oriented along the Z-axis
while being distributed at different orientations in the XY-plane.
Arbitrary deformation poses were assigned to each component by
adjusting the deformation direction and amplitude of each ASM. As a
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Hovering

Fig. 7 | Origami-like microbird with multiple shape-morphing modes. a Multiple
flying postures of birds in nature. b SEM image of the microbird. ¢ Schematic of the
morphing behaviors of the 3D ASM when actuated using an applied acoustic field.
d Schematic (left) and optical images (right) of the microbird mimicking four flying
modes: “flapping’, “taking off', “turning', and “hovering'. From left to right in each
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row: schematic of a flat microbird with each direction of morphing in the 3D ASM;
schematic showing the folding of the microbird under the acoustic field, and the
optical microscope images of the experimental demonstrations. For each flying
mode, the three optical images show the shape-morphing under an acoustic field
with different intensities. Scale bar (for both the images), 50 um.

proof-of-concept, an origami-type microbird was designed in this
study to mimic the different flight modes of real birds (see Fig. 7a) by
specifically arranging ASMs on the five body parts of the microbird
(i.e., the head, body, tail, and a pair of wings). The corresponding

electron microscopy image is shown in Fig. 7b. Two possible defor-
mation directions and one stationary state existed at the wings or
joints of the microbird. Editing the configurations of the ASMs on
different parts of the microbird resulted in four distinct morphological
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changes, namely, ‘flapping,” ‘taking off,” ‘turning,” and ‘hovering’ (see
Fig. 7d and Supplementary movie S9). The microbird showed var-
ious deformation behaviors: in the ‘flapping’ mode, both the wings
folded simultaneously in phase and in the same direction; in the
‘taking off mode, the head and tail rose, while the wings folded
downward; in the ‘turning’ mode, the wings folded in different
directions; and in the ‘hovering’ mode, only the tail folded relative to
the body. Thus, the ASM can be used as a foundational structural
module to design a wide range of microdeformable micromachines
with diverse structural configurations, geometric dimensions, and
deformation directions.

Discussion

Acoustically deformable micromachines, particularly those that utilize
materials with varying stiffness, remain largely underexplored. This
study reports an ASM based on the interaction forces between
microbubbles connected by flexible microhinges that enable shape
changes within milliseconds and rapidly return to their original state
upon acoustic-field cessation. Simulations and theoretical analyses
were used to validate this shape-transformation mechanism. Addi-
tionally, to address the forward and inverse problems of complex
deformable structures and explore information storage, a 2D pro-
grammable design method for ASM-based micromodules is proposed
in this study. The proposed device shows excellent reliability, stability,
and flexibility in complex 3D-to-3D shape-morphing micromachines,
such as blooming microlotus and microbirds with multiple flight
modes, which are capable of withstanding external disturbances under
various amplitudes of acoustic-field excitation and can be designed for
specific purposes.

In microfluidics, integrating micromachines into microchip plat-
forms can facilitate their application in drug delivery, object loading,
and controlled screening. In metamaterials, complex arrays of
deformable microstructures can be designed for optical steering,
acoustic guidance, and energy amplification. In microrobotics,
acoustically deformable micromachines can provide a design para-
digm for acoustic microrobots, enhancing their maneuverability and
environmental adaptability through functionalities, such as precise
motion and navigation. In flexible electronic devices, deformable
micromachines can facilitate enhanced interactions, information
transmission, and functional development. Furthermore, in the near
future, owing to the high compatibility of acoustic fields with biolo-
gical tissues, these micromachines may be applied in blood vessels and
the gastrointestinal tract in biomedicine.

Our study indicates that controllable ASMs hold great potential for
application across multiple fields. However, they still face certain lim-
itations, such as inaccuracy of output force and difficulty of program-
mable self-assembly. While our current design enables micromachines to
switch between different shapes and modes, we aim to combine ultra-
sound and magnetic fields in the future to facilitate the motion and
navigation of micromachines. Furthermore, we will focus on the auto-
mation and control aspects of ASMs, with plans to develop an ASM
incorporating a mixture of microbubbles of different sizes. As micro-
bubbles of varying sizes have distinct resonant frequencies, they can
selectively activate the micromachines. In the future, we will also inves-
tigate the interactions of multiple ASMs under ultrasound stimulation.

Methods

Preparations of Materials

Acrylic ester (AAm, 99%), N-isopropylacrylamide (NIPAAm, 98%), ethyl
lactate (EL, 98%), polyvinylpyrrolidone (PVP, average molecular
weight, 1,300,000), N,N-dimethylformamide (DMF, 99.5%), 4,4 -bis(-
diethylamino)benzophenone  (EMK, 97%), Dipentaerythritol
pentaacrylate (DPEPA, 98%), and triethanolamine (TEA, 99%) were
purchased from Aladdin Chemicals. All chemicals were used directly as
received.

Preparation of hydrogel precursor

In a typical procedure, NIPAAm and AAm were added to EL solution
and stirred vigorously for 30 min. PVP was added to adjust the pho-
toresist viscosity to Adjust the density of the cross-linked network in
the material after polymerization. After complete dissolution, the
above solution, DPEPA cross-linker, TEA photosensitizer, and the EMK/
DMF photoinitiator solution were mixed and stirred overnight to
ensure the complete mixing of each component in the solution. Once
made, the photoresist was stored in yellow light condition to prevent
unnecessary exposure before use.

In this study, NIPAAm served as a copolymeric component within
the hydrogel network rather than as a thermoresponsive actuator. All
experiments were conducted at room temperature (22 °C + 3°C), well
below the hydrogel's lower critical solution temperature (LCST)
(-32°C). Moreover, copolymerization with non-thermosensitive
monomers (e.g., AAm) further elevates the LCST, ensuring no phase
transition or change in hydrophilicity. Consequently, the material
exhibits stable mechanical properties without temperature-induced
deformation.

Fabrication of micromachine

Micromachine were fabricated by two-step sequential printing, using a
commercial two-photon direct laser writing system (MPD-PPI, YZQ
instruments). 3D models were built using the AutoCAD software and
exported as STL format files. The STL files were converted into General
Writing Language by the slicing software and loaded into the fabrica-
tion software for printing.

Before the first printing, the borosilicate glass square substrate
(22 x 22 mm, 0.13 to 0.17 mm thick; Thermo Fisher Scientific Inc.) was
rinsed using isopropanol, followed by nitrogen purging and oxygen
plasma treatment, to serve as the printing substrate. To make certain
printed microstructure pinned to the borosilicate glass, the substrate
must be cleaned and locally surface-treated so the printed polymer
forms a strong attachment.

Subsequently, a drop of IP-L resist was placed on the center of the
substrate using a pipette, which was printed with a commercially
available 3D laser lithography system (MPD-PPI, YZQ instruments) with
a 60x/1.42 oil immersion objective (Olympus). During the first printing,
the laser power (40 mW) and scanning speed ("8000 pum/s”) were set
to cross-link the IP-L resist. After the first printing, the sample was
immersed separately in SU-8 developer and IPA for 8 min and 5 min,
respectively, for development, and then dried under nitrogen.

The IP-L resist was dropped on the existing structure on the glass
substrate, which was placed back in the DLW system in the same
position as the first printing. Before the second printing, the center of
the printing stage was adjusted with the fabrication software through
the integrated camera in the printing system to align with the existing
structure. During the second printing, the laser power (40 mW) and
scanning speed ("4000 pumy/s”) were set to cross-link the hydrogel. The
laser power and scanning speed were modulated dynamically to
achieve desired stiffness and hardness. After the second printing, the
sample was developed in IPA two times for 8 minutes and then dried
under nitrogen. After the second fabrication, the flexible part and the
rigid part are connected together.

Acoustic device

The acoustic system is established on a glass slide of 75mm*25
mm*1 mm, where the transducer (Murata) is connected to the epoxy
resin (Devocon). Once the microchannels and other microstructures
are fabricated and cleaned on the acoustic device (IPA, Aladdin), they
are transferred to the microscope stage. Upon immersion of the device
into deionized water, small air pockets were naturally trapped within
the microcavities due to incomplete wetting of the hydrophobic cavity
surfaces. The cavity geometry (diameter = 50 um) and high contact
angle prevented full liquid infiltration, resulting in air entrapment. The

Nature Communications | (2026)17:2238


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68856-9

trapped air was stabilized by surface tension pinning at the cavity rim,
leading to the formation of persistent microbubbles within the device.
Localized stiction of the movable structures was then overcome using
a micromanipulator equipped with a metallic probe, which carefully
released them without disturbing adjacent features. Then, the piezo-
electric transducer is connected to the signal generator through an
amplifier (ATA-2032 High Voltage Amplifier, Aigtek), with the purpose
of generating a tunable frequency sound field in the liquid. The entire
device is mounted under a microscope (CM4000, HangZhou BoNa
Optoelectronics Co., Ltd.).

The transducer and acoustic chamber were securely mounted on
a glass slide, with their position and orientation relative to the work
area remaining unchanged throughout the experimental process. The
design and calibration of the integrated acoustic chamber-transducer
assembly were aimed at ensuring a reproducible and Uniform acoustic
field. Furthermore, the experimental setup remained unaltered
between trials, thereby maintaining a spatially homogeneous acoustic
field. The specific positional relationship is illustrated in the Supple-
mentary Fig. S14a. Acoustic field simulations under this configuration
were also performed, as shown in the Supplementary Fig. S14b. It can
be observed that when the printed structure is positioned at the center
of the acoustic chamber—a condition readily achievable in two-photon
direct laser writing fabrication—it is subjected to a uniform acoustic
field under 103 kHz ultrasound excitation.

We characterized the microbubble lifetime in deionized water and
PBS buffer, as shown in Supplementary Fig. S13. It was observed that in
the absence of ultrasonic excitation, the microbubble maintained its
volume without change for 25 min in deionized water. Under ultra-
sonic excitation at 25V (exceeding the minimum actuation voltage for
complete deformation of the ASM), the operational duration of the
microbubble decreased to 8 min, as shown in Fig. S13a. Using PBS
buffer as the liquid medium can increase the lifetime of the micro-
bubble. Without ultrasonic excitation, the microbubble maintained a
constant volume for 64 min, representing a 156% increase compared to
its lifetime in deionized water. Under 25 V ultrasonic excitation, the
working time reached 29 min, a 263% increase over that in deionized
water, as presented in Fig. S13b. Thus, through experimental config-
uration, sufficient operational time for the ASM can be secured, during
which the microbubble volume remains constant. Under our experi-
mental conditions, this ensures that the ASMs maintain in-phase
vibrations and ultimately undergo mutual attraction under ultrasonic
excitation.

Imaging and data analysis

Experiments were conducted on a microscope (CM4000, HangZhou
BoNa Optoelectronics Co., Ltd.). The microscope was equipped with a
camera and the recorded frequencies were analyzed using software.
Recording frame rates range from 50 to1000 frames per second (fps).
Recorded footage is analyzed in ImageJ.

Numerical Simulation

The interaction forces between microbubbles were analyzed and cal-
culated using commercial software MATLAB. The numerical simula-
tion reported in this work was performed using the commercial
multiphysics finite element software COMSOL. Two-dimensional
simulations were conducted using triangular elements, while three-
dimensional simulations were conducted using tetrahedral elements
to simplify the meshing process. We assumed the acoustic field to be a
linearized first-order field of the Navier-Stokes equations, and the
acoustic flow field to be a time-averaged second-order field describing
system disturbances. We used P; — P, composite elements to measure
pressure and velocity, where P; and P, represent triangular elements
with 1st and 2nd order Lagrange polynomials, respectively. Direct
solvers were employed for both first and second-order equation sys-
tems to obtain solutions.

Data availability

The authors declare that the main data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion. Extra data are available from the corresponding authors upon
request. Source data are provided with this paper.
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