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Joint subarray acoustic tweezers enable
controllable cell translation, rotation, and
deformation

Liang Shen1,2, Zhenhua Tian 2 , Kaichun Yang1, Joseph Rich3, Jianping Xia 1,
Neil Upreti 1, Jinxin Zhang1, Chuyi Chen1, Nanjing Hao 1, Zhichao Pei1 &
Tony Jun Huang 1

Contactless microscale tweezers are highly effective tools for manipulating,
patterning, and assembling bioparticles. However, current tweezers are lim-
ited in their ability to comprehensivelymanipulate bioparticles, providing only
partial control over the six fundamentalmotions (three translational and three
rotational motions). This study presents a joint subarray acoustic tweezers
platform that leverages acoustic radiation force and viscous torque to control
the six fundamental motions of single bioparticles. This breakthrough is sig-
nificant as our manipulation mechanism allows for controlling the three
translational and three rotational motions of single cells, as well as enabling
complex manipulation that combines controlled translational and rotational
motions. Moreover, our tweezers can gradually increase the load on an
acoustically trapped cell to achieve controllable cell deformation critical for
characterizing cell mechanical properties. Furthermore, our platform allows
for three-dimensional (3D) imaging of bioparticles without using complex
confocal microscopy by rotating bioparticles with acoustic tweezers and tak-
ing images of each orientation using a standard microscope. With these cap-
abilities, we anticipate the JSAT platform to play a pivotal role in various
applications, including 3D imaging, tissue engineering, disease diagnostics,
and drug testing.

Precise single-cell manipulation, encompassing translation1,2,
rotation3, and deformation4,5, is essential for cellular biology, bio-
physics, andbiomedical engineering. The ability to translate living cells
in a contact-free manner significantly enhances the capabilities of tis-
sue engineering technologies to produce biomimetic tissues for
numerous applications in regenerative medicine, and disease
modeling2. Moreover, controllable rotational manipulation enables
high-resolution 3D reconstruction of cells3,6, and small organisms7,
thereby unveiling hidden details pertaining to cellular structure and
organization. This ability has proven valuable in various areas,

including cell profiling, disease diagnostics, and drug screening3. Fur-
thermore, the ability to gradually deform a cell allows for the char-
acterization of cell mechanical properties, particularly those sensitive
to changes in cytoskeletal and nuclear components, offering a label-
freemethod for evaluating these alterations5. This ability is also critical
for mechanical phenotyping, cell classification, and the tracking of
cellular metabolic dynamics8–10 with wide-ranging applications in bio-
physics and biology11–16.

Although various techniques have been developed to precisely
manipulate cells, including optical tweezers17–20, optoelectronic
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tweezers21, magnetic tweezers22,23, acoustic tweezers24–29, acousto-
dielectric tweezers30, dielectrophoresis31–33, electrorotation3, and
high-speed hydrodynamic flow14, the ability to manipulate cells with
complete control over all six fundamental motions remained a for-
midable challenge. Optical tweezers have gained popularity as a
technique for manipulating micro/nano-particles18; however, they
require complex equipment and precise alignment of optical compo-
nents while also introducing the risk of laser-induced heating thatmay
cause physiological damage to bioparticles. Optoelectronic tweezers
offer the advantage of dynamically trapping cells with less power than
traditional optical methods21. However, they fall short when attempt-
ing to achieve in-plane cell rotation and deformation. Moreover, their
usages are limited by the requirement of high ionic concentration
environments due to ionic shielding and Joule heating21. Magnetic
tweezers are constrained by the complexity involved in embedding or
attaching magnetic nanoparticles to cells, which may lead to cell
damage34. While dielectrophoresis33, electrorotation3, and high-speed
hydrodynamic manipulation14,35 can accomplish cell translation, rota-
tion, or deformation, respectively, noneof these techniques possess all
of the aforementioned functions. In addition, they lack the ability to
achieve and control all six fundamental motions.

In recent years, acoustofluidics has emerged as a promising
contact-free strategy for cell manipulation, offering the advantages of
label-free operation and excellent biocompatibility36–43. With these
features, acoustofluidic technologies have found numerous applica-
tions in bioparticle separation44–49, exosome enrichment50–52, and cell
patterning53–55, amongothers56–62. These applications typically leverage
the acoustic radiation force that results from bioparticle-induced
acoustic field changes63–67, as well as the acoustic streaming that stems
fromacoustic energy dissipation in fluids68–70. Acoustic tweezers based
on orthogonally arranged two pairs of transducers with phase and
amplitude modulation capabilities enable 3D translation of single
cells2. For rotational object manipulation, an early study by Busse and
Wang presented a theoretical framework to predict the torque
induced by orthogonal acoustic waves71. To achieve both translational
and rotational manipulation of acoustically trapped objects, Marzo
and Drinkwater developed holographic acoustic tweezers, leveraging
an array of transducers to generate airborne acoustic waves and
reshape the acoustic energy field to versatile patterns72. However, as
this method uses airborne acoustic waves, it is limited tomanipulating
objects in the air72. In addition to translational and rotational object
manipulation, bulk acoustic wave- and streaming-based approaches
have been developed to deform cells6,15,73–76. Given the successes of
previous studies, in the context of single-cell manipulation using sur-
face acoustic waves (SAWs), no SAW device achieves the three critical
cell manipulation functions: controllable translation, rotation, and
deformation of cells. Moreover, few studies investigate the mechan-
isms to achieve complex manipulation that combines controlled
translation and rotation of single cells.

This study presents an acoustic tweezer platform, termed the
joint subarray acoustic tweezers (JSAT) system, which allows for con-
trolling the six fundamental (three translational and three rotational)
motions of single cells, achieving complex motions with controlled
translation and rotation, and deforming an acoustically trapped cell,
by leveraging SAW-induced radiation force and acoustic streaming
vortex-induced shear force. By tuning the phases and amplitudes of
orthogonal standing SAWs at low frequencies, the JSAT system traps
cells and controls the trapped cell’s three translationalmotions (i.e.,ux,
uy, anduz). To control the cell’s rotationalmotions (i.e.,θx andθy), high-
frequency standing SAW-induced acoustic streaming vortices are uti-
lized to apply viscous torques on the trapped cell. Similarly, acoustic
streaming vortices77,78 induced by high-frequency traveling SAWs
control the trapped cell’s rotational degree-of-freedom (DoF) θz.
Unlike existing acoustic tweezers, our JSAT system is able to control all
six fundamental motions and achieve complex manipulation

combined with controlled translational and rotational motions, thus
facilitating comprehensive cell manipulation in a 3D space. In addition
to these features, our system can control the force applied to an
acoustically trapped cell to gradually deform the cell. This ability
allows for the introduction of controllable mechanical perturbations
to single cells for detailed characterization of cellular responses at
different levels of mechanical perturbations.

Results
Mechanisms of JSAT
The JSAT system can exert and control both the acoustic radiation
force and viscous torque applied on a cell to enable precise and con-
trollable six fundamental motions (three translational and three rota-
tional motions) manipulation of the cell. To enable this ability, our
JSAT system leverages a unique array of interdigital transducers (IDTs)
deposited on a LiNbO3 substrate to generate and control both the SAW
and acoustic streaming fields inside a polydimethylsiloxane (PDMS)-
based microfluidic chamber. As illustrated by a device schematic in
Fig. 1a (also see Supplementary Fig. S1), the entire array is composed of
three (i.e., inner, middle, and outer) subarrays that have collections of
4, 4, and 8 IDTs (denoted as {IDTout

i }4, {IDT
mid
j }4, and {IDTin

k }4, respec-
tively) for generating SAWs at different frequencies. Such design is
difficult to achieve using thickness-mode piezoelectric transducers
(such as PZTs), as the bulk acoustic waves generated by a PZT are
impeded by other PZTs placed in the wave propagation path. This
limits the options of integrating multiple PZTs for achieving complex
cell/particle manipulation functions. Conversely, SAWs generated by
an IDTexhibit good transmissibility through regionswith IDTsworking
at different frequencies, thereby allowing more options for designing
complex IDT arrays. Supplementary Fig. S2 shows a photo of a fabri-
cated JSAT device with an IDT array and a microfluidic chamber. The
mechanisms for achievingmulti-DoFmanipulation of single cells using
the three subarrays are presented below.

The outer subarray enables cell trapping by leveraging acoustic
radiation force and controlling the trapped cell’s three translational
motions (i.e., ux, uy, and uz) through phase and amplitudemodulations
of SAWs. This subarray has two orthogonal pairs of IDTs positioned
along the x- and y-axes, respectively. When applying excitation signals
to these IDTs at their resonance frequencies, a grid-like standing SAW
field is formed within the microfluidic chamber. Consequently, a cell
can be trapped by one of multiple Gor’kov potential wells due to the
acoustic radiation force79,80 applied to the cell. Moreover, the trapped
cell can be precisely translated with a displacement of ux (or uy), by
moving the Gor’kov potential well’s position through phase modula-
tion, i.e., changing the phase difference between the two IDTs along
the x- (or y-) axis. In addition, the SAW energy leaked into the fluid
domain in the PDMS chamber induces an out-of-plane acoustic radia-
tion force, as illustrated in Fig. 1b (top right). The out-of-plane trans-
lation uz of the acoustically trapped cell can be precisely controlled by
adjusting the IDT excitation voltage, which regulates the force com-
ponent responsible for the translation.

Themiddle subarray controls the trapped cell’s rotational DoFs θx
and θy by utilizing standing SAW-induced acoustic streaming vortices.
The middle subarray’s two IDTs positioned along the x-axis generate
acoustic streaming vortices with non-zero angular momentums,
enabling precise control of cell rotation θx, as shown in Fig. 1b (bottom
left). Similarly, the two IDTs along the y-axis can generate vortices,
enabling precise control of cell rotation θy, as illustrated in Fig. 1b
(bottommiddle). The operation frequencies of these middle subarray
IDTs are higher than the frequencies of the outer subarray IDTs, so the
diameter (~ 25 µm) of each streaming vortex is comparable to the cell
size. The generated streaming vortices can apply a viscous torque to
the cell, introducing angular momentum. Moreover, the cell angular
velocities can be altered by adjusting the input voltages applied to the
middle subarray.
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The inner subarray controls the trapped cell’s rotation θz by
manipulating the traveling SAW-induced acoustic streaming vortices.
Here, the inner subarray’s four IDTs with even subscripts (see Sup-
plementary Fig. S1) are utilized to generate traveling SAWs whose
energy beamdirections are tangential to a circle. These traveling SAWs
can induce an in-plane acoustic streaming vortex with a clockwise
angular momentum, resulting in the ability to rotate a cell clockwise.
On the other hand, the four IDTs with odd subscripts can be used to
generate a counterclockwise acoustic streaming vortex to enable the
counterclockwise rotation of a cell, as illustrated in Fig. 1b (bottom
right). Moreover, by tuning the input voltages for these IDTs, the
angular movement of the generated streaming vortex can be adjusted
to control the angular velocity of the cell.

As presented above, by leveraging three subarrays of IDTs, our
JSAT system can trap a cell and control the cell’s six fundamental
motions. Moreover, through the superposition of forces/torques
generated by IDTs to control different DoFs, our JSAT system
enables complex manipulation of a trapped cell, allowing for
simultaneous translation and rotation. Furthermore, by slowly
increasing the force applied on a cell, our device can gradually
deform an acoustically trapped cell. We have performed simulations
and experiments with key results reported below to achieve and
validate these functions.

3D translation via JSAT
To trap a cell and control its 3D translational motion, the outer sub-
array leverages two orthogonal pairs of IDTs (see Fig. 2a) to generate
SAWs with the same wavelength (λout = 200μm) in both the x- and y-
directions. The interaction of SAWs generated from these four IDTs
leads to a squaregrid-like distributionofpressurenodes (or antinodes)
with the same period of λout/2 along the x- and y- directions. At each
pressure node, the resulting Gor’kov potential well can trap a cell with
a positive acoustic contrast factor81. Since cells typically have dimen-
sions in tens of microns, the low frequencies used ensure the in-plane
Stokes drag force resulting from acoustic streaming is negligible
compared to the in-plane acoustic radiation force for trapping the cell.
To achieve controllable in-plane translationsux and uyof a trapped cell,

our system leverages the phased modulation approach, which tunes
the phase differencesφx and φy between excitation signals for the two
IDTs along the x- and y-directions, respectively. As shown by the
simulated acoustic energy fields, when phase differences change from
φ (Fig. 2b, left) to φ +Δφ (Fig. 2b, right), where φ = [φx, φy] and
Δφ = [Δφx, Δφy], the potential well with the trapped cell can be shifted
by a short translation vector u = [ux, uy, 0] with ux =Δφxλ

out/(4π) and
uy =Δφyλ

out/(4π). Based on this mechanism, a long and complex
translation path can be achieved by discretizing the path into a series
of short translation vectors, calculating the required phase adjust-
ments for these vectors, and sequentially applying the phase adjust-
ments to IDT excitation signals. To execute this translation process
automatically, the phase adjustments can be sequentially applied
through two dual-channel function generators controlled by MATLAB
code. To demonstrate this ability, we successfully guided an MCF7
cell’s movement to depict the letters ‘D’, ‘U’, ‘K’, and ‘E’ (see Supple-
mentary Movie 1). The actual cell trajectories (see Fig. 2c) were
revealed by stacking the microscopic images captured during the
dynamic cell translation process. As shown in Supplementary Fig. S3,
the actual cell positions closely agree with the predicted positions
using relations ux =Δφxλ

out/(4π) and uy =Δφyλ
out/(4π). As the phase

modulation-based translational manipulationmechanism is known for
its good predictability2, we didn’t perform any calibration before
translating an MCF7 cell following complex trajectories.

To achieve controllable out-of-plane translation uz of a trapped
cell, our system leverages the amplitude modulation approach, which
adjusts the excitation amplitudes of theouter subarray’s four IDTs. The
experimental results demonstrate that thepositionof anMCF7 cell can
be shifted in the + z-direction through acousticwaves generated by the
IDTs (see Fig. 2e and Supplementary Movie 2). To better elucidate the
manipulation mechanism, finite element simulations were performed.
As SAWs propagate in the LiNbO3 substrate, their energy leaks into the
fluid domain above the substrate, leading to an energy flux along the
Rayleigh angle direction, as illustrated in Fig. 2d. Therefore, a cell
within the vicinity is subjected to an out-of-plane acoustic radiation
force component Foutrad z, which points to the + z-direction acting as the
levitation driving force, as predicted by simulation results in
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uration generates controllable acoustic pressure fields and streaming patterns,
allowing precise control of themulti-DoFmotions of single cells in themicrofluidic
chamber. b, top Schematics illustrating the mechanisms of controlling 3D trans-
lations (ux, uy, and uz) of an acoustically trapped cell. The in-plane translation ux (or

uy) is achieved by shifting the pressure node position by changing the phase dif-
ference between input signals for IDTout

1 and IDTout
3 (or IDTout

2 and IDTout
4 ). The out-

of-plane translation uz is achieved by adjusting the time of input voltages for IDTout
1

to IDTout
4 . b, bottom Schematics illustrating the mechanisms of controlling 3D
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2 and
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4 (or IDTmid
1 and IDTmid

3 ) are used. To control the cell rotation θz, a streaming
vortex induced by traveling SAWs generated from IDTs of the inner subarray is
adopted.
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Supplementary Fig. S4. Additional theoretical investigation of the out-
of-plane acoustic radiation force canbe found in our previous article82.
An acoustofluidic simulation was also performed to analyze the
acoustic streaming-induced out-of-plane Stokes drag force. As shown
in the simulation results (Supplementary Fig. S5 and Fig. 2d, middle),
there is a downward acoustic streaming at the pressure node, thus
inducing a – z-direction drag force that gradually diminishes from the
microfluidic chamber’s center to the bottom and top (see Supple-
mentary Fig. S5). The out-of-plane translation uz depends on the
interplay of all the out-of-plane forces, including the position-
dependent acoustic radiation and drag forces, the buoyancy force
FBuo, and the gravitational force Fg, as shown in Fig. 2d (right). Most
cells, including MCF7 cells, have a density slightly higher than the
culture medium (water with additives), so the z-directional manipula-
tion can be controlled theoretically by applying a precise input power
to match to account for the aforementioned out-of-plane forces.
However, the control of out-of-plane translation cannot be as precise
and stable as the control of in-plane translation due to the absence of a
Gor’kov potential well-like trap. In addition, when the cell experiences
other motions, especially rotational motions, they affect the out-of-
plane translation. The out-of-plane translation precision is also affec-
ted by the two-dimensional imaging nature of our currentmicroscope,
as the translation is difficult to be quantitively monitored.

3D rotation via JSAT
Tocontrol anacoustically trapped cell’s 3D rotationalmotion, our JSAT
device leverages the middle and inner subarrays of IDTs to generate
and control acoustic streaming vortices for applying and controlling
viscous torques on the cell. The IDTmid

2 and IDTmid
4 of the middle sub-

array are for controlling the cell rotation θx using acoustic streaming,
as illustrated in Fig. 3a. They generate standing SAWs with a wave-
length λmid of 100μm, further inducing tunnel-like streaming vortices
with counter chiralities at different sides of each pressure node, as
revealed by the results in Supplementary Fig. S6 and Supplementary
Movie 3. Therefore, for a cell trapped at a pressure node, the two
counter-chirality vortices both apply torques to the cell, and the
competition between the two vortices determines the cell’s angular
motion. To better elucidate the cell manipulation mechanism, we
performed numerical simulations with the excitation voltage Vmid

2 for
IDTmid

2 slightly higher than the voltage Vmid
4 for IDTmid

4 . As shown in
Supplementary Fig. S6, the streaming fields of vortices on different
sides of a pressure node become slightly asymmetric. These asym-
metric vortices can lead to a non-zero viscous torque applied on the
cell, consequently inducing cell rotation. Moreover, our simulation
results (Supplementary Fig. S6d, S6e) reveal that the tangential
streaming velocities can lead to cell rotation in the + θx-direction being
dominant. Furthermore, during the streaming-induced cell rotation,
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4 . When small changes Δφ = [Δφx, Δφy] are applied to phase differences
φ = [φx, φy], a cell trapped in a potential well can be shifted by a displacement
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4 ). c Stacked microscopic images

showing an MCF7 cell can be translated along complex paths by applying pre-
determined phase differences to IDT excitation signals. The cell trajectories depict
four letters: “D”, “U”, “K”, and “E”. Scale bar, 10μm. Each letter depiction was
repeated three times, consistently yielding similar results.d, left Simulatedacoustic
pressure field in the fluid domain showing pressure waves induced by counter-
propagating SAWs in the LiNbO3 substrate. The pressure wave propagation

direction has an angle θR (i.e., Rayleigh angle) with respect to the z-axis. The wave
momentum in the + z-direction can generate an acoustic radiation force compo-
nent Foutrad z.d, middle Simulated acoustic streaming field induced by standing SAWs
showing two counter-chirality streaming vortices at different sides of a pressure
node. At the pressure node (i.e., the center of the simulation domain), the
streaming flow is in the – z-direction, thus applying a downward drag force on a cell
trapped at the pressure node. d, right Illustration of forces applied on a cell,
implying that the cell’s z position depends on the action of vertical force compo-
nents, including the acoustic streaming-induced drag force Foutstr z, gravitational
force Fg, acoustic radiation force Foutrad z, and buoyancy force FBuo. e Microscopic
images validating the uz translation of a cell. When activating the IDTs for 1.6 s, the
microscopic image of anMCF7 cell becomes out of focus due to the cell’s z-position
change. The translation was repeated three times, consistently yielding similar
results. Scale bar: 10μm.
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the acoustic potential well generated by the standing SAWs can still
effectively trap the cell, ensuring no translational motion or eccen-
tricity. The experimental validation results (top of Fig. 3b and Sup-
plementary Movie 3) show that an MCF7 cell could be successfully
trapped and rotated in the + θx-direction when Vmid

4 <Vmid
2 , agreeing

with the numerically predicted rotation direction. Therefore, we can
reliably execute the rotational manipulation as planned. Similarly,
under the condition of Vmid

4 >Vmid
2 , an acoustically trapped MCF7 cell

exhibited rotation in the – θx-direction (Fig. 3b, bottom and Supple-
mentary Movie 3). Note that the aforementioned rotation control
approach is for a cell located near the center of the microfluidic
chamber, as the SAWs emitted from a pair of IDTs travel to the center
region with similar attenuation lengths. When the cell position is close
to either IDTmid

2 or IDTmid
4 , asymmetric streaming vortices can still be

generated at different sides of a pressure node even Vmid
2 =Vmid

4 ,
enabling cell rotation in the ± θx-directions.

To investigate the relationship between input voltage and cell
rotation speed, we loaded an MCF7 cell at a distance of λmid/2 away
from the center, followed by applying the same voltage to IDTmid

2 and
IDTmid

4 . As depicted in Fig. 3c, the rotation speed exhibited a positive
correlation with the input voltage and could reach values as high as
~ 450 RPM in the cell culture medium. Furthermore, the cell rotation
revolution shows a nearly linear relationship with time (see Supple-
mentary Fig. S7). These findings indicate that the cell’s spinning rate
remains relatively stable during the streaming generation period. In
addition, by activating IDTmid

1 and IDTmid
3 to generating streaming

vortices, we successfully induced the rotation of an MCF7 cell in the
±θy-directions (Fig. 3e and Supplementary Movie 4). The
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c Analysis results of rotated cells (Doing N repeated tests with different cells: N = 4)
showing the cell rotation speed in the + θx-direction gradually increases with the
input voltage increase. d Schematic of a cell rotating in the θy-direction driven by
acoustic streaming generated by IDTmid

1 and IDTmid
3 . e Sequential images showing

an MCF7 cell spined in the + θy- (top row) and – θy- (bottom row) directions. Scale
bar: 10μm. f Analysis results of rotated cells (Doing N repeated tests with different
cells:N = 4) showing the cell rotation speed in the + θy-direction gradually increases
with the input voltage increase. g Schematic of a cell rotating in the θz-direction
driven by acoustic streaming generated by IDTin

1 to IDTin
8 h Sequential images

showing an MCF7 cell rotated in the + θz-direction when activating IDTin
1 and IDTin

5

as well as – θz-direction when activating IDTin
2 and IDTin

6 . Scale bar: 10μm. (i) Ana-
lysis results of cell rotation speeds (Doing N repeated tests with different cells:
N ≥ 3) in the + θz-direction at different excitation voltages. j Schematic illustrating
the mechanism to induce cell rotation carrying an angular momentum in − 45° in
the x-y plane. k Sequential images showing an MCF7 cell rotated with respect to
axes of − 45° (top) and − 29° (bottom) in the x-y plane. Scale bar: 10μm. l Schematic
illustrating the mechanism to induce cell rotation carrying an angular momentum
in − 30° in the x-y plane. In (c, f, and i), each box plot displays statistical measures:
the central red line indicates the average value, and the bottom and top of the box
represent the 25thand 75th percentiles, respectively.Whiskers extend to the lowest
datum within 1.5 times the interquartile range (IQR) from the 25 th percentile and
the highest datum within 1.5 times the IQR from the 75 th percentile. Outliers are
donated by asterisks.

Article https://doi.org/10.1038/s41467-024-52686-8

Nature Communications |         (2024) 15:9059 5

www.nature.com/naturecommunications


corresponding relationship between input voltage and rotation speed
is summarized in Fig. 3f.

For enabling cell rotation in the θz-direction, the inner subarray
(Fig. 3g) is used. When signals at resonant frequencies are applied to
the four IDTs with odd subscripts, the traveling SAW from each IDT
produces a volume force that propels the fluid away from the IDT.
Consequently, the combined effect of the four driving flows forms a
counterclockwise streaming vortex. Note that when only activating
IDTin

1 and IDTin
5 , a counterclockwise streaming vortex can still be

generated, as proven by numerical and experimental results (Supple-
mentary Fig. S8 and SupplementaryMovie 5). Therefore, anMCF7 cell,
driven by the viscous torque induced by the counterclockwise
streaming vortex, can be rotated in the + θz-direction (see Fig. 3h, top
and Supplementary Movie 5). Similarly, the IDTs with even subscripts
in the inner subarray can induce cell rotation in the – θz-direction.
Through experiments with IDTin

2 and IDTin
6 turned on, the results

(Fig. 3h, bottom and Supplementary Movie 5) successfully confirm the
induced cell rotation in the – θz-direction. Furthermore, we experi-
mentally investigated the relationship between input voltage and
rotation speed. The findings reveal that the rotation speed exhibited
an increasing trend as the input voltage increased (Fig. 3i). The slight
spin rate drops at 10 Vpp could be induced by measurement error.

Tunable rotation via JSAT
Our device can steer the cell rotation axis by simultaneously activating
the two orthogonal pairs of IDTs in the middle subarray for rotating a

cell in the θx- and θy- directions (Fig. 3j). Supplementary Fig. S9a pre-
sents the numerical results of acoustic streaming when x- and y-axes
standing SAWs have the same amplitude. In the vicinity of a pressure
node, the results show four vortices with angular momentum vectors
in − 45°, 45°, 135°, and − 135° directions, respectively. Similar to con-
trolling the cell rotation in the θx-direction, the middle subarray can
rotate a trapped cell in the same direction as any one of those four
vortices by adjusting the voltages applied to the four IDTs or placing
the cell off-center. For instance, an MCF7 cell trapped at x = λmid/2 and
y = λmid/2 was successfully spun to carry an angular momentum in the
direction of − 45° (see Fig. 3k and Supplementary Movie 6), x- and y-
axes SAWs had similar amplitudes. Moreover, by carefully changing
the amplitude ratio between x- and y-axes SAWs, the axis of cell rota-
tion canbe gradually steered. For example, when the ratio is 0.57:1, the
simulation (Supplementary Fig. S9b) predicts four vortices surround-
ing a pressure node carrying angular momentums in − 30°, 30°, 150°,
and − 150°. The experimental results (bottom row of Fig. 4k and Sup-
plementary Movie 6) show a rotating MCF7 cell with respect to an axis
at − 29°, close to the predicted direction of − 30°. When the SAW
amplitude ratio further changes to 0.3:1, numerical simulations in
Supplementary Fig. S9c reveal the four vortices with angular
momentums at − 15°, 15°, 165°, and − 165°. The experimental results
(Supplementary Fig. S9d and SupplementaryMovie 6) confirm that an
MCF7 cell trapped at x = λmid/2 and y = λmid/2 can be rotated to carry an
angular momentum in the direction of − 15°, agreeing with the
numerical prediction. Note that when adjusting input voltages for
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Fig. 4 | Simultaneous translation and rotation of an MCF7 cell via JSAT. a A
schematic and experimental results for simultaneously translating a cell in the + x-
direction using the x-axis standing SAWs generated by IDTout

1 and IDTout
3 , as well as

rotating the cell in the +θx-direction using streaming generated by IDTmid
2 and

IDTmid
4 .bA schematic and experimental results for simultaneously translating a cell

in the + y-direction using the y-axis standing SAWs generated by IDTout
2 and IDTout

4 ,
aswell as rotating the cell in the + θy-direction using streaming generated by IDTmid

1

and IDTmid
3 . cA schematic and experimental results for simultaneously translating a

cell in the + x-direction using a potential well, as well as rotating the cell in the + θy-
direction using streaming generated by IDTmid

1 and IDTmid
3 . d A schematic and

experimental results for simultaneously translating a cell in the + y-direction a
potential well, as well as rotating the cell in the + θx-direction using streaming
generated by IDTmid

2 and IDTmid
4 . e A schematic and experimental results for

simultaneously translating a cell in the + x-direction using x-axis standing SAWs
generated by IDTout

1 and IDTout
3 , aswell as rotating the cell in the + θz-direction using

streaming generated by IDTin
3 and IDTin

7 . f A schematic and experimental results for
simultaneously translating a cell in the + y-direction using y-axis standing SAWs
generated by IDTout

2 and IDTout
4 , aswell as rotating the cell in the + θzdirectionusing

streaming generated by IDTin
1 and IDTin

5 . Scale bar: 10 μm.
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IDTs, the different SAW generation efficiencies in the x- and y- direc-
tions of the used Y128-cut LiNbO3 wafer must be considered.

Simultaneous translation and rotation via JSAT
A unique feature of our JSAT platform is its ability to perform simul-
taneous cell translation and rotation. To understand such compound
motion, we conducted simulations and experiments involving differ-
ent combinations of translation and rotation directions. Figure 4a (left)
illustrates the mechanism to simultaneously translate a trapped cell in
the x-direction and rotate the cell in the θx-direction. The translation is
controlled by tuning the input phase difference between IDTout

1 and
IDTout

3 , and the rotation is controlled by the streaming vortex gener-
ated by IDTmid

2 and IDTmid
4 . Supplementary Fig. S10 compares acoustic

energy distributions of standing SAWs generated by one transducer
pair {IDTout

1 , IDTout
3 } and two transducer pairs {IDTout

1 , IDTout
3 } and

{IDTmid
2 , IDTmid

4 }. The x position with minimum energy is unchanged
upon introducing the y-axis SAWs from {IDTmid

2 , IDTmid
4 }, meaning that

the positional stability of a trapped cell is unaffected by the y-axis
SAWs. On the other hand, we found that the x-axis standing SAW
exhibits negligible impact on the generation of streaming vorticeswith
angular momentum vectors in ± x-directions. These simulation results
support the simultaneous execution of cell translation and rotation
and control these motions using transducer pairs {IDTout

1 , IDTout
3 } and

{IDTmid
2 , IDTmid

4 }, respectively. For the proof-of-concept, we success-
fully utilized these two transducer pairs to achieve controlled trans-
lation in the x-direction and rotation in the θx-direction
(SupplementaryMovie 7 and Fig. 4a, right). As the x-axis standing SAW
generated from {IDTout

1 , IDTout
3 } exhibits negligible impact on the

streaming vortices generated by {IDTmid
2 , IDTmid

4 } and the two stream-
ing vortex tunnels are parallel to the cell translation direction, our
approach achieves continuous cell rotation during the translation
process. Similarly, we manipulated an MCF7 cell to undergo both
translation in the y-direction and rotation in the θy-direction (Supple-
mentary Movie 7 and Fig. 4b, right) by using transducer pairs {IDTout

2

IDTout
2 , IDTout

4 } and {IDTmid
1 , IDTmid

3 }.
The mechanism to enable simultaneous cell translation in the x-

direction and rotation in the θy-direction is illustrated in Fig. 4c (left).
Here, the translation control is achievedby tuning thephasedifference
between inputs for IDTmid

1 and IDTmid
3 , and the rotation is enabled by

streaming vortices generated by the x-axis standing SAWs. To
demonstrate this approach, we performed an experiment with IDTmid

1

and IDTmid
3 turned it on. By gradually adjusting the phase difference,

our results (Supplementary Movie 8 and Fig. 4c, right) show that the
generated standing SAWs can translate anMCF7 cell in the x-direction
while inducing acoustic streaming to spin the cell in the θy-directions.
Although both acoustic radiation force and streaming are generated
by the same IDTs, the translation ux is controlled by the input phase
difference, and the rotation θy is controlled by the input amplitude
differencebetween the two IDTs. Hence, the involved translational and
rotational motions could be independently controlled. Moreover,
when translating a cell through phasemodulation, the positions of two
streaming vortex tunnels (illustrated in Fig. 4c) shift synchronously,
thus ensuring continuous cell rotation during the translation process.
By using the above mechanisms with IDTmid

2 and IDTmid
4 , we achieved

simultaneous translation of anMCF7 in the y-direction and rotation in
the θx-direction (Fig. 4d and Supplementary Movie 8).

The mechanism to achieve simultaneous cell translation in the x-
direction and rotation in the θz-direction is illustrated in Fig. 4e (left).
By tuning the phase difference between inputs for IDTout

1 and IDTout
3 ,

the pressure node position of an x-axis standing SAW can be adjusted
to translate a trapped cell in the x-direction. On the other hand, the θz-
direction cell rotation can be achieved using the streaming vortex
induced by the traveling SAWs from IDTin

3 and IDTin
7 . By comparing the

simulated acoustic energyfields (Supplementary Fig. S11) generatedby
one transducer pair {IDTout

1 , IDTout
3 } and two transducer pairs {IDTout

1 ,

IDTout
3 } and {IDTin

3 , IDT
in
7 }, the acoustic energy field experiences small

changes when considering the traveling SAWs from {IDTin
3 , IDT

in
7 }. On

the other hand, the simulated streaming field (Supplementary Fig. S11)
shows a counterclockwise streaming vortex. These simulation results
support the simultaneous control of the cell translation in the x-
direction and the rotation in the θz-direction by leveraging transducer
pairs {IDTout

1 , IDTout
3 } and {IDTin

3 , IDT
in
7 }, respectively. Our experiment

successfully achieved simultaneous translationof anMCF7 cell in the x-
direction and rotation in the θz-direction (Supplementary Movie 9 and
Fig. 4e, right). Similarly, we achieved concurrent translation and rota-
tion of anMCF7 cell in the y-and θz-directions (SupplementaryMovie 9
and Fig. 4f, right) by using transducer pairs {IDTout

2 , IDTout
4 } and

{IDTin
1 , IDT

in
5 }.

Deforming single cells via JSAT
Our JSAT platform can locally deform single cells and control cell
motion. As illustrated in Fig. 5a, when an acoustically trapped cell is
positioned within a high angular momentum region of streaming
vortices induced by standing SAWs generated by {IDTmid

2 , IDTmid
4 }, the

streaming velocity in the cell’s viscous boundary layer drops rapidly to
the same value as the cell’s surface velocity, thereby subjecting the cell
to a large shear stress. Notably, the cell’s surface velocity and shear
stress exhibit a decreasing trend from the equator to the poles,
prompting cell elongation along the axis of rotation (i.e., x-axis). The
acoustic radiation force induced by y-axis standing SAWs also con-
tributes to cell elongation.

To experimentally deform an MCF7 cell, we applied 10 Vpp exci-
tation signals to IDTmid

2 and IDTmid
4 . The obtained time-sequential

images (Fig. 5b) and Supplementary Movie 10 clearly show the
dynamic process of gradually deforming a trapped cell over time. We
also conducted a quantitative analysis by evaluating the gradual cell
deformation over time and investigating the effect of the IDT excita-
tion voltage on cell deformation. At 6 Vpp, the shape of an MCF7 cell
remains almost unchanged throughout the 100-second observation
period (see Fig. 5c). At a higher voltage of 8 Vpp, the cell deformation
data exhibits a nearly linear trend with time. When the input voltage
was further increased to 10 Vpp, the cell deformation initially experi-
enced a quick increase, followed by a slight decrease, and then con-
verged to a relatively stable value. These findings indicate that the
time-dependent cell deformation processes demonstrate distinct
trends under different IDT excitation voltages, highlighting our JSAT
device’s ability to controllably deform acoustically trapped cells by
tuning the generated SAWs and streaming.

Discussion
In this study, we successfully developed and demonstrated a JSAT
platform that is capable of controlling the six fundamental motions of
single cells, including three translational (i.e., ux, uy, and uz) and three
rotational (i.e., θx, θy, and θz) components. Our unique IDT array,
composed of an outer,middle, and inner subarray, enables this ability.
The in-plane translations (ux and uy) of a cell trapped in a Gor’kov
potential well are achieved by shifting the potential well’s position and
tuning input signal phases for the outer subarray. By adjusting the
input signal voltages for the outer subarray, our JSAT platform allows
for controlling the out-of-plane translation (uz), i.e., controlling a cell’s
z position with acoustic radiation, buoyancy, drag, and gravitational
forces. The controllable rotations (θx and θy) of an acoustically trapped
cell are accomplishedbasedon acoustic streaming vortices inducedby
high-frequency standing SAWs from the middle subarray, and the
rotation θz is achieved by using acoustic streaming vortices generated
by multiple traveling SAWs, whose energy beam directions are all
tangential to a circle.

With the aforementioned features, such as achieving the six fun-
damental motions of single cells and locally deforming a cell, our JSAT
platform represents a significant advancement compared to previous
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technologies, such as optical, magnetic, and acoustic tweezers. Our
experiments successfully validated the ability to independently con-
trol the multi-DoF motions of an acoustically trapped cell, while none
of the previously developed tweezers could provide this ability.
Moreover, our experiments demonstrated the ability to realize com-
plex combined motions, such as ux and θx, ux and θz, uy and θz, etc.,
while previous tweezers could not perform these complex manipula-
tions. Furthermore, our JSAT platform can gradually deform an
acoustically trapped cell without directly touching the cell by con-
trolling the applied shear force induced by streaming and acoustic
radiation force from standing SAWs. Recording the dynamic cell
deformation process makes it possible to characterize cell mechanical
properties83. Therefore, contactless tweezers that can gradually
deform a cell hold significant potential for cell phenotyping, disease
diagnosis, and drug testing applications. Beyond the experiments
conducted in this study, we will further test the ability to simulta-
neouslydeformmultiple cells trapped in anarray of potentialwells.We
also plan to introduce a feedback control loop that integrates live
imaging, real-time decision-making, and programmable input signal
modulation to enable platform automation. In addition, beyond
manipulating cells, we expect that our tweezing mechanisms can be
used for manipulating other bioparticles, such as embryos, bacteria,
and extracellular vesicles, and thesemanipulationswill be tested inour
future studies. In the long run, we anticipate that the JSATplatform can
become a widely used tool facilitating various applications such as 3D
cell imaging, single-cell analysis, tissue engineering, disease diag-
nostics, and mechanobiology.

Methods
Device fabrication
A schematic and a photo of the fabricated JSAT device are shown in
Supplementary Figs. S1 and S2, respectively. The JSAT device is com-
posed of a PDMSmicrofluidic chamber and an array of IDTs on a Y128-
cut LiNbO3 wafer (500mm thick). To fabricate IDTs, we transferred the
designedelectrodepatterns to awafer by standardphotolithography84.
Then, we conducted e-beam evaporation of 10 nmCr and then 100nm
Au. After a lift-off process, we obtained a wafer with an IDT array
composed of outer, middle, and inner subarrays, whose electrode
widths were 50μm, 25μm, and 10μm, respectively. On the other hand,

the PDMS micro-chamber was fabricated by using standard soft-
lithography and mold-replica steps. First, a 60μm layer of photoresist
(SU-8 50, KAYAKU) was coated on a 4-inch silicon wafer, followed by
soft lithography and applicationof anSU-8Developer (KAYAKU). Then,
PDMSwas pouredover the SU-8mold, degassed, and cured at65 °C for
1 h. The cured PDMS was peeled off the silicon wafer and cut into the
desired small-size blocks containing microfluidic chambers. The inlet
and outlet of a microfluidic chamber were created with a puncher. The
PDMS chamber and the SAW substrate with IDTs were surface treated
by oxygen plasma for 5mins (Plasma Cleaner Atto, Diener Electronic)
and then bonded, followed by a heat treatment at 65 °C for 24 h.

Particle and cell sample preparation
Polystyrene particles (PSF-200NM, Magsphere) were suspended in
deionized water to a concentration of ~ 1 × 106 cells/mL. MCF7 cells
(ATCC) were cultured in DMEM (Gibco, Life Technologies), which
contains 10% fetal bovine serum (Gibco, Life Technologies) and 1%
penicillin-streptomycin (Mediatech) in an incubator (Heracell Vios 160i
CO2 incubator, Thermo Scientific) with a temperature of 37 °C and a
CO2 level of 5%. Before each experiment, cells were detached from the
culture dish with trypsin-EDTA (Gibco, Life Technology) and resus-
pended in DMEM to a concentration of ~ 1 × 106 cells/mL.

Device operation
To perform cell manipulation experiments using our fabricated JSAT
device, the device was mounted on the sample stage of an inverted
optical microscope (TE2000U, Nikon). MCF7 cells suspended in
DMEM were injected into the microfluidic chamber using a 1-mL syr-
inge (309659, Becton Dickinson). To generate SAWs for applying
acoustic radiation and viscous shear forces on cells, the input signals
were generated by two dual-channel arbitrary function generators
(AFG3102C, Tektronix) and then directly sent to IDTs. Note that the
function generators were controlled by aMATLAB program to achieve
automatic manipulation of acoustic and flow fields, along with the
desired translation and rotation of an acoustically trappedMCF7 cell in
themicrofluidic chamber.To translate a cell along thedesired complex
paths, the frequencies and voltages for the IDTs remain constant, while
shifts are made to the input phases. The phase shifts are automatically
performed using customized MATLAB codes, having key features
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Fig. 5 | Controlled deformation of an acoustically trapped MCF7 cell via JSAT.
a Schematic illustrating themechanismofdeforming an acoustically trappedcell. A
cell trapped by a potential well of y-axis standing SAWs generated by IDTout

2 and
IDTout

4 is subjected to both acoustic radiation and streaming vortex-induced shear
forces, leading to cell deformation, e.g., elongation along the axis of cell rotation.
b Sequential images showing the gradual deformation of an MCF7 cell from a
spherical shape to an ellipsoidal shape after applying standing SAWs. As the cell is

acoustically trapped at a fixed position, our method allows for quantitatively
examining the cell deformation. The experiment was repeated four times with
different cells. c Deformation histories of anMCF7 cell. When using different input
voltages for the transducer pair {IDTout

2 , IDTout
4 }, the deformation histories show

diverse trends. The inset images are for caseswith different input voltages, showing
the shapes of an MCF7 cell after 100 s of acoustic waves. The experiment was
repeated three times with different cells. Scale bar: 10μm.
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including adjusting the phases, frequencies, and amplitudes of multi-
ple signal channels, as well as gradually changing the phases following
predetermined sequences of phases for achieving step-by-step trans-
lation of a cell. Images and videos were taken by a charge-coupled
device camera (CoolSNAP HQ2, Photometrics). The videos for cell
rotation speed measurement were recorded by a high-speed camera
(Fastcam SA4, Photron).

Numerical simulations
The details of numerical simulation methods were provided in Sup-
plementary Notes 1 and 2.

Cell deformation measurement
To evaluate cell deformation from an acquiredmicroscopic image, we
used feature and edge detection codes in Matlab to get the cell shape
from the image. Then, the cell’s projected area A and perimeter l were
extracted from the identified cell shape. By further using a relation
1� 2

ffiffiffiffiffiffiffi

πA
p

=l, the cell deformation induced by our JSAT platform was
elevated85. In addition, wemeasured the SAW device’s temperature, as
well as the post-treatment cell viability. Their detailed procedures and
results are in Supplementary Note 3 and Supplementary Figs. 13–15.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data and code supporting the findings of
this study are available within the article and the supplementary
materials. Further information is available from the corresponding
author upon request.
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