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Acoustic tweezers, with the capability to manipulate tiny objects without physical contact, hold substantial
potential for biomedical and biological research. However, current acoustic tweezers platforms face
challenges in precise, selective, and multi-degree-of-freedom (multi-DoF) manipulation of objects in Petri
dishes, making it difficult to integrate them into typical laboratory workflows. This paper presents an
acoustic vortex tweezers platform that enables contactless, precise, multi-DoF, and multifunctional
manipulation of micro-to-millimeter-scale objects within a Petri dish. The platform features an acoustic
holography-based module, which uses a holographic lens to transform acoustic waves and generate a
focused acoustic vortex beam. This beam carries sufficient energy to propagate through a Petri dish's
bottom wall, creating a ring-shape intensity field for trapping tiny objects. Using lenses encoded with
different topological charge numbers, vortex beams with varying diameters can be generated, allowing for
trapping various-sized objects. Additionally, in combination with a 3-DoF linear motion module, our
integrated platform enables high-resolution translation of acoustically trapped objects along complex
paths. We experimentally demonstrated our platform's diverse capabilities, including concentrating micro-
objects, trapping flowing micro-objects to create an agglomerate, translating a microparticle and an
agglomerate along complex paths, as well as trapping, rotating and translating a zebrafish larva in
horizontal and vertical postures. With these capabilities, we expect our in-Petri-dish acoustic vortex
tweezers to emerge as a valuable tool for the contactless, high-resolution, programmable handling of tiny
biomaterials in biomedical and biological research.

Introduction

Technologies enabling high-precision, contactless
manipulation of tiny objects—such as optical,"* electrical,**
magnetic,”® and acoustic tweezers’ '*—have shown great
potential in biological, chemical, environmental, and
biomedical research. Among these, acoustic tweezers have
been continuously attracting increasing attention in recent
years due to their notable features. Unlike other technologies,
acoustic manipulation doesn't rely on the target object's
optical, electrical, or magnetic properties; instead, it depends
on the object's universal material properties, such as
compressibility and acoustic impedance,’®>' ensuring the
ability to manipulate objects with various material properties.
Acoustic tweezers can manipulate objects ranging in size from
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tens of nanometers to several millimeters such as
exosomes,?>*  cells,**' worms,** zebrafish larvae,**°
microrobots,**?° etc. Additionally, acoustic tweezers can

manipulate objects shielded by biological barriers such as
real tissue and bone,**™? as acoustic waves can transmit
through these materials.

Acoustics-based contactless object manipulation has seen
significant advancements in recent years and been
successfully applied to a wide range of applications, such as
patterning cells for bio-fabrication,”” ?° concentrating
biomarkers for signal enhancement,**™* separating platelets
from whole blood,***** in vivo manipulation of
bioparticles,*® ™" etc. Most acoustic tweezers devices use one
or multiple pairs of parallelly arranged transducers, such as
bulk acoustic wave and surface acoustic wave transducers, to
generate standing acoustic waves for contactless object
manipulation. For example, using a pair of transducers,
standing acoustic waves with parallel-line-like intensity fields
can be generated to align cells for fabricating anisotropic
tissues and separating bioparticles of different sizes.’>>*
Using two pairs of transducers arranged orthogonally, small
particles can be organized into rectangular-grid-like
patterns,””** and acoustic devices with more transducer pairs

This journal is © The Royal Society of Chemistry 2025
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arranged in different orientations allows for increasing the
particle pattern complexity,” as well as offering more
achievable patterns of particles.

In addition to using standing acoustic waves, the acoustic
holography mechanism, which can generate complex
holographic acoustic fields through the interference of
phase-modulated acoustic waves, has been introduced to
develop tweezers.'***” By wusing a three-
dimensional (3D) printed holographic lens, whose thickness
profile is encoded with a high-resolution phase profile,
incident acoustic waves can be modulated to carry that phase
profile as they transmit through the lens. The interference of
phase-modulated acoustic waves further creates a desired
holographic acoustic field, which depends on the phase
profile encoded in the lens. This approach has been
demonstrated to generate complex acoustic fields, allowing
particles to be arranged into highly complex patterns (e.g.,
patterns depicting letters).”®®® Instead of using lenses to
modulate acoustic waves, by depositing Archimedes spiral-
shaped electrodes on a piezoelectric wafer, holographic
transducers have recently been developed to generate an
acoustic vortex, enabling the selective trapping and
translation of single microparticles.®®> Despite significant
progress in the development of acoustic tweezers devices,
there is still a lack of a platform that allows for contactless,
precise, and multi-DoF manipulation of micro-to-millimeter-
scale objects in a Petri dish, one of the most commonly used
supplies in biological and biomedical laboratories. We
believe that such a platform, capable of in-Petri-dish object
manipulation, can be easily integrated into biomedical
laboratory workflows, thus benefiting researchers in the
biological and biomedical communities.

To fill the technological gap, this study presents an in-
Petri-dish acoustic vortex tweezers platform that enables
contactless, precise, multi-DoF, and multifunctional
manipulation of micro-to-millimeter-scale objects in liquid
within a Petri dish. This platform takes advantage of an
acoustic holography-based module, which uses a 3D printed
holographic lens to transform incident acoustic waves into a
focused acoustic vortex beam, with the majority of energy
confined in the beam while carrying orbital angular
momentum.®*®* This beam has sufficient energy to transmit
through the bottom wall of a Petri dish and create a ring-
shaped acoustic potential well, which functions as an
invisible end effector to trap a small object inside the well, as
well as concentrate micro-objects to create an agglomerate.
Moreover, the orbital angular momentum of the acoustic
vortex beam can apply torque to the trapped object, enabling
rotational manipulation of the object.®>*® Furthermore, our
acoustic vortex tweezers platform, which integrates the
acoustic vortex module and a 3-DoF linear motion stage,
allows for in-Petri-dish translation of the acoustically trapped
object along customized high-resolution paths within a plane
parallel to the Petri dish's bottom wall. As the holographic
lens is interchangeable, different lenses can be used to
generate focused vortex beams with different topological

acoustic
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charge numbers, thus creating potential wells with various
diameters for trapping and manipulating objects of different
sizes. Additionally, our acoustic vortex tweezers platform can
be operated under an upright fluorescence microscope,
thereby allowing for monitoring fluorescent signal changes
during acoustic manipulation.

To validate our in-Petri-dish acoustic vortex tweezers
platform, a series of experiments was performed. We
measured the output acoustic fields, confirming the
generation of acoustic vortex beams with different potential
well diameters when using different holographic lenses. We
also successfully demonstrated multiple manipulation
capabilities in a Petri dish, including (i) concentrating tiny
objects by shrinking an acoustic potential well, (ii) capturing
flowing micro-objects to create an agglomerate with a
controlled diameter, (iii) translating a micro-object and a
cluster of micro-objects along complex paths, as well as (iv)
trapping, rotating and translating a zebrafish larva in
horizontal and vertical postures.

Results

Design and mechanism of in-Petri-dish acoustic vortex
tweezers

Our acoustic vortex tweezers platform illustrated in Fig. 1(a)
is composed of two key modules: (i) a holography-based
acoustic vortex device for generating a focused acoustic vortex
beam that can transmit through a Petri dish's bottom wall to
create an in-Petri-dish acoustic potential well for trapping
tiny objects (e.g., microparticles, cells, and zebrafish larva)
preloaded in the Petri dish, as well as (ii) a high-resolution,
3-DoF linear motion stage for translating the acoustic vortex
device attached on the stage, thus precisely moving the tiny
objects trapped by the focused acoustic vortex beam's center
potential well within a plane parallel to the Petri dish's
bottom wall. Additionally, as shown by a photo (Fig. 1(c)) of
the experimental setup, the acoustic vortex device can be
integrated with an upright fluorescence microscope, enabling
the capture of brightfield and fluorescence microscopic
images during the acoustic vortex-based manipulation of
microscale objects.

The schematic in Fig. 1(b) illustrates the generation of a
focused acoustic vortex beam using our acoustic vortex
device. The device has a compact design that combines a
circular, plate-type piezoelectric transducer and an additively
manufactured holographic lens with an ultrasound coupling
gel in between. The piezoelectric transducer generates
pressure acoustic waves, by exciting the transducer using a
sinusoidal voltage signal at a frequency matching the
transducer's thickness-mode resonance frequency. The
holographic lens has a spatially varying thickness profile A(x)
to transform the acoustic waves generated from the circular
piezoelectric transducer. As the generated acoustic waves
transmit through the holographic lens, they will be spatially
modulated, thus carrying the phase shift information A¢(x) =
(ke = kiens)A(X) = kifimax, Where Aoy is the maximum thickness

Lab Chip, 2025, 25, 3766-3778 | 3767
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Fig. 1 Schematics and a photo of an acoustic vortex tweezers system for contactless, programmable, and multifunctional manipulation of tiny
objects in Petri dishes. (a) Schematic of the in-Petri-dish acoustic vortex tweezers system, consisting of an acoustic vortex tweezers device and a
3-DoF linear motion stage. The acoustic vortex tweezers device is positioned beneath the Petri dish and connected to the 3-DoF linear motion
stage. (b) A cross-sectional view for illustrating the mechanism of acoustic vortex tweezers. A focused vortex beam is generated by the
holography-based acoustic device, penetrating the Petri dish's bottom wall to create an acoustic potential well for contactless manipulation of tiny
objects in the Petri dish. (c) Photo of our test setup that integrates an acoustic vortex device, an upright fluorescence microscope, and a 3D linear
motion stage. (d-g) Multifunctional manipulation of tiny objects enabled by our in-Petri-dish acoustic vortex tweezers system. The key functions
include (d) trapping flowing particles to construct an agglomerate, (e) selectively capturing and transporting a particle, (f) trapping and transporting
a cluster of particles or a particle agglomerate, and (g) trapping and translating a zebrafish larva in a Petri dish.

of the lens, and kjens and k¢ are the wavenumbers of pressure
acoustic waves in the lens and surrounding fluid,
respectively. Here, the lens thickness profile i(x) is carefully
designed using the approach presented in Section S1.f As
shown in Fig. 2, the phase shift A¢(x) contains two
components for focusing acoustic waves and introducing an
angular phase variation with a topological charge number of

Q, respectively. With the designed thickness profile 4(x), an
acoustic lens can be manufactured using high-resolution
stereolithography 3D printing and then integrated with a
circular piezoelectric transducer to construct an acoustic
vortex device. Fig. 3 shows photos of 3D printed lenses and
integrated acoustic devices for generating focused vortex
beams with topological charge numbers of Q =1, 3, and 5.

Phase
map

\Y

Thickness
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+| Summation
2m

Height (mm)

&

Fig. 2 Different designs of holographic acoustic lenses. (a) Phase profile determined using eqn (S1)f for generating a focused acoustic beam. (b,
left to right) phase profiles for generating acoustic vortices with topological charge numbers ranging from Q =1 to 5. (c) Phase profiles for
generating focused vortex beams with topological charge numbers ranging from Q =1 to 5. (d) Thickness maps of holographic lenses
corresponding to the phase profiles in (c). The base thickness (hy,) of each lens is 1 mm.
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Fig. 3 Photos of focused acoustic vortex tweezers devices. (a) Designs and (b) photos of holographic lenses for generating focused vortex beams
with topological charge numbers of Q =1, 3, and 5. (c) Photo of a circular piezoelectric transducer. (d) Photos of the assembled focused acoustic

vortex tweezers devices.

The interference of phase-modulated, transmitted acoustic
waves, which carry the phase information A¢(x), can generate
a focused acoustic vortex beam with a topological charge
number of Q. This focused vortex beam has a minimal energy
core surrounded by a high-energy outer region, as illustrated
by Fig. 1(b). As the acoustic energy is focused, it is strong
enough to penetrate a Petri dish's bottom wall to produce an
acoustic potential well in the liquid preloaded in the Petri
dish, thus applying an acoustic radiation force to trap a tiny
object in the liquid at the acoustic potential well's center.
Moreover, the combination of the acoustic vortex device and
a high-resolution, 3-DoF linear motion stage allows our
integrated system to achieve automated, high-precision,
versatile, and contactless manipulation of small objects in
Petri dishes. The integrated acoustic vortex tweezers platform
enables multiple functions, including actively concentrating
particles to create a large particle cluster (illustrated in
Fig. 1(d)), high-resolution transportation of a particle trapped
in the vortex beam's center potential well along an arbitrary
path (shown in Fig. 1(e)), trapping flowing particles using the
center potential well to gradually create a particle
agglomerate and then transporting the agglomerate along a
customized path (see Fig. 1(f)), as well as trapping,
transporting, and rotating a zebrafish larva (see Fig. 1(g)).
These abilities of our acoustic vortex tweezers platform have
been successfully demonstrated through a series of proof-of-
concept experiments. Their results with the acoustic vortex
device's characterization data are presented below.

Focused vortex beams with different topological charge
numbers for generating potential wells with different sizes

To better understand the focused acoustic vortex beam-based
object manipulation approach, we compared focused acoustic
vortex beams with different topological charge numbers
ranging from 1 to 5. Using the approach in Section S1,} we

This journal is © The Royal Society of Chemistry 2025

designed the thickness profiles (see Fig. 2(d)) of holographic
lenses corresponding to those five cases. They are for
generating 3.35 MHz focused acoustic vortex beams, which
have focused energy at locations 23 mm away from their
lenses, while different topological charge numbers ranging
from 1 to 5. To compare their resulted focused acoustic
vortex beams, we used an analytical model (see Section S2
and Fig. S1f for more details) to quickly predict their
corresponding acoustic pressure and intensity fields.

Fig. 4(b, left to right) shows the simulated acoustic
intensity fields in planes 23 mm away from the lenses for
cases with topological charge numbers ranging from 1 to 5,
and Fig. 4(c) compares their corresponding acoustic
pressure fields. The intensity fields all show ring-shaped
patterns with minimal intensity cores due to destructive
wave interference. The ring's diameter becomes larger with
the increase of the topological charge number, indicating
the gradual size increase of the acoustic potential well that
is for trapping tiny objects. On the other hand, the pressure
fields reveal the angular phase variations depending on
topological charge numbers. For example, when the
topological charge number is Q = 5, the pressure field in
Fig. 4(c, right) shows five peaks and five valleys alternatively
presented along the angular direction. This indicates a total
phase variation of Q-2x.

Fig. 4(d) shows the generated acoustic intensity fields in
the xz-plane. As acoustic waves emitted from an acoustic
vortex device propagate away from the device, the intensity
field gradually shrinks and then expands, manifesting a
neck-like distribution. It can be seen that the neck region has
much higher intensities than other regions. Inside the
intensity neck, there is a minimal intensity core,
corresponding to the center acoustic potential well observed
in Fig. 4(b). It can also be seen that the minimal intensity
core's width gradually increases with the increase of the
topological charge number from Q =1 to 5.

Lab Chip, 2025, 25, 3766-3778 | 3769
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Fig. 4 Generation of focused acoustic vortex beams with different topological charge numbers using interchangeable lenses. (a) A schematic for
illustrating the mechanism of generating a focused vortex beam and showing the planes for simulating acoustic fields. (b) Simulated acoustic
intensity and (c) pressure fields in horizontal planes 23 mm away from holographic lenses with Q =1 to 5 (left to right). (d) Simulated acoustic

intensity fields in the vertical planes for the five cases with Q = 1 to 5.

As the additively manufactured holographic lenses are
interchangeable, our acoustic vortex tweezers platform can
generate acoustic vortex beams with different parameters (e.g.,
those with different topological charge numbers in Fig. 4) by
simply changing the holographic lens. This allows for easily
generating acoustic potential wells with desired sizes in a Petri
dish, thus manipulating tiny objects ranging from micrometers
to millimeters. This interchangeable design also allows for
enabling more functions of manipulating tiny objects, such as
trapping and manipulating micrometer-scaled particles and
cells, manipulating millimeter-scaled zebrafish larvae, as well
as concentrating tiny particles to construct a particle
agglomerate with a controlled diameter.

Concentrating tiny objects by shrinking an acoustic potential
well

No studies have investigated the effect of a gradually
shrinking acoustic potential well on the distribution of in-
liquid micro-objects. As the focused acoustic vortex beam has
a gradually shrinking and then expanding intensity profile,
as revealed by acoustic fields in Fig. 4(d), it becomes possible
to gradually adjust the size of a potential well in a fixed plane
(for example, a plane at the bottom of a position-fixed Petri
dish), the
holographic lens to the Petri dish's bottom wall. This feature
allows for generating different-sized potential wells with a
single focused acoustic vortex beam, only by adjusting the
distance, thus enabling unique object manipulation
strategies. In practice, the distance adjustment can precisely
be achieved by controlling the z-translation of our high-

by gradually adjusting the distance from

resolution 3D linear motion stage, where the acoustic vortex
device is installed.

To demonstrate the ability to change the size of a ring-
shaped acoustic potential well, a series of acoustic field
characterization experiments were performed. We acquired
the acoustic fields generated in horizontal planes having

3770 | Lab Chip, 2025, 25, 3766-3778

different distances to the holographic lens, ranging from
Az = 19 to 23 mm. The experimentally acquired pressure
and intensity fields in Fig. 5(a) and (c) are consistent with
the analytical simulation results in Fig. 5(b) and (d). They
both show that the generated acoustic potential well's
diameter gradually reduces, as the distance from the fixed
target plane to the acoustic device gradually increases
from 19 to 23 mm. The ring-shaped potential well results
in a trapping force (ie., acoustic radiation force's radial
component) toward the well's shown in
Fig. 5(e), critical for trapping micro-objects. With the
increase of distance Az from 19 to 23 mm, the maximum
trapping force gradually increases from 94 to 953 pN.

Additionally, to better understand the effect of acoustic
reflection at the air-liquid interface on the generated
vortex beam, we performed finite element simulations for
cases with and without the interface reflection. As shown
by the simulated acoustic field in Fig. 6(a-c), after the
forward acoustic waves pass through the focal plane, the
waves begin to diverge. When the waves obliquely impinge
on the air-liquid interface, the reflected waves propagate
in directions the beam's center.
Consequently, the acoustic waves reflected from the air-
liquid interface have negligible effects on the generated
acoustic trap at the bottom of the Petri dish, as revealed
by the comparison between cases with (Fig. 6(c)) and
without (Fig. 6(d)) reflected waves from the air-liquid
interface. Additionally, a relatively thick liquid layer in the
Petri dish is preferred, as a thicker liquid layer leads to
more diverged waves reflected from the air-liquid
interface, as shown by the comparison among simulation
results for cases with 1 mm, 2 mm, and 3 mm thick
liquid layers in Fig. 6(a-c).

By adjusting the distance Az between the acoustic
device and the object manipulation plane using the 3D
linear motion stage, our integrated acoustic vortex
tweezers system can tune an acoustic potential well's size

center, as

away from vortex

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Experimental and simulated acoustic vortex fields in horizontal planes with different distances to a Q =

1 holographic lens. (a and b)

Experimental and simulated acoustic pressure fields. (c and d) Experimental and simulated acoustic intensity fields. (e) Simulated acoustic radiation
force (radial component) applied on a 75 pm polystyrene particle on a line passing the vortex center (illustrated in d). The input acoustic pressure
value for this simulation is set to the experimentally measured pressure. The first to fifth columns are for cases with distances of Az = 19, 20, 21,
22, and 23 mm, respectively. For pressure field measurement, the input power applied to the piezoelectric transducer at the operation frequency

of 3.35 MHz was set to 1.27 W.

on-demand for manipulating objects preloaded in a
position-fixed Petri dish. With the setup illustrated in
Fig. 7(a), a validation experiment was performed by
concentrating microparticles in a Petri dish. The acquired
time-sequential images in Fig. 7(b) and Movie S1} show
that numerous microparticles were gradually moved to the
focused acoustic vortex beam's center with the reduction
of the potential well size, achieved by gradually increasing
the distance from the acoustic device to the Petri dish.
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This experiment validates a unique particle concentration
approach that hasn't been reported to the best of our
knowledge.

Translating a micro-object enabled by a micrometer-scaled
potential well of a focused vortex beam with Q = 1
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Fig. 6 Simulated acoustic wavefields to understand the effect of wave reflection at the air-liquid interface on a focused vortex beam. (a—c)
Simulated intensity fields when a Petri dish contains 1 mm, 2 mm, and 3 mm thick water layers, respectively. (d) Simulated intensity field when not
considering the boundary reflection. The top and bottom rows correspond to focused vortex beams with topological charge numbers of 1 and 3,

respectively.
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Fig. 7 In-Petri-dish particle concentration and single-particle translation enabled by acoustic vortex tweezers with a topological charge number

of Q = 1. (a) A schematic of the test setup. (b) Sequential images showing the particle concentration process when decreasing the distance Az and
shrinking the potential well size. (c) Translation of a 75 um diameter polystyrene particle in a Petri dish to write the letters ‘VORTEX’.

diameter comparable to the object's size. When the
topological charge number @ equals 1, the acoustic
potential well of the focused vortex beam generated by our
device at 3.35 MHz has a very small diameter in its focal
plane. By measuring the distance Ry, (illustrated in
Fig. 5(d), left) from the potential well's center to an inner
half-maximum-intensity point of the generated acoustic
intensity ring in the focal plane, we found that the minimal
potential well diameter defined by 2Ry, was approximately
310 pm. Such micrometer-scale potential well allows our
system to trap and manipulate a single micro-object. To
demonstrate this ability, we performed proof-of-concept
experiments, by using the Q = 1 focused acoustic vortex
beam to selectively capture a 75 pm diameter polystyrene
particle in a solution with numerous particles preloaded
into a Petri dish. By further controlling the 3D linear
motion stage where the acoustic vortex device was installed,
the acoustically trapped single particle was translated along
desired paths in a precise and programmable manner. The
captured microscopic images in Fig. 7(c) and the recorded
Movie S21 show that a 75 pm polystyrene particle in a Petri
dish was successfully trapped by the Q = 1 focused vortex
beam and transported along complex trajectories to write
high-resolution letters ‘VORTEX’.

Gradual formation of a particle agglomerate by trapping flowing micro-objects

Trapping flowing micro-objects
(a) to form an agglomerate

Water

Flowing
pa

e

Holographic

X Piezoelectric plate

Capturing flowing micro-objects to create an agglomerate
and translating the agglomerate using a focused vortex beam
with Q =3
Our acoustic vortex tweezers system is able to capture flowing
micro-objects to create a large agglomerate and translate the
agglomerate along complex paths. To demonstrate this
ability, we used an experimental setup illustrated in Fig. 8(a).
The acoustic device placed beneath a Petri dish is customized
to generate a focused vortex beam with a topological charge
number of Q = 3, as this beam's potential well is large
enough (with a diameter 2Ry =~ 1150 pum) to capture
numerous micro-objects for creating an agglomerate.
Moreover, the large acoustic potential well ensures the
continuous trapping and protection of the agglomerate, thus
allowing our integrated system to translate the agglomerate.
The time-sequential images in Fig. 8(b) and Movie S37t
reveal the formation process of gradually creating the large
particle cluster, by trapping flowing microparticles using a
focused acoustic beam with Q = 3. It can be seen that the
particle cluster's diameter gradually increases to ~0.9 mm in
108 s. Moreover, leveraging our integrated acoustic vortex
tweezers system, we can transport the formed particle cluster
in the Petri dish in a programmable and contactless manner.
The sequential images in Fig. 8(c) and Movie S4F

. Time

Fig. 8 Trapping flowing particles and transporting a cluster of particles enabled by acoustic vortex tweezers with a topological charge number of
Q = 3. (a) A schematic illustrating the trapping of flowing particles using in-Petri-dish acoustic vortex tweezers. (b) Sequential images showing the
trapping of flowing particles to construct a particle cluster whose diameter gradually increased to 0.9 mm. (c) In-Petri-dish translation of the
formed particle cluster to write the letters ‘VHAND’. (d and e) Results demonstrating the construction and translation of a cell cluster, respectively.
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demonstrate the transportation of a particle cluster along
pre-defined trajectories to spell ‘VHAND’ in the Petri dish. In
addition to manipulating microparticles, we demonstrated
the ability to concentrate cells as shown in Fig. 8(d) and
Movie S5,f as well as transport a cell cluster along a desired
trajectory as shown in Fig. 8(e) and Movie S6.}

Multi-DOF manipulation of zebrafish larvae using a
millimeter-scaled potential well of a focused vortex beam
with Q=5

Zebrafish, a model organism for biological and biomedical
research, plays a critical role in studying vertebrate
developmental biology and human genetic diseases.®”
Platforms capable of handling, translating, and rotating
small zebrafish larvae without direct contact and in a
programmed manner are highly desired, as they hold great
potential for transporting zebrafish larvae, sorting them into
different categories, as well as rotating them to capture
images from different directions for reconstructing zebrafish

(a) Trap and rotate a
horizontal zebrafish larva

Vortex beam

I

Holographic

5 lens

L”‘ Piezoelectric plate

Trap a zebrafish larva and
rotate the larva versus its
anterior-posterior axis

(d)

Vortex beam
Vortex beam

Holographic

2 lens

L.

Piezoelectric plate

(g) Rotate a zebrafish larva versus its anterior-posterior axis
Liquid

Vortex beam

Polymer
block with

a channel
Petri dish
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3D profiles, thereby facilitating biological and biomedical
research.

As the holographic lens of our acoustic vortex tweezers
system is interchangeable, it can be easily changed for
generating a focused vortex beam with a topological charge
number of Q = 5. This results in a millimeter-scaled
acoustic potential well more suitable for trapping zebrafish
larvae, compared to micrometer-scaled vortex potential wells
with smaller topological charge numbers. By leveraging a
focused vortex beam with Q = 5, our integrated acoustic
vortex tweezers system allows for multi-DoF translational
and rotational manipulation of zebrafish larvae in Petri
dishes. We performed a series of proof-of-concept
experiments, wherein our system was used to manipulate a
zebrafish larva (fixed 5-day post-fertilization) preloaded into
the Petri dish in an automated, contactless, and
programmable manner. Particularly, we demonstrated that a
zebrafish larva could be horizontally and vertically trapped
in a Petri dish and then rotated and translated without
direct contact. Such multi-DoF, contactless, in-Petri-dish

1mm

Fig. 9 Trapping, rotating, and transporting single zebrafish larvae in a Petri dish enabled by acoustic vortex tweezers with a topological charge
number of Q = 5. (a) Schematic illustrating the manipulation of a horizontal zebrafish larva in a Petri dish. (b) Transporting a horizontally trapped
zebrafish larva in a Petri dish to write the letters ‘ZEBRA’. (c) Clockwise rotation of a horizontally trapped zebrafish larva. (d) Schematic illustrating
the manipulation of a vertical zebrafish larva in a Petri dish. (e) Transporting a vertically trapped zebrafish larva in a Petri dish to write the letters
‘ZEBRA'. (f) Clockwise rotation of a vertically trapped zebrafish larva with respective to its anterior-posterior axis. (g) 3D and 2D schematics
illustrating the manipulation of a horizontal zebrafish larva using an asymmetric acoustic field. (h) Images acquired from different angles of a
zebrafish when it was rotated with respect to its anterior-posterior axis.
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manipulation capability has not been demonstrated to the
best of our knowledge.

Fig. 9(a) illustrates our experimental setup for trapping a
zebrafish larva in a horizontal posture in a Petri dish and
then translating and rotating the larva. To achieve this
manipulation ability, we first adjusted the distance between
the Petri dish and the acoustic device. This allowed us to
control the size of a cone-like acoustic potential field inside
the Petri dish so that the cone size was large enough to
effectively trap a zebrafish larva in a horizontal posture. Once
trapped, the larva could be translated using the 3-DoF linear
motion stage. The acquired time-sequential images in
Fig. 9(b) and Movie S71 show the successful trapping of a
zebrafish larva in a horizontal posture, as well as the
automated translation of the zebrafish along complex paths,
writing the word ‘ZEBRA’. In addition to trapping and
translation, the acoustic vortex beam's angular momentum
can rotate the trapped zebrafish larva. The acquired time-
sequential images in Fig. 9(c) and Movie S9f show the
clockwise rotation of a horizontally trapped zebrafish larva
with respect to its dorsal-ventral axis, consistent with the
vortex beam's angular momentum direction. For these
experiments, the zebrafish larva was fixed on the fifth day
post fertilization. In the future, we will conduct experiments
with live zebrafish larvae and investigate the acoustic effect
of their viability.

Fig. 9(d) shows the experimental setup for in-Petri-dish
trapping of a zebrafish larva in a vertical posture and then
translating and rotating the vertical larva. By adjusting the
distance between the Petri dish and the acoustic device, our
system can narrow down the size of the cone-like acoustic
intensity field generated in the Petri dish. This narrow
energy cone allows for trapping a zebrafish larva in a
vertical posture. Moreover, our acoustic vortex tweezers
system can precisely and robustly translate the trapped larva
along customized trajectories, for example, trajectories to
write the word ‘ZEBRA’ as validated by our experimental
results in Fig. 9(e) and Movie S8.f Additionally, owing to the
angular momentum applied by the focused vortex beam, the
vertically trapped zebrafish can be rotated in the same
clockwise direction with respect to the anterior-posterior
axis, as proven by the acquired time-sequential images in
Fig. 9(f) and Movie S9.F Although this experiment
demonstrates the ability to rotate a zebrafish with respect to
its anterior—-posterior axis, images captured by a camera
above the dish are not suitable for 3D reconstruction of the
zebrafish. To address this issue, one possible solution is to
add a camera to capture images from the lateral side of the
zebrafish, which will be tested in our future studies.
Another approach, which does not require a side camera,
involves using an asymmetric acoustic field. As illustrated
in Fig. 9(g), a polymer block with a 2 mm-wide channel,
open at the top, was placed in a Petri dish. The vortex
beam's axis was aligned with the channel side wall, thereby
generating an acoustic field asymmetric to the channel
centerline. Because of this asymmetric field, a zebrafish
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larva was successfully rotated with respect to its anterior-
posterior axis, allowing images to be captured from
different angles (see Fig. 9(h) and Movie S107).

Conclusion and discussion

This study presents an in-Petri-dish acoustic vortex tweezers
system, which integrates an acoustic holography-based
vortex tweezers device and a 3-DoF high-resolution linear
motion stage, for enabling contactless, multi-DoF,
multifunctional, = programmable, and  high-resolution
manipulation of small objects (ranging from micrometers to
millimeters) within a Petri dish. The acoustic vortex
tweezers device comprises a holographic acoustic lens that
transforms incident acoustic waves generated by a circular
piezoelectric transducer into a focused acoustic vortex beam,
which carries sufficient energy to transmit through a Petri
dish's bottom wall and create a ring-shaped acoustic
intensity field inside the Petri dish, allowing for the
trapping and manipulation of tiny objects. By encoding
phase profiles with different topological charge numbers
into the thickness profile of the holographic lens, our
acoustic vortex device can generate different-sized ring-
shaped acoustic intensity fields near a Petri dish's bottom,
thereby accommodating the trapping of different-sized
objects. Moreover, the acoustic vortex device can apply
torque to a trapped object, enabling its rotational
manipulation. Additionally, integrating our acoustic vortex
tweezers with a customized 3-DoF linear motion stage offers
a variety of manipulation strategies, including tuning
potential well sizes by controlling the z-position of the
acoustic device and programmable translation of
acoustically trapped objects along complex paths. It is also
worth noting that our approach potentially works for
various Petri dishes and well-plates, as our experiments
showed that the generated acoustic vortex beams can
transmit through 0.9 mm glass and 2.6 mm acrylic plates to
trap microparticles (see Fig. S27).

To demonstrate the versatile capabilities of our in-Petri-
dish acoustic vortex tweezers system, we conducted a series
of proof-of-concept experiments. First, we demonstrated a
unique approach based on the gradual shrinking of an
acoustic potential well for concentrating microparticles
dispersed in a Petri dish. By adjusting the distance between
the acoustic vortex device and the Petri dish, we gradually
decreased the size of the acoustic potential well in the Petri
dish, thereby concentrating microparticles within it. Second,
using holographic lenses encoded with different topological
charge numbers, we generated ring-shaped acoustic intensity
fields with different diameters, enabling the trapping and
translation of different-sized objects, such as microparticles,
cells, and zebrafish larvae. Together with a 3-DoF linear
motion stage, our integrated system was demonstrated by
translating trapped objects along desired trajectories, such as
complex high-resolution paths depicting different letters.
Third, we showed that flowing microparticles in a Petri dish
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could be trapped and gradually aggregated, allowing for the
creation of a particle cluster with a desired diameter, which
could then be translated along complex paths. Fourth, we
demonstrated multi-DoF, multifunctional manipulation of a
zebrafish larva in a Petri dish, including trapping the larva in
horizontal and vertical postures, translating it along complex
paths, as well as rotating it with respect to its dorsal-ventral
and anterior-posterior axes.

Compared to previous acoustic vortex-based contactless
object manipulation methods,***"®* our approach enables
the manipulation of small objects in commercial Petri dishes,
thereby minimizing cross-contamination, eliminating the
need for customized microfluidic chambers/channels, and
making it suitable for integration into laboratory workflows.
Second, our approach considers the minimization of the
influence of acoustic waves reflected by the air-liquid
interface, which was not considered in previous methods.
Third, our approach allows for gradual adjustment of the
acoustic potential well size by controlling the distance
between the acoustic device and the object manipulation
plane. By this means, the acoustic tweezers can be adapted
for objects of different sizes. Small objects distributed over a
large region can be gradually transported for concentration
by gradually reducing the size of the potential well. Fourth,
our approach achieves the trapping, rotation, and translation
of zebrafish larvae. In addition, compared to previous
acoustic vortex devices that relied on transducers with
customized electrodes®®* and lenses with four different
heights,” our approach with interchangeable holographic
lenses allows for generating various focused acoustic vortex
beams with desired charge numbers and focal lengths.
Compared to previous works on acoustics-based contactless
manipulation of objects in Petri dishes and multi-well
plates,**** the approach presented in this paper offers more
functionalities, such as transporting different-sized objects
(e.g., single micro-objects, cell/particle clusters, and zebrafish
larvae) along customized paths and rotating the trapped
objects.

In our future work, we will address multiple limitations of
this study and continue to improve this vortex beam-based
technology. First, this study mainly focuses on the effect of
acoustic radiation force with the acoustic streaming effect
not explored. To fill this gap, we will explore the acoustic
vortex beam-based control of acoustic streaming and the
manipulation of objects smaller than the cells and
microparticles used in this study. As the object size
decreases, the acoustic streaming-induced drag force plays
an increasingly important role in influencing the object's
motion. As shown by our simulation results in Fig. S3,} the
vortex acoustic beam induces vortex streaming that flows
toward the vortex center. In the future, we will test the ability
of this vortex streaming to trap and manipulate submicron
objects. Second, when continuously generating acoustic
waves, we observed oscillations at the liquid-air interface,
which caused distortions in the acquired images. To address
this limitation, we will test and optimize a cyclic on-off
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operation mode with acoustic waves on for object
manipulation and off for image acquisition. Third, in our
current experimental setup (see Fig. 1(c)), the bottom part of
an upright microscope was removed for the installation of
acoustic devices. We will continue to upgrade the vortex
beam technology to enhance its compatibility with both
inverted and upright microscopes. In the long run, we expect
to achieve a cost-effective and easy-to-use tool that
researchers in the biomedical and biological communities
can use for the programmable and contactless handling of
objects ranging from micrometers to millimeters, thereby
facilitating biomedical and biological research.

Materials and methods
Design, fabrication, and operation of acoustic vortex devices

The focused acoustic vortex tweezers devices utilized in this
work are composed of an interchangeable holographic lens
and a circular piezoelectric plate transducer, coupled through
a thin (~0.2 mm thick) layer of ultrasound couplant in
between. The method for determining the holographic lens
thickness profile is given in Section S1.f The lens was
fabricated using a photocurable resin (RS-F2-GPCL-04,
Formlabs) and a stereolithography 3D printer (form 3,
Formlabs) with an XY resolution of 25 um and a minimum
printing thickness of 25 um. These parameters are much
smaller than the wavelength of acoustic waves at the device
frequency of 3.35 MHz. Each fabricated lens has a thickness
profile varying from #;, to A + 1.04 mm, where A, = 1 mm is
the base thickness. This variation allows for introducing
phase differences covering the 0 to 2m range in the
transmitted waves. The circular piezoelectric transducer
(SMD28T07F3000R, Steiner & Martins Inc.) made of lead
zirconate titanate (PZT) has a diameter of 28 mm and a
thickness of 0.7 mm. It has a thickness-mode resonant
frequency of 3.35 MHz confirmed by a laser Doppler
vibrometer. As shown by the photos in Fig. 3, multiple
holographic lenses were fabricated, and they can be
interchanged to generate acoustic vortex beams with desired
topological charge numbers such as Q = 1, 3, and 5.

To generate a focused vortex beam using our device, a
sinusoidal signal at 3.35 MHz is generated by a function
generator (DG1022Z, RIGOL) and then amplified by a power
amplifier (A075, Electronics & Innovation Ltd.). For 3.35 MHz
acoustic waves transmitting through the bottom wall
(material: polystyrene, thickness: 1.1 mm) of the Petri dish,
the power transmission coefficient is ~62.33%. In practice,
the energy loss associated with transmission reduction can
be addressed by increasing the input power to the
piezoelectric transducer. We found that an input power of
0.26 W was sufficient to manipulate microparticles and cells
using our acoustic vortex device.

Analytical simulations

We used an analytical model to predict the acoustic pressure
and intensity fields generated by our holography-based
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acoustic devices. The details of the analytical model can be
found in Section S2 and Fig. S1.f With this model, we
obtained the acoustic pressure and intensity fields in Fig. 4
for acoustic vortex devices with different holographic lenses
at the same excitation frequency of 3.35 MHz. We also
obtained the pressure and intensity fields in Fig. 5 for planes
with different distances to the acoustic device.

Translation of an acoustically trapped object

To achieve programmable translation of an acoustically
trapped object in a Petri dish, we integrated our acoustic
device for generating a focused vortex beam with a
customized 3-DoF linear motion stage. A motion controller
(Openbuilds) with a micro-stepping motor control function
was used to control all the step motors of the customized
3-DoF linear motion stage for precise translational motions
in x-, y-, and z-directions with a resolution of 6.25 um. The
motion controller was connected to a computer through
serial ~communication, for enabling programmable
translation of the trapped object along
customized paths.

To manipulate microscale objects, our acoustic device was
placed under an upright fluorescence microscope (Olympus
BH-2) equipped with 2.5X, 10X, and 20X objectives, as shown
in the setup in Fig. 1c. After adding particles or cells with
densities greater than that of the medium, they sedimented
to the bottom of the Petri dish due to gravity. Acoustic waves
were then activated for contactless manipulation. A camera
(ToupCam) installed on the microscope was used to capture
time-sequential images and record videos. Although our
approach can translate microscale objects in the xy-plane, it
still lacks the ability to precisely move trapped objects in the
z-direction.

acoustically

Reagents and materials

To demonstrate the ability to manipulate micro-objects, we
used 75 pum polystyrene particles (BKPMS, Cospheric) in
deionized water. Zebrafish larvae (nacre hetrozygous) used for
this study were raised at 28.5 °C under normal light/dark
cycle, as described previously.®® The larvae were fixed on the
fifth day post fertilization in 4% paraformadehype and stored
in PBS at 4 °C. For acoustic manipulation experiments, each
larva was loaded into a Petri dish with deionized water. All
zebrafish experiments were conducted with approval from
the Virginia Tech Animal Care and Use Committee. All
experiments were performed in compliance with the relevant
institutional guidelines of Virginia Tech.

Cell culture and staining

The human glioblastoma cell line, U251 cells were used to
demonstrate cell cluster formation and manipulation in this
study. The U251 cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM, GenClone, USA) supplemented with
high glucose and i-glutamine, 10% fetal bovine serum
(Gibceo, Life Technologies), penicillin (50 units mL™", Sigma-
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Aldrich), and streptomycin (50 pg mL™', Sigma-Aldrich),
maintained in a 37 °C, 5% carbon dioxide (CO,) incubator.
Prior to the experiment, U251cells were resuspended in fresh
phosphate-buffered saline (PBS, pH ~7.4) to achieve a
concentration of approximately 1.0 x 10° cells per mL.

Acoustic field characterization

To characterize the generated acoustic pressure and intensity
fields, we used a hydrophone (HNR-0500, ONDA Co.)
mounted on a customized 3D linear motion stage (see Fig.
S4t). The hydrophone was connected to an oscilloscope (SDS
1202-E, SIGLENT) that was to record the time-domain
waveforms. A function generator (DG1022Z, RIGOL) was
employed to provide the excitation signal for the acoustic
device. The diagram in Fig. S5f summarizes key steps to
acquire acoustic pressure and intensity fields. By changing
the hydrophone position in a point-by-point manner and
acquiring acoustic pressure waveforms at a series of points
on a grid in the desired wavefield characterization region, we
can obtain a series of time-domain waveforms registered at
all the scanning points. At each point, we captured 8
waveforms and then averaged them to increase the signal-to-
noise ratio. The fusion of waveforms acquired at all the
scanning points leads to a time-space wavefield Sy(¢, x)
containing the wave propagation information. By applying
the Fourier transform to the time-space wavefield, a
frequency-space wavefield Sg(f, x) can be acquired, for
further obtaining the intensity field |Sg(f;, x)|> at a selected
frequency of f;.
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