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Experimental verification of circular motion of Mie particles
trapped within focused acoustic vortex beams

Zhengbao Li(Z= [E5), Hongyu Li(ZE#t5), and Qingdong Wang( 5 %)
College of Ocean Science and Engineering, Shandong University of Science and Technology, Qingdao 266590, China

(Received 3 May 2025; revised manuscript received 16 June 2025; accepted manuscript online 26 June 2025)

Techniques for manipulating nanodroplets lie at the core of numerous miniaturized systems in chemical and biological
research endeavors. In this study, we introduce a versatile methodology for calculating the acoustic vortex field, integrating
hybrid wave equation principles with ray acoustics. This approach demonstrates remarkable consistency between simu-
lated results and experimental observations. Importantly, both theoretical analysis and experimental validation confirm
that particles whose diameters match the wavelength (Mie particles) can be effectively trapped within a focused acoustic
vortex field, rotating in circular trajectories centered at the vortex center. This research significantly expands the scope of
acoustic vortex manipulation for larger particles and introduces a novel implementation strategy with potential applications

in targeted drug delivery for clinical adjuvant therapy.
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1. Introduction

Since optical tweezers were first proposed in 1986,
people have successfully applied optical tweezers to the field
of particle manipulation.?) Optical tweezers are used to ma-
nipulate smaller microparticles, and optical waves have dif-
ficulty penetrating opaque media. Compared with optical
waves, acoustic waves can manipulate larger particles and
penetrate opaque media deeply. Specifically, ultrasound
has been widely used in numerous biological and clinical
applications.>* Acoustic tweezers have been shown to have
great potential in clinical medical applications because they
can penetrate deeply, cause less tissue damage, and make
In 1991, Wu generated a sta-

ble force potential well in ultrasonic standing waves by ap-

no contact with the target.

plying two opposing transducers and introduced the term
acoustic tweezers.®! To date, two opposing transducers have
been used to emit ultrasonic standing waves to aggregate
microparticles. [®7]

Although standing waves have been shown to manipulate
particles and even living things,!®] the operation is limited to
a fixed area between transducers. Glauber T designed single-
beam multitrapping acoustical tweezers, which improve the
ability to manipulate particles.!'’! In addition, with multiple
transducers, an acoustic vortex can be formed by controlling
the phase of each element in the array.!'!! This allows particles
to be captured at multiple positions in the axial direction.

In Ref. [12], 64 transducers operating at 2.35 MHz have
been designed to form an array to aggregate 90 pm diameter
polystyrene particles into a ring. Hong et al.!'3! demonstrated

TCorresponding author. E-mail: wangqingdong @sdust.edu.cn
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the ability of a small number of peripherally placed sources
to generate acoustic vortex fields and stably levitate a wide
range of liquid and solid objects. Fan and Zhang!'* suggested
the flexibility of trapping both relatively dense and stiff parti-
cles and relatively light and soft particles at the pressure maxi-
mum of the axisymmetric Bessel beam in the Rayleigh regime.
Therefore, the study of focused ultrasound has more prac-
tical significance. The weakly-focused acoustic vortex was
generated by applying an elevation angle to the planar trans-
ducers of an N-element ring array, enabling large-scale object
manipulation. '3 Diego Baresch ef al. used a spherical trans-
ducer to generate high-order focused acoustic vortices (FAV's)
and simulated particle motion driven by the acoustic radiation
force (ARF).[1%1 It was discovered that the majority of the en-
ergy within the focused sound beam converged in a confined
region, creating a distinct focal point. This observation indi-
cates that the concentrated acoustic beam possesses the capa-
bility to significantly enhance the efficiency of particle ma-
nipulation, with the focal zone positioned in close proximity
to the acoustic source. The angular momentum transfer from
acoustic vortices causes the particles to rotate around the axis,
while the axial component either pushes them away from or
towards the acoustic source.!!”l A 17.9 MHz meshed transmit-
ter integrates with a Fresnel lens to focus a zero-order Bessel
beam. This precision tool can trap particles between 70 um

and 90 pum,[!8]

even at the axial area between the focal point
and the acoustic source.!!”] These experiments involve objects
much smaller than the wavelength of the acoustic wave, i.e.,

the Rayleigh particle.
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A sine-driven lithium niobate-focused transducer oper-
ating at 30 MHz has been designed to manipulate lipid
microdroplets.?%! It has been demonstrated that lipid micro-
droplets around the focal point can be trapped in the focus
center. The force is correlated with the size of the lipid mi-
crodroplets, the acoustic frequency, and the excitation energy
of the acoustic source, and the size of the trapped particles de-
creases as the acoustic frequency increases. In the study of ray
optics, a Janus particle with a diameter of 2 pm is displaced
from the optical axis beam to a new equilibrium position. The
simplicity and efficiency of the ray model make it popular in
optical and acoustic tweezer particle motion studies due to its
less resource consumption and fast calculation. ]

In the study of the ARF, another significant particle, in
addition to the Rayleigh particle,[??! is the Mie particle, which
has a diameter much larger than the wavelength. During the
study of Mie particles, researchers have found that the mag-
nitude and direction of the ARF experienced by the particles
are closely linked to the shape and size of the receiving mi-
crospheres. The receptor described in this study is assumed to
be spherical, with a diameter equal to the wavelength of the
acoustic wave. Experiments have demonstrated that acoustic
vortices can trap particles at the position of maximum acoustic
pressure and cause them to move in a rotational motion around
the vortex center in a ring trajectory.

2. Model

In this study, the propagation of acoustic waves in the
acoustic lens is calculated using wave acoustics, while the
acoustic field in the water medium is determined through ray
acoustics. The combination of both methodologies consti-
tutes a hybrid calculation method that integrates wave and
ray acoustics. The wave acoustics calculates regions near the
sound source or areas with spatial discontinuities, while the
ray acoustics computes large-scale propagation. The compu-
tational results align with those obtained using either method
independently. Thus, the hybrid approach achieves an optimal
balance between efficiency and accuracy.

To determine the acoustic pressure on the surface of the
acoustic lens, a numerical simulation model was developed.
The acoustic pressure within the acoustic lens is computed nu-
merically using finite element software. By adjusting the ini-
tial phase of the transducer’s vibration velocity, the acoustic
vortex fields with different topological charges (TCs) are ob-
tained. The model involves a close connection between the
transducer’s surface and the acoustic lens. It is posited that
the acoustic wave generated by the transducer runs parallel
to the acoustic axis within the acoustic lens, propagating to-
wards the interface between the lens and water. Refraction of
the acoustic wave occurs at the interface of the medium. By
employing the method of ray acoustics and Snell’s law, the

refraction angle of the acoustic wave at the interface can be
calculated. Each point on the medium interface can be treated
as a point source, assuming the presence of a uniform sphere
with a refractive index higher than that of liquid water. When
an acoustic ray strikes an interface between two media, mo-
mentum transfer occurs between them, leading to the ARF.
As shown in Fig. 1, the vector AC is the path from the
incident point A to the center of the sphere C, the vector BC'
is the path from the acoustic source point B to the center of the

sphere C, vector B A is the path from the acoustic source point

BA-BC
[BABC]

), refraction angle 6, = arcsin(

B to the incident point A, o = arccos(

BA-AC sin Ojn )
|BA-AC| ny ’

where n; and n; are the refractive indices of the medium and

), incident angle

6; = arccos(

the sphere, respectively.
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where Qg and Qg represent the scattering force and gradient

[231 R is the Fresnel reflection coefficient,

force coefficients,
and transmission coefficient 7T = 1 — R, Z; and Z, are the
acoustic impedances in the medium and inside the sphere, re-
spectively. H(6) represents the fraction of the initial ARF act-

ing on the surface of the sphere.

Hydrophone

3D motion stage

Digital
oscilloscope
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Computer
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|

Fig. 1. Schematic diagram of the correlation between the transducer array
control process and the sound field calculation model.
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The ARF equals the power divided by the acoustic veloc-
ity F=W/L=(Pxt)/(cwXt)
time, W represents the work done by the force, L represents

= P/cy.”" Here, t represents

the displacement of the force, P represents power, and c, rep-
resents acoustic speed.

A sphere’s surface shows acoustic intensity equivalent to
the power at that location. The scattering force and the gradi-
ent force formed by the k-th sound ray can be expressed as

I, AS cos 6; I, AS cos 6;
F,=0,* ts =0t (s8y,82), ()
Cw Cw
I, AS cos 6; I,AS cos 6;
Fg =Y lg =Yg l(gmgyagz)' (6)
Cw Cw

Point source B generates three directed forces at point A,
shown in these three equations. Among them, AS and I rep-
resent the area and intensity. The unit vector of the scattering
component s is perpendicular to the gradient component g.
The ARF acting on a sphere caused by all acoustic

sources:
F.=F4+F, fZASIchose
[(Q‘ an o L?sﬁc%] GO
[(QS téglga Jya— Lizﬁgay ] . ®
F,=F5+F,= Z Z ASI]chsg
—1j=1Cw
g [(QS teglga Lizﬁgaxc> L
Bsina

where M and N represent the number of force-receiving points
on the surface of the small sphere and the number of acoustic
rays, respectively .

Numerical simulations of FAVs were performed using
the MATLAB software. The practical parameters of the ex-
perimental system were used to simulate the distributions of
the acoustic pressure and the ARF for FAVs of different or-
ders. The circular array consisting of 8 planar sector trans-
ducers with radius a = 40 mm and a central angle Agp = n/4
was used as the source. The working frequency was set to
500 kHz, and the acoustic speed and density of the water were
1500 m/s, py = 1000 kg/m>. The acoustic lens
(curvature radius 46.19 mm, height 30 mm) was manufac-

set to ¢y =

tured by three-dimensional printing using acrylonitrile butadi-
ene styrene resin, and its parameters were measured as acous-
tic speed ¢ = 2146 m/s, density p; = 1023 kg/m3, attenuation
coefficient o = 1.8 dB/cm, and refractive index 8 = 1.56.

The ARF acting on a particle in an acoustic field is influ-
enced by various factors, with particle size being one of them.
Mie particles and Rayleigh particles exhibit different motion
states in the same acoustic field. The radial ARF distribution
for spherical particles in a focused acoustic field is illustrated
in Fig. 2. With the acoustic field TC [ = 0, the peak acoustic
pressure acts on the center of the cross-section, exerting a force
on particles within it. Assume that the center of gravity of the
small sphere is at the origin of the xoy plane, where the acous-
tic propagation axis is located. For a particle diameter D = A,
the radial force component keeps the sphere balanced, firmly
adhering it to the sound axis. Any external force that slightly
shifts the sphere off this axis will bring it back due to the pull
of the acoustic wave. For a particle diameter of D = 24, the
force impact remains similar, but its amplitude increases.

Figure 2(b) at z = 130 mm illustrates the radial ARF. For
particles with diameters of 14 and 4A, the acoustic propaga-
tion axis represents the equilibrium position. Around x = 0,
the direction of force is the same as that of displacement and
the force increases rapidly, making it prone to move away from
the acoustic axis. Therefore, not all particles larger than the
wavelength can be aggregated to the acoustic axis. As the par-
ticle diameter increases, the ARF it receives also increases.
Compared with Fig. 2(a), the radial ARF varies at different
axial positions.

—-20 —-12 —4 4 12 20 —20 —12
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Fig. 2. Distribution of radial ARFs at axial positions (a) z = 140 mm and (b) z = 130 mm in a focused acoustic field with a TC of / = 0. (c) For
TC [ = 2, the distribution of radial ARF received by spheres with the diameter D = A, 24, 4.
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In an acoustic vortex field with non-zero integer TC,
acoustic waves form a spiral pattern, generating a central
acoustic vortex and a high-intensity point at its radius. The
vortex’s central well potential and orbital angular momentum
trap Rayleigh particles, causing them to rotate. For TC / = 2,
there exists an additional balancing point beyond the vortex ra-
dius where a particle with a diameter D = A can achieve radial
equilibrium at a certain radial distance r = 6.5 mm, creating
an annular equilibrium zone as shown in Fig. 2(c). The or-
bital angular momentum from the vortex is transferred to the
particle, causing it to spin around the vortex center. As the par-
ticle’s radius increases, the equilibrium position’s radius also
increases. For example, particles with diameters 2A and 44
have radial equilibrium positions at 7.6 mm and 8.4 mm, re-
spectively. This increase in size leads to a corresponding in-
crease in the ARF experienced by the particle.

3. Experimental studies

Figure 1 illustrates our experimental setup, which in-
cludes a sector planar piston transducer array, an acoustic
lens, and an acoustic source driver signal control system. The
acoustic source array that comprises 8 sector transducers is
centered. The acoustic source driver signal control system
consists of an FPGA, an 8-channel MD2134 unit module,
and an amplification module. In the experiment, each trans-
ducer is driven by a continuous sine signal with a frequency
of 500 kHz. A 1 mm needle hydrophone is used to collect the
acoustic pressure signal, with a step of 0.8 mm each time. A
controlled polyethylene sphere floats at the interface of water
and air, and its movement is recorded by the camera. Other
parameters in the experiment are consistent with those used in
the simulation.

The cross-sectional distributions of the acoustic pressure
are illustrated in Fig. 3. At an axial distance of 130 mm, (a),
(b), and (c) depict simulated pressure maps for / = 1, 2, and
3, respectively. The lens efficiently focuses energy into the
paraxial region of the vortex where the central pressure is zero.
As the TC increases, the vortex radius expands, the range of
trapped particles widens, and the acoustic pressure at the vor-
tex radius decreases. For [ = 2, the peak radial acoustic pres-
sure occurs at x = 6.5 mm, or the vortex radius. The exper-
imental acoustic pressure distributions obtained are shown in
Figs. 3(d)-3(f), with TCs of [ =1, [ = 2, and [ = 3, respec-
tively. The outcomes obtained are in remarkable agreement
with the simulation results, exhibiting a high degree of consis-
tency.

Figure 4 illustrates the sphere’s motion in an acoustic field
with / = 0. The sphere, measuring 1.5 mm in radius and made
of polyethylene, is positioned at z = 130 mm. The red dot is
the center of the cross-section of this acoustic field, while the
green dot represents the geometric center of the sphere. First,

the sphere is securely held at the origin by the focused acous-
tic field, aligning its center with the origin in Fig. 4(a). Since
[ = 0, the sphere remains stationary as there is no orbital an-
gular momentum. Second, the transducers are turned off to
release the particle, then the sphere moves slightly away from
the origin (As = 0.8 mm) as shown in Fig. 4(b). When the
transducers are turned on, they promptly pull the sphere back
to its original position. Third, the acoustic field displaces the
sphere further by As’ = 2 mm in Fig. 4(c). When the trans-
ducers are activated, the sphere moves away from the origin.
This indicates that when the geometric center of the sphere is
at a certain distance from the origin, the focused acoustic field
loses its ability to capture the sphere.

=1 i =2
(a) (b)

©

e 40,
-20 0 20 40 4:%0 -20 0 20 40 -

Fig. 3. Cross-sectional simulation (a)—(c) and experiments (d)—(f) of the
focused acoustic vortex acoustic pressure distribution, axial distance of
z = 130 mm, with topological charges of / = 1-3, respectively.

Fig. 4. The TC [ = 0 of the focused acoustic field and the corresponding
position of the particle when the acoustic source is on (a) and off (b), (c).

Fig. 5. TC [ = 2 of the focusing vortex acoustic field, the sphere ro-
tates around the focusing region; (a), (b) and (c) show the positions of the
sphere at different times.

The vortex center can form acoustic traps to trap and ro-
tate the sphere. The region outside the vortex center can also
form a trapped annulus. Once the acoustic field of the FAV
traps the sphere at the maximum annular acoustic pressure,
the sphere will rotate around the vortex center along the an-
nular trajectory due to the orbital angular momentum. The

094303-4
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experiment employs a sphere with a diameter D = A and a
TC | =2. It forms a circular orbit around the vortex cen-
ter at 6.5 mm, which is consistent with the trapping posi-
tion revealed in Fig. 2(c). The positions of the sphere at
t =0s, 4 s, and 8 s are shown in Figs. 5(a)-5(c). It takes
approximately 17 s for the sphere to complete one full rotation
around the ring. In this study, the viscous force generated by
particle motion manifests as a resistance force, expressed as
Fp = —3nuDV, where 1 is the dynamic viscosity of the fluid,
and V = ug —up, is the relative velocity between the particle
and fluid. Due to the relatively large particle size, the viscous
force constitutes a non-dominant factor in particle motion.

t=3s

Fig. 6. The sphere rotates in the vortex center of the FAVs with TCs of
(first row) [ = 1, (second row) [ = 2, and (third row) [ = 3. The first,
second, and third columns represent the positions of the spheres at time
t =1s,2s,and 3 s, respectively.

The sector transducer array and acoustic lens create a field
of FAV with zero pressure at the center of the vortex. This
field possesses orbital angular momentum, causing the sphere
not only to be trapped at the center of the potential well po-
sition but also to rotate within the vortex. After determining
the diameter of the sphere and the axial position of its vortex
acoustic field, the sphere rotates at various speeds correspond-
ing to different TCs. It is well known that the larger the TC,
the larger the vortex radius, meaning the distance of the peak
acoustic pressure from the geometrical center of the sphere in-
creases. However, when the diameter of the sphere is much
smaller than the vortex radius, the rotational speed is almost
independent of the size of the TC. When the diameter of the
sphere is comparable to the vortex radius, the rotational speed
of the sphere is significantly influenced by its size. The ro-
tational speeds of the blob in the acoustic field with a TC of
| =1 (first row), [ = 2 (second row), and / = 3 (third row)
are 1.08 t/s, 1.67 t/s, and 0.7 t/s (revolutions per second), re-
spectively, as shown in Fig. 6. The diameter of the blob is
approximately 3 mm. The red dot is the new position of a

point on the blob after a certain rotation angle, and the value
of 6 in the figure indicates the angle of rotation of the red dot.
It can be observed that the rotational speed of the blob does
not increase with an increase in the TC. The fastest rotational
speed of the blob occurs at the TC [/ = 2, which is 1.55 and
2.39 times higher than that at [ = 1 and [ = 3, respectively.

4. Conclusion

The manipulation characteristics of large particles by
FAVs composed of sector transducer arrays and acoustic lenses
are analyzed. A hybrid method that combines the wave equa-
tion and ray acoustics is used to calculate the acoustic field.
The two-dimensional distribution of acoustic pressure in the
acoustic field is obtained through simulation. The acoustic
pressure distributions from numerical simulation and exper-
imental measurements show good agreement. In the vortex
acoustic field, it has been demonstrated for the first time that
particles with a diameter equal to the wavelength will move in
circular trajectories, rotating along an annular orbit once they
are trapped at the vortex radius.

Acoustic lenses enhance energy concentration, thereby
improving the system’s energy efficiency. This study demon-
strates, through simulations and experiments, that focused
acoustic fields with [ = 0 provide superior energy concentra-
tion by aligning Mie particles with the center of the cross-
section. In contrast, the FAVs with / = 2, which cannot con-
centrate energy effectively, create a high-pressure annulus that
transfers orbital angular momentum to Mie particles, causing
them to move around the annulus. This study advances the re-
search on ultrasonic vortex manipulation of large particles by
proposing a cost-effective and biocompatible method. The ap-
proach demonstrates the potential for clinical adjuvant therapy
applications.
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