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Contactless manipulation of multi-scale objects using the acoustic vortex (AV) tweezers offers tremendous perspec-
tives in biomedical applications. However, it is still hindered by the weak acoustic radiation force (ARF) and torque (ART)
around the vortex center. By introducing the elevation angle to the planar transducers of an N-element ring array, the weak-
focused acoustic vortex (WFAV) composed of a main-AV and N paraxial-AVs is constructed to conduct a large-scale object
manipulation. Different from the traditional focused AV (FAV) generated by a ring array of concave spherical transducers,
a much larger focal region of the WFAV is generated by the main lobes of the planar transducers with the size inversely
associated with the elevation angle. With the pressure simulation of the acoustic field, the capability of the rotational object
driving in the focal plane for the WFAV is analyzed using the ARF and the ART exerted on an elastic ball based on acoustic
scattering. With the experimental system built in water, the generation of the WFAV is verified by the scanning measure-
ments of the acoustic field and the capability of object manipulation is also analyzed by the rotational trapping of floating
particles in the focal plane. The favorable results demonstrate the feasibility of large-scale rotational manipulation of ob-
jects with a strengthened ART and a reduced acousto-thermal damage to biological tissues, showing a promising prospect
for potential applications in clinical practice.

Keywords: acoustic vortex, weak-focused, large-scale object manipulation, acoustic scatter, acoustic radiation

force
PACS: 43.25.Qp, 43.60.Fg, 43.38.Hz

1. Introduction

Due to the orbital angular momentum transfer of heli-
cal wavefronts, the acoustic vortex (AV)!'~%) has been proved
to possess the capability of object manipulation. The cen-
ter pressure null!”-8! formed by the screw phase dislocation
can be applied to form the potential well to trap small ob-
jects in a rotation manner. The AV beam can go deeply into

[9-11] H2-16] 49 vortex tweez-

tissues to manipulate small targets
ers, exhibiting the application potential in the fields of particle
manipulation and drug delivery in biomedical engineering. It
was reported that the acoustic radiation torque (ART)!!"] of a
monochromatic nonparaxial AV beam was proportional to the
power absorbed by the object with a factor of I/, where [
was the topological charge of the AV. To generate an AV with
a phase spiral, the phased technology for the point or quasi-
point sources was often employed based on acoustic interfer-

ence. AVs with [ = 1 and 2 were generated!!5!1"]

using an
8-source array and the OAM transfer was verified by the mea-
surement of the ART exerted on a hanging disk. For the phase-
coded approach?%-21 applied to a ring array of N sources,

the maximum topological charge of the AV was achieved and

DOI: 10.1088/1674-1056/abcalf

the circular distributions of pressure and phase were also dis-
cussed. However, the AVs generated by the ring array were
along the center axis of the acoustic beam with a low-level
trapping force, resulting in an instable axial manipulation of
particles.

A spherical transducer array was developed!?>?4 to gen-
erate AVs and a stable trapping of particles of wavelength or-
der was demonstrated. The rotation speed of particles was
adjusted by regulating the amount of time for each direction
of the emitted vortex. Whereas, for weak directional trans-
ducers with kgb = 3.7 (product of the wave number ko and
the transducer radius b), the axial width of the interference
area could not be limited effectively by the main lobes. The
axially controllable deep-level multiple traps'?>! of AVs us-
ing directional sources (kob = 29.32) were investigated. The
main-AV formed by main lobes was far away from the source
plane in a divergent manner and the energy was not fully uti-
lized to produce a strong capability of object manipulation. A
triangular lattice phased array was reported!?! to generate a
focused AV (FAV) with the peak pressure increased up to 3
times that of a non-focalized one. By mounting an acoustic
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lens on a phased array, a FAV was developed!?’! to manipu-
late objects on a thin film. The clearest experiment concerning
the ART on spheres?®! was observed by the simultaneous ro-
tating and trapping of particles. Riaud et al.!''l reported that
precursor swirling Rayleigh waves could degenerate into AVs
after crossing a stack made of a liquid layer and its solid sup-
port, creating a localized acoustic trap in a fluid cavity. The
inverse problem to design integrated transducers for arbitrary
acoustic fields was solved and applied to design an integrated
spiraling transducer for AVs. This technology was selective,
label-free, biocompatible, flat, easy to miniaturize, and com-
patible with microfluidic disposable chips, which opened ex-
citing prospects for cell printing and tissue engineering. In or-
der to improve the selectivity and integrability of contactless
particle manipulation, the potential of FAV?°! was unleashed
by developing the first flat, compact, paired single electrode
focalized acoustical tweezers, which relied on spiraling trans-
ducers obtained by folding a spherical AV on a flat piezoelec-
tric substrate. The ability to grab and displace micrometric
objects in a standard microfluidic environment with unique se-
lectivity was demonstrated. However, due to the small size of
the focal zone, the practical application of the FAV is still lim-
ited by the weak ART!3! exerted on objects and the possible
acousto-thermal damage to biological tissues at the focal cen-
ter.

In this paper, by introducing the elevation angle to the
planar transducers of an N-element ring array, the weak-
focused acoustic vortex (WFAV) composed of a main-AV and
N paraxial-AVs is constructed to conduct a large-scale rota-
tional manipulation of objects in the focal plane. Compared
with the ellipsoidal focal zone formed by the concave spheri-
cal transducers, the cone-shaped WFAV generated by the main
lobes of the planar sources is much larger with the size in-
versely associated with the elevation angle. Based on acoustic
scattering, the transverse properties and the capacity of rota-
tional object trapping of the WFAV is analyzed in detail. Com-
pare with the FAV, the higher ARF and ART exerted on an
elastic ball can be produced by the WFAV in a larger radius.
The pressure distribution of the WFAV is confirmed by the ex-
perimental scanning measurement in water and the capability
of object manipulation in the focal plane is also verified by
the rotational capture of particles on the water surface. The
favorable results demonstrate the feasibility of large-scale ro-
tational manipulation of objects with a strengthened ART and
a reduced acousto-thermal damage to biological tissues. In
addition, with a confocal design with a high intensity focused
ultrasound (HIFU), the WFAV can be used to improve the ther-
apeutic effect of HIFU therapy with the accumulation of drug
particles, which might enable more potentials in clinical appli-
cations.

2. Principle and Method

The schematic diagram of the WFAV system is shown in
Fig. 1(a). N planar transducers (radius b) are placed evenly
on a circumference (array radius Rg) of a sphere (focal length
R) with surfaces pointing to the focal center F'. The radiation
pattern D(8) = |2J; (kobsin0) / (kobsin 0)|** is produced by
the transducer with kob > 1, where J; (x) is Bessel function of
the first order and 0 is the radiation angle. A narrow main lobe
is achieved by the first solution of D(0;N) = 0. The elevation
angle ., = sin~ ! (Ro/R) is used to describe the tilt direction of
the sources. Different from the FAV formed by a ring array of
concave spherical transducers with a same focal point, a much
larger cone-shaped focal zone can be generated by the main
lobes of planar transducers, which is named the WFAV in this
study to distinguish from the FAV.

The phase-coded approach?”! is employed to form the
AV beam with a controllable topological charge /. The spa-
tial angle and the initial phase of the n-th source are set to
¢, =n(2n/N) and ¢, = nl 2x/N) forn=0to N—1. As
shown in Fig. 1(a), the acoustic pressure at (7, ¢,z) produced

[25,31

by the n-th source I can be calculated by

. poqob? [21; (kobsin6,)
Pu(r,9,2) = i0=0- [ kobsin 6,

x exp(ikoR, —iwt)exp(ig,), (1)

where g is the acoustic source strength, R, and 6, are the
transmission distance and the radiation angle from the n-th
source to (r, @,z). Thus, the acoustic pressure of the AV beam
can be achieved as

N—1 2 :
. poqob* [ 2] (kobsin6,)
pirg) =io ) o [ kobsin6,

x exp(ikoR, — iot)exp (i¢,). )

Therefore, the cone-shaped WFAV can be formed by the
main lobes for 6, < O)n. Although many on-axis or off-axis
sub-AVs can also be generated by the side lobes (6, > 0in),
they can be neglected in practical applications due to the low-
level acoustic pressure.

As we know, the acoustic gradient force (AGF) based on
the Gor’kov potential is often used to estimate the ARF act-
ing on the particles with the size much smaller than the wave-
length. However, the influence of acoustic scattering by the
particles of a bigger size should be taken into account in prac-
tical applications. Therefore, a general derivation of the ARF
exerted on an elastic ball in the WFAV is studied based on
acoustic scattering to achieve a more accurate analysis of the
rotational object manipulation. As shown in Fig. 1(b), an elas-
tic ball with the radius a is located at an arbitrary point, which
is positioned at the new origin O’ in the spherical coordinates
with the radius, the polar and azimuthal angles of +/, ', and
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¢'. Thus, the scattered pressure*!l at (+/, 8, ¢') radiated from
S, on the transducer surface can be written as

p(r',6",¢')
B j;(koa) + 1Py ji(koa)
Z { [h' (koa) + 1By (koa)

hy (kor') — jl(k()r/)}
L (20 +1)

X qopocoky ( hy(korp) Pi(cos0”), a<r <rs, (3)

where j;(x), h;(x), and P;(x) are the spherical Bessel function,
the spherical Hankel function of the first kind, and the Legen-
dre polynomial of / order, respectively. The acoustic contrast
factor B; = i- pocojj(ksa)/ [pscsji(ksa)] is determined by the
impedance difference between the elastic ball and surround-
ing water, where pg, c¢s, and kg are the density, the acoustic
speed, and the wave number of the ball. Therefore, the scat-
tered pressure at (+,6’,¢’) in the WFAV can be calculated by

p(r', 6. ¢")
N—1 oo
a)+iByji(koa) :| / . ’ }
= h[ k()r —JI kor
T L [Faar i o)~k
. 21+1
XQOPOCOk(z)eXP(l‘Pn)( i )
z

(a) main lobe\\ [ rr_1ain lobe

sectional diagram \\ \! //

"~ ™

| planar transduccr :_
| |

|

|

spherical transducer |
\
— _for EAX‘r _

sliding rail magnet

2n b
< [ ] bulkory) Pulcos 6) - drdep (4
where 73, and @,, are the integral variables of the n-th trans-

ducer and r), is the distance from S, to (+,6’,¢"). Then the
ARFP237] exerted on the ball can be obtained by

2
Fs():/ pO(V'V)nf pS°2n
So 2 2pocy

where ps, = p(a,0’,¢'), n is the unit vector of the inte-

Po(n'v)v> -dS, (5)

gral surface, the acoustic velocity on the ball surface is v =
Vps,/ (iwpo) and (-) is the time-averaged calculation over one
period. Assuming the ball is placed on the y axis with the off-
set dy from the origin O, the ART exerted on the ball can be
calculated by
TXFx:_(dy-Fso'ex) €z, (6)
where e, and e, are the unit vectors along the corresponding

directions.

Fig. 1. (a) Schematic diagram of the WFAV system, and (b) the analysis of the acoustic scattering on an elastic ball located in the WFAV generated by

an experimental ring array of 8 transducers with the elevation angle of 30°.

3. Numerical and experimental studies

Numerical studies are conducted for an §-source ring ar-
ray with R = 60 mm, » =7 mm, and 6. = 30° at f =1 MHz in
water, the density and the acoustic speed in water are set to be
Po = 1000 kg/m? and ¢y = 1500 m/s. Cross-sectional distribu-
tions of pressure and phase for the WFAV with [ = 1 at the fo-
cal distance (z = 52.0 mm) are plotted in Figs. 2(al) and 2(a2).
Concentric pressure circles with an obvious pressure zero at
the center is clearly displayed in Fig. 2(al). The radii of the
pressure peak and valley of the main-AV are about 0.85 mm
and 1.8 mm, respectively. The main-AV in r < 1.8 mm is
proved by the conspicuous clockwise phase spiral from —7 to
7 in Fig. 2(a2), and an expanded AV is also identified by the
phase spiral in » < 3.7 mm. Meanwhile, eight phase spirals

evenly distributed on the circumference (r = 4.8 mm) demon-
strate the occurrence of eight paraxial-AVs with the radius of
1.8 mm. Due to the interference of the main lobes of the planar
transducers on the ring array, the number of paraxial-AVs is
equal to that of the sources. In addition, obvious off-axis sub-
AVs formed by side lobes can also be observed by the phase
spirals in > 6.6 mm. Thus, the maximum radial distance
of about 6.6 mm can be regarded as the radius of the WFAYV,
which is 4 times larger than the wavelength. The axial pres-
sure profile in Fig. 2(a3) shows a large-scale WFAV around the
focal center. The main-AV and paraxial-AVs symmetrically
distributed around the beam axis agree well with the cross-
sectional distributions in Figs. 2(al) and 2(a2). Whereas, sev-
eral off-axis sub-AVs outside the WFAV are too low to be iden-
tified.
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(al) cross-sectional pressure distribution (a2)

15 1.0 15

Simulation
Normalized amplitude (arb. units)

Experiment

Normalized amplitude (arb. units)

cross-sectional phase distribution

(a3) 80 axial pressure profile

0 Idbe] /|man lobe

Normalized amplitude (arb. units)

main-AV

Phase (rad)
Normalized amplitude (arb. units)

Fig. 2. Numerical (line 1) and experimental (line 2) cross-sectional distributions of (al, bl) pressure and (a2, b2) phase in the focal plane at

z=>52.0 mm, and (a3, b3) the corresponding axial pressure profiles.

The experimental ring array of eight planar transduc-
ers with the elevation angle of 30° was fabricated as dis-
played in Fig. 1(b). The array bracket was manufactured by
three-dimensional (3D) printing using the photopolymer ma-
terial, and the planar transducers (radius 7 mm, center fre-
quency 1 MHz) made of PZT were commercially customized
by Chongqging Haifu Medical Technology Co. Ltd. An 8-
channel phase-coded driving circuit!!®*°! made by the direct
digital synthesis (DDS) devices and the high-frequency power
amplifiers was used to excite the transducers with the phase
difference of /4. The acoustic pressure was scanned by
a needle hydrophone (Onda HNR-1000, Onda Corporation,
USA) using two step motors (Newport M-ILS250, Newport
Corporation, USA) at the step of 0.1 mm, and collected by the
digital oscilloscope (Agilent DSO9064A, Agilent Technolo-
gies, USA). To reduce the influence of the near-field interfer-
ence, the axial measurement distance was set from 20 mm to
80 mm. Besides, two magnets mounted inside and outside the
water tank were used to conduct a contactless linear motion
control of the ring array.

The experimental cross-sectional distributions of pressure
and phase in the focal plane at z = 52.0 mm are illustrated
in Figs. 2(bl) and 2(b2), which are in good agreements with
the simulations in Figs. 2(al) and 2(a2). For the possible ex-
perimental errors in scanning measurements, the vortex cen-
ter (indicated by the intersection of the axes) of the WFAV
deviates slightly from the origin as shown in Fig. 2(bl). As
indicated by the arrows, a main-AV and eight paraxial-AVs lo-
cated around are clearly displayed with obvious pressure cir-
cles, which are verified by the corresponding phase spirals as
shown in Fig. 2(b2). Meanwhile, several off-axis sub-AVs out-
side the WFAV can also be identified in Figs. 2(a) and 2(b). In

addition, the experimental axial profile in Fig. 2(b3) in terms
of the location and size of the main-AV and paraxial-AVs con-
sists qualitatively with the simulation in Fig. 2(a3).

1-0 T T T o
AR -
g 0.8k: v Cent.;’er'\};'(;‘f para)iial-AV e 28° i
@ ’ N, ! A .
v | I radius of WFAV]
2 0.6} ! N 1
< ; '
o) ; o
8 P i
= 04 e
g i
= A HE
Z 0.2 jin
OO 2 4 6 8
Radius (mm)
30¢ , . . . . 10
. (b)  —s=—axial width of the WFAV
25 | -e- radius of the WFAV 8
— | T —
g ' g
g . g
Z 20 IR R E
R N 16 3
e ! \\: S kS
z 151 ' S <
'TE : \.\.\* - R = ;,: 4~
é 108 - e ﬁ\'\-‘.
| 1 12
! '
1 L L 1 L
3

%0

0 40 50
Elevation angle (°)

Fig. 3. (a) Normalized radial pressure distributions of WFAV for the trans-
ducer arrays with different elevation angles, and (b) the elevation angle de-
pendences of the axial width and the radius of the WFAV.

Also as indicated by the arrows in Fig. 2(al), normalized
radial pressure distributions in the focal plane at ¢ = 22.5°
for the ring arrays of planar transducers with various elevation
angles are plotted in Fig. 3(a). Although there are several pres-
sure valleys along the radial direction, the vortex centers of the
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main-AV and paraxial-AVs are located at the 1st and 4th pres-
sure valleys of » = 0 mm and 4.8 mm, and the radius of the
WFAV is positioned at the 5-th pressure valley of » = 6.6 mm.
It shows that the radii of the main-AV and paraxial-AVs de-
crease accordingly for a larger elevation angle. As plotted in
Fig. 3(b), the radius in the focal plane and the axial width
(—6 dB attenuation) of the WFAV exhibit a similar decreas-
ing tendency with respect to the elevation angle. When the
elevation angle is enhanced from 20° to 80°, the radius of the
WFAV decreases from 9.8 mm to 3.4 mm with a declined axial
width from 27.8 mm to 9.5 mm. For the array with 6, = 30°,
the axial width (18.7 mm) and the radius (6.6 mm) are proved
by the similar sizes as indicated in Fig. 2(a3). Thus, the size
of the WFAV can be controlled accurately by the elevation an-
gle of the transducers, and a more concentrated WFAV with a
smaller main-AV can be formed by a bigger elevation angle.
To make a precise comparison with the WFAYV, the model
of the traditional FAV is developed by replacing each planar
transducer with a concave spherical one with the conceptual
diagram as shown in Fig. 1(a). The focal length of the con-

cross-sectional pressure distribution

cross-sectional phase distribution
@) 45 1.0 2 (b) 15 3 1.0 2
0.9 £ 09 £
10 0.8 = 2 0.8 =
0.7 < = 0.7 =
g 0.6 13 0.6
. = \5-4/ . E
8 0.5 2 0 3 05 2
> . 0.4 % . = 0.4 %
- 0.3 ¢ ~ 0.3 g
~10 0.2 3 -2 0.2 3
0.1 5 0.1 5
-15 z -3 z

Normalized acoustic pressure

Radius (mm)

Normalized ARF

cave spherical transducers is set to R = 60 mm with the height
of the spherical cap of 0.4 mm to ensure the same surface area
as the planar one. By applying the phase difference to the
ring array, the FAV can be generated around the focus. Cross-
sectional distributions of pressure and phase in the focal plane
of the FAV with [ = 1 are illustrated in Figs. 4(a) and 4(b),
and the corresponding axial pressure profile is also presented
in Fig. 4(c). The FAV featured by the obvious concentric cir-
cles with a pressure null at the center is clearly displayed in
Fig. 4(a) and the formation of the FAV in r < 1.8 mm is proved
by the perfect phase spiral around the center in Fig. 4(b). The
circular pressure distributions of eight paraxial-AVs are in-
complete with the pressure obviously lower than that of the
FAV. In addition, the acoustic pressures of the off-axis sub-
AVs are too low to be identified in Fig. 4(a). Compared with
the axial profile of the WFAV in Fig. 2(a3), only the main-
AV around the focus can be observed in Fig. 4(c). Therefore,
due to the focusing of the concave spherical transducers, the
acoustic power is more concentrated in the FAV around the
focal center.

1.0 T — : :
---{ ART of FAV

—— ART of WFAV
---IARF of FAV

—— ARF of WFA

0.8r

0.6

0.4

Normalized ART

0.2

Offset dy (mm)

Fig. 4. Cross-sectional distributions of (a) pressure and (b) phase in the focal plane, and (c) the corresponding axial pressure profile of the FAV with / = 1
generated by the ring array of 8 concave spherical transducers. (d) Normalized radial pressure distributions of the WFAV and the FAV, and (e) the offset
dependences of the tangential ARF and the corresponding ART exerted on an elastic ball in the WFAV and the FAV.

As plotted in Fig. 4(d), the normalized radial pressure
distribution of the WFAV at ¢ = 22.5° in the focal plane is
simulated to analyze the driving capability of the WFAV, and
the corresponding distribution of the FAV is also provided
for comparison. It shows that the pressure peak of the FAV
is a little higher than that of the main-AV of the WFAV at
r = 0.9 mm, whereas, the pressure peak of the FAV decreases
with the increase of the radius. When r > 3.2 mm, the 3rd and

the 4th acoustic pressure peak of the FAV is obviously lower

than that of the WFAV, meaning that no obvious paraxial-AVs
can be formed in the FAV. Then, the offset dependences of
the tangential ARF and the corresponding ART exerted on the
elastic ball (¢ = 0.5 mm) in the WFAV are compared with
those of the FAV. The comparisons plotted in Fig. 4(e) show
that the tangential ARF of the FAV is stronger than that of
the WFAV in the center region. When the ball is moved far-
ther to dy > 2.9 mm, a higher tangential ARF of the WFAV

is produced, especially for the existence of paraxial-AVs at
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dy = 5.6 mm. Meanwhile, the corresponding ART generated
by the FAV is a little higher than that of the WFAV when the
ball is located at the central region in dy < 2.9 mm. With the
further increase of dy, the ART of the WFAV enhances rapidly
with the maximum value at dy = 5.6 mm, which is about 9
times that of the FAV. Therefore, the improved capability of
large-scale object manipulation can be created for the WFAV
due to the higher ARF when 2.9 mm< r < 6.6 mm.

In order to further analyze the capability of object ma-
nipulation, the acoustic pressure scattered by the elastic ball
with @ = 0.5 mm, p; = 980 kg/m3, and ¢ = 2300 m/s is sim-
ulated. Supposing the elastic ball is located eccentrically at
(0, 0.8) mm in the focal plane at z = 52.0 mm, cross-sectional
pressure distributions scattered by the ball radiated from each
transducer are illustrated in Figs. 5(a)-5(h). Obvious pressure
fluctuations indicate the acoustic diffraction and reflection of
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the elastic ball. By further considering the initial phases of the
sources, distributions of pressure and phase of the WFAV are
illustrated in Figs. 5(i) and 5(j). The acoustic pressure on the
left side of the ball is obviously higher than that on the right
side as plotted in Fig. 5(i), creating the ARF (about 8.2 nN,
white arrows) along the normal direction of the helical wave-
fronts as shown in Fig. 5(j). The ARF produced by the WFAV
on the elastic ball deviates slightly from the tangent direction
with a radial component towards the vortex center, which pro-
duces in an inward rotation driving for the ball. The direc-
tion of the inward object rotation is determined by the tangen-
tial and radial components of the ARF in the transverse plane.
Thus, by considering the role of the arm, a strengthened ART
can be produced by the WFAYV, which is beneficial to the rota-

tional manipulation of objects in a large scale.
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Fig. 5. (a)—(h) Cross-sectional pressure distributions scattered by the elastic ball radiated from each source of the transducer array independently, and the
distributions of (i) pressure and (j) phase of the WFAV with the arrows representing the amplitude and direction of the ARF (For the experimental surface
pressure of 45 kPa on each planar transducer, the pressure peak of the WFAV reaches 310 kPa and produce an ARF of nN-level in the focal plane).

The performance of object manipulation of the WFAV is
demonstrated by the experimental rotation and movement of
the center accumulated polyethylene particles (¢ = 0.5 mm).
For the axial radiation force of nN level is too low to be mea-
sured, particles floating on the transparent surface of water
were often used to study the characteristics of the rotational
trapping in the focal plane at z = 52 mm to improve the ob-
servation effect. Due to the action of the ARF, particles ro-

tate anticlockwise around the center with an obvious accu-

mulation in a circular distribution of the radius of 6.0 mm
in Fig. 6(a). For the WFAV is formed by the interference of
the main lobes of the transducers, particles inside the WFAV
can be easily driven by the strong ARF produced by the main-
AV and the paraxial-AVs as shown in Fig. 2. While, although
the off-axis AVs can also be formed by the side lobes out-
side the WFAYV, the acoustic power is too low to driven the
particles. Therefore, as observed in the Supplementary video

I, particles inside the central area with the radius of about
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6.0 mm are gathered to the center in a rotation manner, while
the ones outside keep a steady state. A clear circular demar-
cation (6.0 mm< r < 8.0 mm) between the rotating and static
particles agree well with the theoretical radius of the WFAV
(6.6 mm). By moving the outside magnet along the sliding rail,
particles (r < 3.0 mm) trapped by the WFAV in Fig. 6(b) move
along with the ring array (Supplementary video II), demon-
strating the capability of the real-time particle trapping in a
large scale.

Fig. 6. Experimental pictures of (a) rotation and (b) movement of the accu-
mulated polyethylene particles in the WFAV.

4. Discussion

For the ring array of eight planar transducers with a given
Ry, the shape and size of the WFAV can be adjusted by the
elevation angle 6., which is also limited by the configuration
of the array and size of the transducers. For 8, = 90°, all the
transducers are positioned in the source plane with the surfaces
pointing to the center, and an octagon AV at the center in-
side the array can be formed by the main lobes of the sources.
However, for this case, the object to be manipulated should
be placed in the source plane without axial operation depth,
which would limit the practical application of AV manipula-
tions. While, for the specific angle of 6. = 0°, the model is
the traditional ring array®>! with the transducer faces perpen-
dicular to the beam axis, and the main-AV can be generated
by the main lobes of the sources. However, due to the direc-
tivity of the transducers, the main-AV is far away from the
source plane in a divergent manner, and the acoustic energy
cannot be fully utilized to produce a strong capability of ob-
ject manipulation. 8] Thus, the WFAV is proposed to shorten
the axial distance of the focal zone with an improved capabil-
ity of object manipulation.

In the present study, the WFAV is generated by the ring
array of eight planar transducers with the focal length R =
60 mm and the source radius » = 7 mm. To avoid the acous-
tic reflection by the transducers, the maximum elevation angle
of 82.2° should be taken into account based on the geometry
configuration. By considering the appropriate operation depth
(axial distance) of the WFAYV, the elevation angle from 20° to
80° is studied in simulations. Meanwhile, the formation of
the WFAV is also affected by the directivity of the planar pis-
ton transducers. According to the previous conclusion,>! a

narrower main lobe with a stronger radiation pattern can be
produced by a planar transducer with a bigger kob. Since the
WFAV is formed by the interference of the main lobes of the
planar piston sources, a more concentrated WFAV of smaller
radial and axial widths can be generated by the transducers
of a bigger kob. In addition, for the geometry configuration
of a fixed Ry and 6 in this study, the maximum radius of
the planar transducers is determined by the source number as
bmax = Rssin (Gadj/2) /sin (Gadj), where Ry = 2Ry sin(7/N)
and cos 6,4 = [cos(27/N) + cot® 6.}/ (1+ cot® 6, ).

In order to obtain the accurate acoustic pressure for the
WFAV, the laser vibrometer (Polytec OFV-503, Polytec Com-
pany, German) was used to measure the acoustic velocity on
the planar transducer surface. By adjusting the experimental
acoustic velocity on each transducers surface to 30 mm/s, the
source pressure was about 45 kPa and the pressure peak of the
WFAV reached 310 kPa by the acoustic focusing, producing an
nN-level ARF in the focal plane. For the acoustic energy used
in particle manipulations, the maximum pressure was less than
MPa, and the nonlinear effect of the WFAV and the acousto-
thermal effect to biological tissues>”) were neglected. How-
ever, by further increasing the source pressure to achieve a
pressure peak over MPa for the WFAYV, the nonlinear effect
should be considered to achieve a more accurate calculation
of the ARF for object manipulations.

As we know, the axial ARF along the center axis of an
acoustic beam mainly works as the positive force to push par-
ticles away from the source plane. However, for an AV beam
with a pressure null at the center, the negative force!**#?) ex-
erted on a particle along the center axis is easy to generate
at appropriate axial distances. The axial performance of a
FAV[?7] generated by a transducer array and a concave acous-
tic lens was studied by Baresch ef al., and it was proved that
the axial ARF was positive inside the beam focus and negative
outside as the pushing and pulling forces. The particle reached
an axial equilibrium position when the negative ARF balanced
the positive one. In addition, Marzo et al.[>*l demonstrated
that the FAV was able to stably trap and effectively control
the rotational speed of levitated samples by the independently
tunable trapping forces and OAM. The radial and axial ARFs
centered on the focus proved the existence of the ARF zero
along the beam axis of the FAV. Thus, in order to improve
the observation effect in water, objects floating on the water
surface were often used to study the characteristics of rota-
tional trapping in the focal plane without considering the axial
AREF due to the force balance in the direction of gravity. By
applying the holographic acoustic tweezers*3! of AVs using
two 256-element phased arrays, the rotations of soap bubbles
in opposite directions on the water surface were realized by
Marzo and Drinkwater. Therefore, by considering the simi-
lar distributions of the WFAV and the FAYV, the focal plane on
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the water surface with an axial radiation force balance in the
direction of gravity can be treated as the optimized position
to study the performance of the stable object trapping in the
transverse plane.

Although the experiments of particle rotation and move-
ment provide the evidence for the WFAYV, there are still some
differences between the particle distributions and the theo-
retical expectations. Due to the electrostatic interaction, ob-
vious particle aggregations are formed on the water surface.
Only the rotation of the agglomerated particles as a whole
is observed in the supplementary videos because the ARF of
main-AV is much larger than of the paraxial-AVs. Meanwhile,
independent rotations of several particles can also identified
around the centers of the paraxial-AVs. Meanwhile, com-
pared with the WFAYV, the acoustic pressure of the off-axis
sub-AVs is much smaller and the ARF is too low to produce
particle rotation. The clear circular demarcation without par-
ticles between the paraxial-AVs and the off-axis sub-AVs in
6.0 mm< r < 8.0 mm is produced by the inward trapping
force inside the WFAV and the outward gradient force outside
along the radial direction. In addition, the high-intensity fo-
cused ultrasound (HIFU)3*! can be used to treat tumors using
the thermal ablation of the focused ultrasound energy without
the synergy of drug particles. Thus, with a confocal design as
shown in Fig. 7, the ring array with the hollow structure can be
equipped around a HIFU transducer to form a WFAV covering
the elliptical focal zone of thermal ablation. Combined with
the effect of large-scale particle trapping, the WFAV can be
applied to improve the therapeutic effect of tumor treatments
during HIFU therapy with the accumulation of drug particles,
which might enable more potentials in medical applications.

accumulated drug / XN

particles // 2 A\ elliptical focal zone
154 A of HIFU ablation
157 N
L7 Y

£ 1 \
/ \
7 \
@ ring array of planar

HIFU transducer transducers

Fig. 7. Sketch map of the combined application of the WFAV during HIFU
therapy.

As the conventional AV, objects with the size smaller than
the radius of the WFAV can be captured stably, which is de-
termined by the structure of the ring array and the topologi-
cal charge. For the configuration of the system in this study,
the radius (6.6 mm) of the WFAV with [ = 1 is 4 times larger
than the wavelength. Therefore, objects of nm, pm, and mm

scales can be manipulated stably by the WFAV, showing a
great potential in multi-scale object trapping, especially for
bio-particles or drug particles in biomedical applications. As
presented in the principle section, the scattered acoustic pres-
sure and the corresponding ARF of the elastic ball are also im-
pacted by f3; in Eq. (4), which is determined by the impedance
difference between the elastic ball and surrounding water. The

44451 e.g.,the

particles with a negative acoustic contrast facto
polydimethylsiloxane (PDMS) microparticles, *®! can migrate
transversely with the pressure gradient towards the area of a
high pressure, and they are hardly to be accumulated to the
center by the WFAV. Therefore, only the regular particles with
a positive acoustic contrast factor can be manipulated by the

WFAV.

5. Conclusion

By introducing the elevation angle to the planar transduc-
ers of an N-element ring array, the WFAV is constructed to
conduct a controllable rotational object manipulation in a large
scale. Compared with the traditional FAV produced by con-
cave spherical transducers, a much larger scope of the WFAV
composed of a main-AV and N paraxial-AVs can be gener-
ated with the size inversely associated with the elevation an-
gle. The inward object rotation is demonstrated by the ARF
and the ART exerted on an elastic ball based on acoustic scat-
tering. The WFAV generated by an 8-source ring array is veri-
fied by the scanning measurement of the acoustic field, and the
capability of object manipulation is proved by the rotational
trapping of floating particles on the water surface in the fo-
cal plane. The favorable results demonstrate that the WFAV is
applicable in a large-scale object manipulation with a strength-
ened ART, exhibiting promising perspectives in medical appli-
cations.
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