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To solve the difficulty of generating an ideal Bessel beam, an simplified annular transducer model is proposed to
study the axial acoustic radiation force (ARF) and the corresponding negative ARF (pulling force) exerted on centered
elastic spheres for acoustic-vortex (AV) beams of arbitrary orders. Based on the theory of acoustic scattering, the axial
distributions of the velocity potential and the ARF for AV beams of different orders generated by the annular transducers
with different physical sizes are simulated. It is proved that the pulling force can be generated by AV beams of arbitrary
orders with multiple axial regions. The pulling force is more likely to exert on the sphere with a smaller kypa (product
of the wave number and the radius) for the AV beam with a bigger topological charge due to the strengthened off-axis
acoustic scattering. The pulling force decreases with the increase of the axial distance for the sphere with a bigger kpa.
More pulling force areas with wider axial regions can be formed by AV beams using a bigger-sized annular transducer.
The theoretical results demonstrate the feasibility of generating the pulling force along the axes of AV beams using the
experimentally applicable circular array of planar transducers, and suggest application potentials for multi-position stable
object manipulations in biomedical engineering.

Keywords: acoustic radiation force, pulling force, acoustic-vortex beams, annular transducer model, acoustic

scattering
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1. Introduction

As a special kind of acoustic field with helical wave
front and center pressure null!’-?l along the propagation axis,
acoustic-vortex (AV) beams have been proved to possess the
capability of object manipulation due to the orbital angular
momentum (OAM)B-! transfer. For the AV beam with a

nonzero topological charge, objects can be trapped!!*-13!

non-
destructively to the vortex center in a rotation manner, showing
promising prospects in biophysical and biomedical applica-
tions. Although the manipulation performances of AV beams
in the transverse plane have been demonstrated theoretically
and experimentally, the axial property remains great signifi-
cance for stable object manipulations in three dimensions. Re-
lated investigations on the axial acoustic radiation force (ARF)
were conducted to analyze the positive (pushing) and negative
(pulling) forces for acoustical tweezers. By utilizing the ray
acoustics approach, the pulling force generated by a strongly
focused 100-MHz ultrasonic transducer with a Gaussian in-
tensity distribution!'*! was theoretically studied, and the fea-
sibility of acoustical tweezers was demonstrated to depend on
both the acoustic impedance mismatch and the degree of fo-
cusing relative to the particle size. The radiation forces gen-
erated by plane waves, Bessel beams, and arbitrary beams on
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elastic spheres in a liquid or gas medium were formulated. !
The axial distributions of the ARF and the negative ARF of a
focused transducer in the form of a spherical cap and a multi-
element linear array were discussed in detail. The ARF ex-
erted on a spherical target by an ideal zero-order standing or
quasi-standing Bessel beam!!® was reported. The pulling (at-
tractive) force was proved to be diminished by the viscoelas-
ticity of objects and the increasing of the half-cone angle S3.
The generation of the negative ARF was investigated using a
limited-diffracting single annular piezo-ring transducer. Nu-
merical computations were performed for various types of
spheres. The acoustic beam generated by an annular-ring cir-
cular transducer!!”l was proved to be capable of inducing a
pulling force over an extended region in space. By employing
the paraxial approximation, it was demonstrated that Rayleigh
particles could be trapped in the pre-focal zone!!®! along the
beam axis with the pulling force of nano-newtons range. How-
ever, for the absence of the azimuthal phase factor, 191 the axial
manipulation capability was only investigated for the Gaussian
or Bessel beams of zero-order.

Further investigations on the ARF generated by specific
AV beams were also conducted. By using the far-field limit,
the exact scattering by spheres with different boundaries cen-
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tered on a Bessel beam!?°! were deduced. Based on the pro-
posed terminology of the negative ARF island, additional ex-
amples of the zero-order Bessel beam!?!! and the helicoidal
Bessel beam!??! were presented. The pulling force islands for
various 3 and koa (the product of the wave number and the
radius of the sphere) were proved to be correlated with the
conditions giving reduced backscattering by the sphere. The
negative ARFs of Bessel beams and non-diffracting beams

d,[?3241 clearing that the nega-

were geometrically interprete
tive force conditions were directly related to the suppressed
acoustic scattering in the backwards hemisphere. The pulling
force of standing wave tweezers of a high-order Bessel beam
on a rigid sphere>~27! was reported to be weakened by the
increase of B. In addition, micro-particles placed on a thin
film were axially manipulated?®! by the focused AV beam of
first-order using a spherical array of 127 transducers.
Although the pulling force was discussed in previous
studies, the ideal Bessel AV beam could not be generated
easily according to the conclusion!®®! made by McGloin
and Dholakia.

approximation

As demonstrated by Marston, the Bessel
(20211 was only proper when the distance be-
tween the sphere and the source was less than ar/tan 3, and
the incident wave was no longer a Bessel beam when close-
to and beyond the distance, where ar was the radius of the
source. Therefore, the ideal Bessel beams of arbitrary orders
are difficult to generate in experiment and the corresponding
conclusion of the pulling force is meaningless in practical ap-
plications. More attentions should be focused on the pulling
force of AV beams using an experimentally applicable trans-
ducer array.

In this paper, the pulling force exerted on elastic spheres
centered on AV beams generated by an annular transducer
model is investigated. By considering the acoustic scatter-
ing from spheres with various kga, axial distributions of the
ARF and the corresponding pulling force for AV beams gen-
erated by the annular transducers with different physical sizes
are simulated. It is proved that the pulling force can be gen-
erated along the axis of the AV beam of an arbitrary order
with multiple axial regions, and it is more likely to exert on
the sphere with a smaller kga for the AV beam of a higher-
order. More pulling force areas with wider axial regions and
higher force amplitudes can be formed by a bigger-sized an-
nular transducer. The favorable results demonstrate the fea-
sibility of generating the pulling force along the axes of AV
beams, and suggest application potentials of stable object ma-
nipulations using an experimentally applicable circular array
of planar sources.

2. Principle and method

The schematic diagram of the ARF analysis for AV beams
generated by the annular transducer is illustrated in Fig. 1. In

the spherical coordinates, an elastic sphere is placed at the
origin O, and an annular transducer with the outer and inner
radii of ry and r, is placed at z = —zp, being perpendicular
to the z axis. The radius and the width of the annular trans-
ducer are set to rpye = (rp+r2) /2 and W = ry, — r, respec-
tively. To generate an AV beam along the center axis with
the topological charge m, the phase term exp(imgs) is intro-
duced to provide the circular phase variation along the az-
imuthal direction, where ¢ is the azimuthal angle of the sur-
face element Py(rs, 65, ¢s). For the acoustic wave radiated by
Py(rs, 05, ¢5), the incident velocity potential at the observation
point P(r, 0, @) can be described by

) exp(koR — (J)l)

¢i(r797q)) R

-exp(imey), €))

where 1 is the vibrating velocity!!!l on the transducer surface,
R is the distance from P(r, 0, @) to Py(rs, 05, ¢5), @ is the angu-
lar frequency, ko = @/co and ¢ are the wave number and the
acoustic speed in water, respectively. Thus, the incident ve-
locity potential produced by the transducer can be calculated
by

i(r,0,0) = /AWexp(im%)-d& 2)

where dS = rodrod@s, ro and @ are the integral variables
on the transducer surface. In the spherical coordinates, for
a < r < Finner, the incident velocity potential can be rewritten

as30

¢i(r767(p)
o= 2 1) 27 pn
= enwtnzbi.uok()( ’ZJ; )/0 ./rabexp(im(ps)Pn(cosF)
x hy, (kors)jn(kor) . rOdrOd(pS7 3)

where Finner 1S the distance from an arbitrary point on the in-
ner boundary of the annular transducer to the center O of the
sphere, and I is the angle between OP and OP,, j,(x), h,(x),
and P, (x) are the spherical Bessel function, the spherical Han-
kel function of the first kind, and the Legendre polynomial of
the n-th order, respectively. Thus, the velocity potential scat-
tered by the sphere in the defined area is achieved by

(2n+1
4r

¢s(r795(p): e_iwlzi‘uﬂk() )thn(k()r)'hn(kors)
n=0

2w rn
x/ /an(cosF)exp(im(ps)~rodrod(,0s, 4)
0 ra

where

_ { in(koa) + iBjn(koa) ] g —i.Poco ilksa)
" b, (koa) +iBhy(koa) | * ' pscs  ji(ksa)

is determined by the impedance difference between the sphere

and the surrounding water.>!1 py, ¢, and k; are the density, the
acoustic speed, and the wave number of the sphere, respec-
tively. Based on the Legendre expression!*>33! P, (cosI") =
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2n L=, Yu(8,9)Y;(6s, ¢s) and the definition of spheri-
cal harmonics, the 1ntegra1 term can be replaced by the asso-
ciate Legendre function as

2n n
2n—|—1/ Z Y1 (0,0) Y, (65, ¢s) exp(imes) dos

2n+1(n—=10)!_,

dn [T
- Yo (6, P! (cos 6
2n+1,=2_:n./0 1000\ = iy (oS8

x exp(—iles) exp(imeg) d @s. 5)

AV beam sphere
centered on the origin

Fig. 1. Schematic diagram of the ARF analysis for AV beams generated by
the annular transducer model.

Therefore, according to the orthogonality of Y,;(6s, @),
equation (5) can be revised to

2
/ exp(im@s) P, (cosI") d s
0

(n—m)!

- 2717(11—1— m)!

P (cos 65) P (cos 0) exp(im@),  (6)

where P'(x) is the associate Legendre function of n-th degree
and m-th order. By integrating over the sphere surface, the
superimposed velocity potential is achieved by

Onet (1,0, 0)

— —1(0! 1m(p2

< Linbor) 57| P cos) {7

2n+1)

An,  (7)

where A, = fr’ab hy, (kors)P (cos 65) rodry is a constant deter-
mined by the geometric configuration of the annular trans-
ducer for each term of the series. By varying the result of
Ay, according to the geometry shape of the transducer, the pro-
posed calculation method can be applied to all symmetrical
source models which can be described by a rotating body.
Therefore, the ARF exerted on the sphere (26341 can be cal-

culated by

(F) = (F) + (Fo) + (Frp) + (Fi) + (Fp),

2 2
_¢ </n/ (a‘p“e‘) sinecos9d9d<p>,

r=a

21
</ / (a%et) sinGcosGde(p>,
2 a ne a nel .
: —ap</ L) (35) o)
_ 2
= 2aczp </ / (8%&) 51n600s9d9d(p>,
_ B m a¢net
_ 2</0 /O < S0 >r=a00t9d6d¢>, ®)

where () is the time-averaged calculation over one period, and

the partial derivatives with respect to r, 8, ¢, and ¢ can be

obtained by
d o imo 2n+1
Pnet —e i@ oim@ Z iuok(z)( n+1) [ (kol’)—i—snh (kol’)]
ar = 2
—m)
x P(cos 0) En—’—m;' Ap,
n+m)!
et _ i im0 Y s ko L) 5, o)+ 5, (ko)
d6 n=0
dP"(cos0) (n—m)!
a0 (n+m)!™"
d cor imo 2n+1
et _ _pe—ion gimo Yy uoko( ntl) [jn(kor) + suhy (kor)]
¢ = 2
—m)!
x P)(cos 0) mm,,
d of imo 2n+1
gnet =we e Z uoko ( n ) [jn(k()r) +thn(k0r)]
t = 2
—m)
x P(cos 0) EZ_}_Z%;A,“ 9)
where
dPy(cos@) ncosOP}(cosO)— (n+m)P; (cosO)
d0 N sin@
is achieved by the properties of the associated Legendre
function.3%33]

3. Numerical studies

By considering acoustic scattering from the sphere, the
acoustic fields of AV beams with different topological charges
are simulated. The annular transducer ( f = 1 MHz, r, =
5 mm, r, = 15 mm, W = 10 mm, rpae = 10 mm) is placed at
20 = —10 mm in water (co = 1479 m/s, py = 1000 kg/m>). For
practical applications in biomedical engineering, drug parti-
cles or cells can be treated as elastic spheres in acoustic fields.
The parameters of the elastic polyethylene spheres (koa = 3,
cs = 2000 m/s, ps = 980 kg/mS) used in numerical studies
are close to those of the fluidic ones. For the shear modu-
lus of the elastic spheres is less than 0.2 GPa, the pressure of
the transverse waves produced by the spheres is too small to
be considered for simplicity. The normalized axial profiles of
the velocity potential for AV beams with m =0, 1, 2, and 6
scattered by the elastic polyethylene sphere are presented in

054302-3



Chin. Phys. B Vol. 29, No. 5 (2020) 054302

Fig. 2. The acoustic interferences of the velocity potential are
clearly displayed for all cases. For the AV beam with m =0
as shown in Fig. 2(a), the velocity potential along the z axis
is higher for z < 0. By introducing the phase term exp(im;)
with m = 1, 2, and 6, obvious velocity potential zeros along
the z axis are generated in Figs. 2(b)-2(d). The radius of the
vortex center!3>-3] increases accordingly with the increase of
the topological charge m. Meanwhile, clear velocity poten-
tial fluctuations are displayed on the left side of the sphere
for m = 0 in Fig. 2(a), and the highest value generated by

the on-axis acoustic reflection is located at z = —a. How-
5.0 1.0
0.8
2.5
£ 0.6
g 0
iy 0.4
—2.5 0.2
—5.0 0
—5.0
5.0 p 1.0
9.5 0.8
g 0.6
g 0
N ’ 0.4
_2'5.foaxis\ '
~ / ‘ 0.2
reflection
5.0~ - S .
—5.0 —2.5 0 2.5 5.0
z/mm

ever, as indicated by the arrows in Figs. 2(b) and 2(c) for the
AV beams with a higher topological charge, the on-axis reflec-
tion is weakened with strengthened off-axis acoustic scattering
around the sphere. Especially, for the case of m = 6, the on-
axis and off-axis acoustic scattering can hardly be observed
around the sphere in Fig. 2(d) due to the much larger radius
of the low-level AV center. Thus, the pulling force, which is
weakened by the acoustic reflection!!® and strengthened by
the off-axis acoustic scattering, is easier to generate by the AV

beam with a higher topological charge.

5.0

z/mm

Fig. 2. Axial profiles of the velocity potential for AV beams with the topological charges of (a) 0, (b) 1, (c) 2, and (d) 6 generated by the annular

transducer with W = 10 mm and rp,e = 10 mm.

The axial distributions of the ARF with respect to kya for
AV beams with m = 0, 1, 2, and 6 are plotted in Figs. 3(a)-
3(d). Affected by the interferences of the acoustic waves radi-
ated from the source elements, obvious ARF fluctuations are
displayed for all cases. Since the ARF is the integral of the
partial derivatives of ¢y over the sphere surface, the ARF in-
creases gradually with the increase of kpa. Compared with the
pushing force, the pulling force is relatively lower as shown
in Figs. 3(a)-3(d), which is even too low to be identified for
AV beams with m =0, 1, and 2. By extracting the negative
value from the AREF, several pulling force areas are displayed
as the gray islands in Figs. 3(e)-3(h). It shows that, the pulling
force is more likely to exert on the sphere with a smaller kga
for the AV beam with a higher topological charge. For the AV
beam with m = 0 as shown in Fig. 3(e), six narrow pulling
force islands are displayed in zp < 34 mm and the ARF ap-
pears as the pushing force for kga > 2.3. By increasing m to
1, several wider pulling force islands are observed in the AV

beam with a longer axial distance zg as shown in Fig. 3(f).
Although the axial distances of the six pulling force islands
for m = 2 in Fig. 3(g) are similar to those for m = 1, the kga
scopes of the pulling force areas for the AV beam with m =2
are much longer. Especially, due to the low-level velocity po-
tential along the z axis in the AV beam with m = 6 as shown
in Fig. 2(d), the ARF almost manifests as the pulling force in
Fig. 3(h), while the pushing force is formed only for the sphere
with a much bigger koa at a smaller axial distance.

To analyze the distribution of the pulling force quanti-
tatively, the dimensionless function ¥ = 2F,/ (pok(z)q%) (20.21]
reflecting both the polarity and the relative amplitude of the
ARF is employed and the corresponding axial distributions
on spheres with kpa = 1, 2, 3, and 4 for AV beams with
m =20, 1, 2, and 6 are plotted in Figs. 4(a)—4(d). The ARF
is zero when zp = 0 for all AV beams due to the geomet-
ric symmetry of the annular transducer. With the increase
of zp, obvious ARF fluctuations are displayed with the posi-
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tive and negative values representing the pushing and pulling
forces. Generally, the number of the pulling force area re-
For the AV beam with
m = 0, six pulling force areas with narrow axial regions at
(0, 1.6) mm, (4.7,5.8) mm, (8.6, 9.3) mm, (13.1, 13.7) mm,
(19.8, 20.1) mm, and (32.0,32.2) mm can be observed for
koa = 1, while two pulling force areas at (4.7, 5.3) mm and

duces with the increases of koa.

(8.8, 8.9) mm are presented when koa is increased to 2. For
koa = 3 and 4, the ARF always appears as the pushing force,
which consists well with the result as illustrated in Fig. 3(a).
While, for the AV beam with m # 0, expanded areas with
the negative Y can be produced by the weak on-axis acoustic
reflection and the strengthened off-axis acoustic scattering.
For a small sphere with kga = 1, five pulling force areas

50 =0 1.0 1.0
10 ‘ lo.s lo.s
E g 30 0.6 0.6
<ﬂ\020 0.4 0.4
I
0.2 0.2
0 0
50()
e
% 40
< E 300
o0 B
=1 P
A 10 m——
e e —
0 0
T 2 3 4 5 6 1 2 3 4 5 6

kg(l koa

Pulling force

at (2.4, 4.5), (6.5, 8.4), (10.5, 12.8), (15.8, 19.4) mm and
(23.8, 31.5) mm are formed for m = 1 as shown in Fig. 4(a),
while five and three similar areas for m = 2 and 6 with higher
force amplitudes at closer axial distances are observed. For
the AV beam with a fixed m, the pulling force amplitude
decreases with the increase of kpa with fewer areas. For
koa = 2, five pulling force areas are displayed in Fig. 4(b) for
m = 1 and 2, while three pulling force areas are formed for
m = 6. By further increasing kga to 3 as shown in Fig. 4(c),
the pulling force area disappears for m = 1, while five and
three areas with reduced force amplitudes at much closer ax-
ial distances are formed for m = 2 and 6, respectively. In
addition, for kpa = 4 as shown in Fig. 4(d), no pulling force
areas can be observed for m < 2. For the AV beam withm =6

1.0 2l 1.0
. 50 (d) .
0.8 40 0.8
0.6 é 30 0.6
§20 0.4

10 02
= Ho
1

2 3 4 5 6
koa

Zo/mm

Fig. 3. (a)-(c) Axial distributions of the normalized ARF and (d)—(f) the corresponding pulling force islands with respect to kgpa for AV beams with the
topological charges of 0, 1, 2, and 6 generated by the annular transducer with W = 10 mm and rpase = 10 mm.
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>~
°
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B
I
=
~
o vl
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- - m=6
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Fig. 4. Axial Y distributions on spheres with kpa = 1 (a), 2 (b), 3 (c), and 4 (d) for AV beams with m =0, 1, 2, and 6 generated by the annular transducer

with W = 10 mm and rpyse = 10 mm.
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as shown in Figs. 4(a)—4(d), the pulling force can be generated
on all spheres from zyp = 0 with the force amplitude decreased
with the increases of kga and zg. Especially, for zp > 13.0 mm,
although the ARF mainly appears as the pulling force, it is
too low to be applied in practical applications. Thus, it can
be concluded that the pulling force is more likely to exert on
the sphere with a smaller kpa for the AV beam with a higher
topological charge.

1.0 T :
Lo (a)
0.5r,~ 14 /-~ |
P Ry \ ~ .
T O S
8 SR ]
75 —0.5¢ 1K
= Vol W=5mm -
ZO —10¢ | — m=0
(. -=-m=1 |
—1.5F% ! koa =3 m—>2
K 7"I)a‘sezlo mm —--—y =6
72'00 5 10 15 20 25 30 35
Axial distance zp/mm
Lo o
0.5F /i
>~ 1\
Il
T T ]
T o5 il
é ‘ ! W=7.5 mm |
Zo —-10r i —m=0
i --m=1
“15p Y kea=3 m=2
7"I)a‘sezlo mm —--—my =6
—2.0 L L L L L L
0 5 10 15 20 25 30 35
Axial distance zp/mm
L0 [~ : , ,
I
0.5 /iIA ’ \ /\/N(C)
> ol/w... VoL SN
. RSk
§ —05F v .
= i H
g —1.0p: W=12.5 mm |
5 ! ——m=0
271.5*:; T =1
[ koa =3 m=2
—2.0 |, Thase =10 mm —..— ), — ¢
—2.5 L L L L L

0 5 10 15 20 25 30 35

Axial distance zp/mm
Fig. 5. Axial Y distributions of AV beams with m =0, 1, 2, and 6 gener-
ated by the annular transducers with W =5 (a), 7.5 (b), and 12.5 mm (c) for
Fbase = 10 mm.

In addition, in order to analyze the size influence of the
annular transducer on the generation of the pulling force, the
axial distributions of the ARF on the sphere with kga = 3
are simulated for the AV beams with m = 0, 1, 2, and 6
generated by the annular transducers with various sizes. By
fixing rpase = 10 mm, the axial Y distributions for the AV
beams with various m generated by the transducers with W =
5, 7.5, and 12.5 mm are plotted in Figs. 5(a)-5(c). For
koa =3 and W =5 mm as plotted in Fig. 5(a), no pulling
force area is formed by the AV beams with m = 0 and 1,

while three pulling force areas with much higher force ampli-
tudes at (2.5,4.9) mm, (8.9,13.1) mm, (18.2,32.6) mm and
(0,4.6) mm, (7.4,14.5) mm, (15.1,35.0) mm are produced for
m =2 and 6, respectively. With the increase of W, more veloc-
ity potential fluctuations are produced by the stronger acous-
tic interferences of more source elements, resulting in more
pulling force areas. When W = 7.5 mm, no pulling force area
is displayed in Fig. 5(b) for m = 0 and 1. Four pulling force
areas at (5.3,7.4) mm, (10.0,13.0) mm, (16.6,22.8) mm,
and (27.8,35.0) mm can be observed for m = 2, and two
pulling force areas at (3.9,7.2) mm and (8.9,13.8) mm are
observed clearly for m = 6. Although Y oscillates around
zero, the low-level pulling force disappears gradually with
the increase of the axial distance for zgp > 13.8 mm. When
W = 12.5 mm, two pulling force areas at (2.8,3.5) mm,
(5.8,6.5) mm for m = 1 and seven pulling force areas po-
sitioned at (1.1,2.5) mm, (4.4,5.6) mm, (7.4,8.6) mm,
(10.5,12.3) mm, (14.7,17.2) mm, (20.1,25.2) mm, and
(28.2,35.0) mm for m = 2 are displayed in Fig. 5(c). Sim-
ilarly, for the case of m = 6, three pulling force areas at
(0,2.8) mm, (3.7,5.3) mm, and (6.7,12.4) mm are obviously
displayed, while the pulling force amplitude is too low to be
observed for zg > 12.4 mm. Thus, for a fixed sphere, more
pulling force areas with narrower axial regions and higher
force amplitudes can be produced by the annular transducer
with a bigger W.

Then, by fixing W = 10 mm, the axial Y distributions
for AV beams with various topological charges generated by
the annular transducers with rp,e = 15, 20, and 25 mm are
illustrated in Figs. 6(a)-6(c). For rype = 10 mm as plotted
in Fig. 4(c), five and three pulling force areas can be ob-
served respectively for m = 2 and 6. With the increase of
'vase, the axial regions of the pulling force areas exhibit an
expanding tendency. For ryae = 15 mm as plotted in Fig. 6(a),
four pulling force areas at (5.1, 7.4) mm, (10.5,13.1) mm,
(16.3,20.0) mm, and (24.0,29.8) mm for the AV beam with
m = 2 are observed, and the fifth pulling force area moves
out of the observation range (zo > 35 mm). For m = 6,
three pulling force areas at (2.6,7.2) mm, (9.6,13.0) mm,
and (15.2,21.2) mm are displayed with a rightward ten-
dency of the axial distances. Whereas, for rp,se = 20 mm,
four pulling force areas at (7.0,10.0) mm, (14.4,17.7) mm,
(22.0,26.8) mm, (32.2,35.0) mm, and three pulling force ar-
eas at (4.2,9.8) mm, (13.1,17.7) mm, (20.8,27.5) mm with
expanded axial regions are clearly shown in Fig. 6(b) for
As illustrated in Fig. 6(c) for
Fpase = 25 mm, three pulling force areas at (9.1,12.6) mm,
(18.0,22.4) mm, (27.7,33.6) mm, and (5.4,12.6) mm,
(16.6,22.4) mm, (26.4,34.1) mm for m = 2 and 6 are ob-
served, respectively. Hence, for an elastic sphere, wider

m = 2 and 6, respectively.

pulling force areas can be produced by the annular transducer
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with a bigger ryas, Which can be used to increase the axial
distance in object manipulations.
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Fig. 6. Axial Y distributions of AV beams with m =0, 1, 2, and 6 generated
by the annular transducers with rp,se = 15 (a), 20 (b), and 25 mm (c) for
W =10 mm.

4. Discussion

In this study, the continuous phase variation along the az-
imuthal direction should be introduced based on the orthogo-
nal properties of the associated Legendre function in the math-
ematical model. Whereas, it is difficult to generate AV beams
of arbitrary orders using the ideal Bessel beam in practical ap-
plications. Although the viable approach!!! was developed by
physically offsetting the transducer surface, the operating fre-
quency and the topological charge of AV beams cannot be ad-
justed easily. However, for the phase-coded approach!3>-40]
using a circular array of sector transducers with a hollow cir-
cle at the center,® the discrete phase variation produced by
the limited number of sources can be used to generate the AV
beam with a controllable topological charge. For an N-element
source array, the phase difference between adjacent sector

transducers is 27m/N and the initial phase of each sector
source is a fixed value. The acoustic velocity potential and the
axial ARF of the AV beam can be achieved based on the acous-
tic radiations from all the sector sources using the integral cal-

1401 around

culation. It is reported that circular phase linearity
the center axis of the AV beam can be improved by increasing
the source number of the transducer array. When the number
of the sector sources is larger enough (N > 8),13! the discrete
phase variation can be equivalent to a quasi-continuous one
to satisfy the requirements of the proposed annular transducer
model for AV generation.

Moreover, theoretical simulations of the ARF exerted on
centered elastic spheres prove that the pulling force can be
generated in AV beams of arbitrary orders with the amplitude
and the axial regions determined by the physical parameters of
the annular transducer and the elastic sphere and the topologi-
cal charge of the system. Due to the weakened on-axis acous-
tic reflection and the strengthened off-axis acoustic scattering,
the pulling force is easier to exert on the sphere with a smaller
koa for the AV beam of a higher order. More pulling force ar-
eas with wider axial regions and higher force amplitudes can
be produced by the bigger-sized transducer with a bigger ryyse
and a wider W. Then, by fixing r, and decreasing r, to 0 as
a special case, more pulling force areas at closer axial dis-
tances with higher pulling force amplitudes can be generated
by the circular piston transducer with a bigger width W. The
generation of near-field multiple traps of paraxial AVs!3! with
strengthened gradient force was proved by Wang et al. using
an 8-elemnet circular sector transducer array, which provided
experimental basis for further applications of the proposed an-
nular model. Also, by adjusting the physical parameters of the
transducer and the kpa value of the elastic spheres, the number
and the locations of pulling force areas can be controlled ac-
curately on the axis of the AV beam. The balance positions of
AREF zero between the pushing and pulling forces can be re-
garded as the trapping wells for stable object manipulations in
three dimensions. Thus, the particles with a similar kga can be
trapped at multiple positions along the beam axis by the radial
and axial radiation force, and the real-time adjustment of par-
ticle trapping can also be realized by changing the topological
charge of the AV beam.

5. Conclusion

In order to solve the difficulty of generating an ideal
Bessel AV beam, an annular transducer model is proposed to
study the pulling force along the center axis for the AV beam
of an arbitrary order. The ARF exerted on an elastic sphere
centered on the AV beam is studied based on acoustic scatter-
ing. The axial distributions of the ARF and the corresponding
pulling force exerted on spheres with various kga are simulated
for AV beams with different topological charges. It is proved
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that the pulling force can be generated in the AV beam of an
arbitrary order with multiple axial regions, and it is more likely
to exert on the sphere with a smaller kya for the AV beam of a
higher order. For an AV beam, the pulling force decreases with
the increase of the axial distance for the sphere with a bigger
koa. More pulling force areas with wider axial regions can be
formed by a bigger-sized annular transducer. Although only
the cases of specific orders are investigated in this study, the
formation principle of the pulling force can be extended to AV
beams of arbitrary orders. The theoretical results demonstrate
the feasibility of generating the pulling force along the axis
of the AV beam, and suggest application potentials of multi-
position stable object manipulations using the experimentally
applicable circular array of planar transducers.
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