http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Axial acoustic radiation force on a fluid sphere between two impedance boundaries for Gaussian

beam

Yuchen Zang (&} %), Yupei Qiao(7+ L Hit), Jiehui Liu(x17s ), Xiaozhou Liu(XIB )
Citation:Chin. Phys. B . 2019, 28(3): 034301. doi: 10.1088/1674-1056/28/3/034301
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Acoustic radiation force on a multilayered sphere in a Gaussian standing field

Haibin Wang(7£#5%), Xiaozhou Liu(XIBEH), Sha Gao(#& ), Jun Cui(#18), Jiehui Liu(x| 75 2), Aijun He({1%Z %), Gutian
Zhang(7k 77 H)
Chin. Phys. B . 2018, 27(3): 034302. doi: 10.1088/1674-1056/27/3/034302

Random phase screen influence of the inhomogeneous tissue layer on the generation of
acoustic vortices

Zhiyao Ma( % 53), Jun Ma(%52), Dong Zhang(& %), Juan Tu(&18)
Chin. Phys. B . 2018, 27(3): 034301. doi: 10.1088/1674-1056/27/3/034301

Multiple off-axis acoustic vortices generated by dual coaxial vortex beams

Wen Li(Z=52), Si-Jie Dai(#/E24#), Qing-Yu Ma(4 5 1K), Ge-Pu Guo(El#%-#1), He-Ping Ding( ] #5°1)
Chin. Phys. B . 2018, 27(2): 024301. doi: 10.1088/1674-1056/27/2/024301

Acoustic radiation force induced by two Airy-Gaussian beams on a cylindrical particle

Sha Gao(&=7), Yiwei Mao(E—), Jiehui Liu(XI75 ), Xiaozhou Liu(Xl#%H)
Chin. Phys. B . 2018, 27(1): 014302. doi: 10.1088/1674-1056/27/1/014302

Tunable acoustic radiation pattern assisted by effective impedance boundary

Feng Qian(£k ), Li Quan(4: /1), Li-Wei Wang(L /14¥), Xiao-Zhou Liu (XI5H), Xiu-Fen Gong(2£75%%)
Chin. Phys. B . 2016, 25(2): 024301. doi: 10.1088/1674-1056/25/2/024301


http://cpb.iphy.ac.cn/EN/abstract/abstract73649.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73649.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71737.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71700.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71700.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71489.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71244.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66442.shtml

Chin. Phys. B Vol. 28, No. 3 (2019) 034301

Axial acoustic radiation force on a fluid sphere between two
impedance boundaries for Gaussian beam”*

Yuchen Zang(JE i )", Yupei Qiao(F+ LEAL)!, Jiehui Liu(XASH)!,

and Xiaozhou Liu(XI|HH)H27

1Kf:y Laboratory of Modern Acoustics, Institute of Acoustics and School of Physics, Collaborative Innovation Center of Advanced Microstructures,
Nanjing University, Nanjing 210093, China

2Key Laboratory of Acoustics, Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China

(Received 14 December 2018; revised manuscript received 15 January 2019; published online 22 February 2019)

The acoustic radiation force on a fluid sphere immersed in water between two boundaries given by a Gaussian beam is
theoretically and numerically investigated in this work. Based on the finite series method, the Gaussian beam is expressed
in terms of Bessel function and a weighting parameter. The effects of the two boundaries concerned in our study is worked
out by the image theory. This work also provides a reference when considering the effects of certain factors such as the
radius of the sphere and the distance between the sphere and two boundaries. The contrast with the acoustic radiation force
on a fluid sphere near only one boundary is also made in this paper. Our study can offer a theoretical basis for acoustics
manipulation, acoustic sensors in the field of biomedical ultrasound and material science.
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1. Introduction

The acoustic radiation force is derived from the nonlin-
ear effect of acoustic waves. Usually, the force is so weak
that it is often neglected. But when the intensity of sound
reaches a relatively high degree, it cannot be overlooked. Due
to its widespread applications in many fields, a variety of
theoretical and experimental studies about acoustics radiation
force acting on spherical and cylindrical particles have been
conducted. -0 For example, King, who first set forth the con-
cept of the acoustic radiation force on particles, provided a
theoretical model of the acoustic radiation force on a sphere
in 1934.141 Awatani first successfully calculated the acoustic
radiation force on a rigid cylinder.[’”! In 1955, Yosioka con-
sidered the acoustic radiation force on a compressible sphere
and discussed about various factors that affected the results in
details.[®! Shortly after, the acoustic radiation force acting on
elastic particles were given by Hasagawa, 8! who also studied
the acoustic radiation force on a sphere in a quasistationary
wave field.” More recently, Azarpeyv and Yosioka have in-
vestigated the acoustic radiation force on a rigid cylinder in the
Gaussian beam field using finite series method.'”) Some sci-
entists also further considered the arbitrarily placed particles in
focused Gaussian beam. The acoustic radiation force acting on
a cylinder near one boundary in a plane wave field was figured
out by Zhang’s group.!!!l Later, they also completed the radia-
tion force exerted by axial Gaussian beam in the same case. !
On top of that, acoustic scattering on a spherical body near
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a plane boundary was analyzed by Gaunaurd and Huang.[!3]
Miri worked out the acoustic radiation force on a spherical
shell near a vessel porous wall.[14!

Nevertheless, none of these studies has touched on the
acoustic radiation force on particles between two impedance
boundaries, which is often considered in many biomedical
ultrasound applications, especially drug delivery in vessels.
Early researches mainly focused on the acoustic radiation
force in the plane wave field. However, the Gaussian beam is
widely used in biomedical ultrasound and material engineer-
ing, especially with the rapid development of the ultrasonic
transducer nowadays. In this study, we analyze the acoustic ra-
diation force on a sphere between two impedance boundaries.
Moreover, we also discuss how the property of the sphere as
well as the distance between the particle and the boundaries
affects the force. Several numerical simulations are also given
in this work to achieve a cross reference with our theoretical
analysis.

2. Theory

A fluid spherical particle with radius a is positioned in an
on-axis Gaussian beam with the beam waist Wy. The propa-
gation direction of the wave is along the +z direction, which
is perpendicular to the two parallel placed impedance bound-
aries. The distances between the sphere and the two bound-
aries are d; and dy, respectively. The origin O of a spheri-
cal coordinate system (r, 8) coincides with the center of the
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sphere. The schematic diagram of the problem is shown in
Fig. 1. The image theory can be employed to analyze the
effect of the impedance boundaries on the acoustic radiation

force here.
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Fig. 1. The schematic diagram of the problem.

Two images of the sphere are set respectively above the
half-boundary line, which are of the exact same size as the real
sphere. Theoretically, an infinite number of images should be
introduced to be equivalent to the two boundaries. However,
as for other images, the distances between the fluid spherical
particle and the images are increasing so significantly that the
influence of the images on acoustic radiation force can be ig-
nored. The distances between the centers of images and their
corresponding boundary are also d; and d», respectively. It is
important to note that d; and d; are opposite in their signs be-
cause the two boundaries are on opposite sides of the sphere.

The origin of each image coordinate systems is set at the
center of the image sphere, respectively. The reflections of the
incident wave by the boundaries are two image incident waves
of the same magnitude but opposite directions. In addition, the
reflections of the scattering wave are regarded as the scattering
waves from the image spheres.

2.1. Expansion of incident Gaussian beam in terms of
spherical functions
Assuming that the fluid in which the wave travels is non-
viscous, the wave equation can be written as

(V2+i2) ¢ =0, (1)

where ¢ is the total velocity potential, and k is the wave num-
ber in the fluid medium.

We can derive the general approximation of a Gaussian
beam through replacing the original Helmholtz equation with
the parabolic differential equation!!>1°]

2 2,2

-1 —ikz—i x2+y x5ty .

Pinc = Po (1 — l%) € ke =ik 12 e*‘“”, )
12

L=wt+(3)] 0

where ¢, is the velocity potential of incident wave whose
amplitude is @, x, ¥, and z represent the location in the co-
ordinate system, Ly = kWO2 determines the size of the focused
beam, b = kL% /2, and ryr=z+ b? /z represents the local radius
of curvature of the equiphase near the beam axis.

It is not difficult to find that the value of kL; determines
the rate of its spreading. When z/b is small, spreading is some-
times locally ignored and a three-dimensional Gaussian beam
can be simplified locally to the following expression:

2,2

X4y

Oinc = (Poei( 1 )esfikzefian7 @

where o is the angular frequency.

There are some other reasons why we should set z to be
relatively small. With the increase of the distance from the
focal plane, we cannot ignore several effects caused by the
propagation.!!”! In Ref. [17], figures 2 and 3 show us how the
scaled amplitude and phase change with different values of z.
Inspection of these figures tells us that we can only ignore the
evolution of amplitude and phase at small distance. Based on
this conclusion, all of our calculation and discussion is limited
to the vicinity of the focal plane. Meanwhile, the distance be-
tween two parallel planes must also satisfy h = d| +dr < b.
According to the theory of finite series expansion, it can be

expanded in the spherical coordinate system as!'?!

Oine = o 1@ i (2n+1)gni"jn (kr) B, (cos0),  (5)
n=0

where z = rcos 0, x =rsinOcos¢@, y = rsinfsin¢, and g, is
the expansion coefficient of an on-axis Gaussian beam, which

can be presented as!!?!
P BTG+ o o
&n = — —4s-)", when n is even,
NG
C+D ET(B+a+d) o ,
8&n = - —4s°)", when n is odd. (6)
CEED L Goge )

Here, s = 1/kWy, j, (-) is the spherical Bessel function of the
first kind of order n, and P, (+) is the Legendre function.

2.2. Scattering of a Gaussian beam by a spherical particle
between two boundaries

The reflection waves of the incident Gaussian beam from
the two boundaries can be respectively expressed as

=

¢ref1 — (P()eiiwt ZRS] elzkdl (_l)n
n=0
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X (2n+1) gni" j, (kr) P,
¢ref2 = ¢Oeiiwt ZRszeidez (_])n

n=0
(21’1 + 1)gn1 Jn (kr)

), (cos ), (7

), (cos 0), (3)

where R;, and R;, are the acoustic reflection coefficients of
the impedance boundaries respectively,!'® which can be cal-

culated by!!”]
1-p
Ry = , 9
S4B )
where f; = poco/Z; is the relative normal admittance of the

boundary, pp and co are the density and sound velocity of
the fluid, respectively, and Z; (i = 1,2) is the surface normal
impedance of the media in which the image is immersed.

The scattering wave velocity potential of the fluid sphere
and its image spheres can be presented as

(Pscat = ¢0€_iwt Z (2}’l+ 1)gn1n

n=0
X aphl (kr) P, (cos 0), (10)
Dscatrer, = Qo€ “‘”ZRSI —1)"(2n+1) gui"
x aphi!) (kr) P (cose) (1)
Pscaret, = Qoe ' ZRS2 "(2n+1) g,i"
x aphi!) (kr) P, (cos®) , (12)

where 1! (+) is the spherical Hankel function of the first kind

of order n, and parameters a, are the pending scattering coef-
ficients left to be determined by certain boundary conditions.

The velocity potential filling in the sphere cannot be ne-
glected when the sphere is not rigid, which can be expressed
as

O = Poe” 1“”2 (2n+1)B,gni" jn (kir) B,
n=0

 (cosB), (13)

where k; is the compression wave number in the fluid sphere,
and B, are the pending wave scattering coefficients to be de-
termined by certain boundary conditions.

The most essential step to work out the acoustic radia-
tion force is the calculation of the wave scattering coefficients.
However, the velocity potentials above are expressed in differ-
ent characteristic coordinate systems, making it more difficult
to solve the problem. Fortunately, the spherical wave func-
tions of the (?,5) coordinate system can be expressed in terms
of the spherical wave functions in the (r, 0) coordinate system
by applying the classical form of the translational addition the-
orem for bispherical coordinates.?”! Using the addition theo-
rem, the total velocity potential expressed in the origin coordi-
nate system can be written as

Protal = Poe {Z (2n+1) gni" ju (kr) P, (cos )

% [1 Ry (—1)" ei2kd) + Ry, (—1)" ei2kd2}

+ Y (2n41)gi"hy) (kr) P, (cos6)

n=0
PRy Y Y me g (1)
n=0m=0
X AmQmn jn (kr) (COS 6)
R, Y Y @m+ )i (<1)"
n=0m=0
X A Qrmn Jn (kr) (COS 6) } (14)

The parameter Q,,, can be obtained from Ref. [21].
According to the correlation between the velocity poten-
tial and the particle velocity, we can also obtain

=

Vot — ¢oe-i‘°’{ Y (204 1) gui", (kr) By (cos )
n=0

x [1+Ry, (—1)" oi2kd) YRy, (—1)" ei2kd2]

+ Y @n+ 1) gui"khS (kr) B, (cos 6)
n=0

TR, Y Y (2t 1) g (—1)"

n=0m=0
X aQOnk]n (kr) n (COS 9)

+Rs, Z Z (2m41) gni" (—1)"
n=0m=0

X QA Qmnk ji, (kr) B, (cos 0) } (15)

where m is a dummy index of summation.
Equation (12) can also be written as

oo

b = e T 04 1)Argi k1) Py (os6)
n=0
+i(zn+1)angni"h,§‘)(kr) (cose)} (16)
n=0

2 2m+1)(=1)" gni" Q. (17
(2n+1) gi" Z=‘O( ) (=1)" gmi" Qun- (17)
The sound scattering coefficients depend on the corresponding
boundary conditions. For a rigid sphere, the boundary condi-
tion can be expressed as

dJ ¢total
ar

—0. (18)

r=a

From Egs. (13) and (15), we can obtain the numerical solution
of scattering coefficients using the iterative method.
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However, for a fluid sphere, equation (14) does not work
due to the existence of refraction wave filling in the sphere. In
this case, the boundary condition requires that the sound pres-
sure and the radial velocity are continuous at the surface of the
sphere, which can be expressed as

Pli—a = Pil;—a> (19)
v|r:a = V1|r:a'
Here, we can easily obtain the expressions of sound pressure
and particle velocity according to their correlation with the ve-
locity potential function. Similarly, by means of the iterative
method, we can calculate the scattering coefficients.

2.3. Acoustic radiation force on a sphere between two
boundaries

Once an object is placed in a harmonic continuous sound
field, it will experience a mean force, known as the acoustic
radiation force. The general formula of the force has already
been given as!®!

(F) = — <ﬁso Po (van+w) ds> + <@So % \v|2 nds>

where v, and v; are the normal and tangential components of

the particle velocity, respectively. Sy is the surface of the target
at its equilibrium position.

In our model, the radiation force has only one component
that lies perpendicular to the impedance boundary, called as
the axial component. For oblique incidence, another compo-
nent exists, which is parallel to the boundary. Here, we only
need to consider the axial component. In the axial direction of
wave motion, the acoustic radiation force on the sphere can be
represented as!!-1?]

(Fx) = (Fy) + (Fo) + (Fro) + (F) 2y

where (F,), (Fg), (Fyg), and (F;) are the force components
listed as

1 2 [ Qy 2
(F,>_—2p0a<'/0 (8r> acos9d9>,

r=

YA
<Fe>_2a<./o <89> cosGd6>7

r=a

- oy oy .

wol =, (55) L (55), moee)
_apo [ [y’

(F) __262</0 (at> acos@d9>. (22)

r

After some mathematical manipulation, the mean acoustic ra-

diation force is expressed asl!!-1?!

(Fr) =Y,Sc(E), (23)

where (E) = Jpok*@3 is the energy density of the incident
wave, and S, = 7a? is the cross-sectional area. The dimension-
less factor Y}, is known as the radiation force function, which
represents the radiation force per unit energy density and unit
cross-sectional surface. Substituting Eq. (18) into Eq. (22), ¥},
is expressed as

b=~ L (D {Re (gngi) (52087 +8 6,

i +nd Y 126267 +anPn )
+1Im (gngfm) (‘3@1 érsw + éygnlu)l §r$2> - éfgl) nrgr)l
+&7n) 2600, — 260 n?) ), &

where

f,g”:Re [An], n}gl): Im(A,],
P =Rela,], n\¥=1Im[a], (25)

where Re and Im indicate the real and imaginary parts of a
complex, respectively.

3. Simulation results

To illustrate the acoustic radiation force more intuitively,
the numerical examples are provided in this section. We con-
sider the axial acoustic radiation force acting on a sphere be-
tween two impedance boundaries. To simplify the issue, we
assume that the reflecting coefficients of two boundaries are
opposite numbers. The fluid sphere in our simulation is filled
with oleic acid. Some acoustic parameters that may be used in

the simulation are listed in Table 1.1

Table 1. Some physical parameters used in the simulations.

Material Dens1t3/ Comgesmble
/(kg/m”) velocity/(m/s)
Water 1000 1480
Oleic acid 938 1450

3.1. Radiation force on the sphere with no boundary

First, Y, for a rigid sphere and a fluid oleic acid sphere
without any reflecting boundary in an on-axis Gaussian beam
is presented here to verify the correctness of the formula-
tion we deduced above. Considering the weakening weight
of high-order terms, we truncate the expression at n = 60
to achieve a good approximation. The results are shown in
Figs. 2(a) and 2(b) respectively. They are in good agreement
with those in Ref. [5]. The inspection of Fig. 2 reveals that for
a rigid sphere, Y}, notably increases when ka < 1 for different
beam waists. Actually, when ka < 1, we can judge the sign
of radiation force function through elementary principles. All
of the curves have a fluctuation around ka = 2. Besides, the
influence of the beam waist on ¥}, becomes small as the beam
waist increases. When the beam waist is much greater than
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the wavelength, the curve will approach the one in a plane in-
cident wave. For an oleic acid, there are a series of peaks and
dips when ka > 2, which is caused by the effects of resonant
vibration of the sphere. Similarly, Y, decreases on the whole
when the beam waist is small. As W increases, the curve ap-
proaches that in the plane wave.

Another critical parameter of a Gaussian beam is the scale
length Ly = kWOZ. In this paper, L is always selected as a cer-
tain multiple of wavelength. Thus, for a certain value of Wy,
Ly is also several times of the wavelength. In other words, the
ratio of Ly to the radius of sphere completely depends on the
frequency of the sound.

1.0
| (a)
0.8
0.6
>::.
0.4f
[ _W0:1>\
0.2+ _W0:3>\
Wy=5A
— Wy=T7A
%0 2 4 6 s 10
ka
0.016 T
0
0.012 +
55 0.008 f
— Wy=1X
0.004 + — Wo =3\
W0:5>\
_W():7>\
0% 1 6 8 10
ka

Fig. 2. The Y}, curves versus ka for a sphere without reflecting boundary.
(a) Rigid sphere; (b) oleic acid sphere.

3.2. Radiation force on a sphere near one boundary

Then, we consider the acoustic radiation force function on
the sphere near an impedance boundary in an on-axis Gaussian
beam whose beam waist Wy = 3A. The distance between the
sphere and boundary is set as twice the radius of the sphere.
The results for a rigid sphere and a fluid oleic sphere are shown
in Figs. 3(a) and 3(b), respectively. Similar results for cylin-
drical particles are exhibited in Ref. [12].

It is very interesting to find that whether it is the rigid or
fluid sphere, the acoustic radiation force is positive or nega-
tive, depending on the value of ka. It is worth mentioning that
when Y}, is negative, it means that the particle is pulled toward
the acoustic source. Also, ¥, becomes more oscillatory when
the boundary is added due to the interaction of the scattering

wave from the real and image sphere and the reflection wave
from the impedance boundary. The amplitude of Y}, increases
as the reflecting coefficient of the boundary accrues. It is also
worth mentioning that the position of the peaks and dips of the
curves are not obviously affected by changing the reflecting

coefficient of the impedance boundary.!!1:12]

4
3l (a) —no boundary
—R;=0.2
R,=0.4
27 —R,=0.6
—R;=0.8

0.2

0.1

—0.2}

—-0.3 - y ;
0 2 4 6

ka
Fig. 3. The Y, curves versus ka for a sphere near one impedance bound-
ary with different reflecting coefficients. (a) Rigid sphere; (b) oleic acid
sphere.

10

Till now, we have not considered how the distance be-
tween sphere and boundaries influences the acoustic radiation
force in this issue. To further study the effects of impedance
boundary, the radiation force functions of a rigid sphere are
simulated in the range of 2 < d/a < 10, where d represents the
distance between sphere and boundary. The acoustic reflecting
coefficient and the dimensionless parameter are respectively
set as Ry = 0.5 and ka = 0.5. Only one boundary exists near
the sphere in this case and the beam waist of the incident Gaus-
sian beam is still 3A. The corresponding result is presented in
Fig. 4.

By inspecting the simulating result, we can find that they
are very similar to sine curves in shape. All these curves
have the same period. It is due to the existence of complex
exponential function in our previous induction. In addition,
the larger reflecting coefficient will generate higher amplitude
of the acoustic radiation force. This can be expected from
our previous discussion since only the independent variable
is changed.
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— no bounda;

2t — Ry=0.2

| —Ry=0.4

— Rs=0.6

1F— Rs=0.8
> 0'\
—1F
—2F

3 4 5 6 7 8 9 10

Fig. 4. The Y, curves versus d/a for a rigid sphere near an impedance
boundary when ka = 0.5.

In all our previous simulations, the beam waist of Gaus-
sian beam is always set as 3A. Now the acoustic radiation
force functions in Gaussian beams with different beam waists
are considered. The reflecting coefficient is set as Ry = 0.5.
Other parameters are exactly the same as before. For beam
waists ranging from A to 71, the result for a rigid sphere is
shown in Fig. 5.

0 2 4 6 8 10
ka

Fig. 5. The Y}, curves versus ka for a rigid sphere near one impedance
boundary.

From the results we can find that the difference is mainly
reflected at middle and high frequency. At low frequency, the
curves nearly coincide with each other. As the beam waist of
Gaussian beam increases, the amplitude of negative acoustic
radiation force is becoming larger. As for the positive acoustic
radiation force, the difference is minor. Predictably, with the
increase of the beam waist, the curve will approach that in the
field of plane incident wave.

3.3. Radiation force on a sphere between two boundaries

To study the effects of two impedance boundaries on Y,
we consider a sphere between two boundaries, the distances
of which from the center of sphere are respectively 2a and 6a.
The incident wave is still an on-axis Gaussian beam whose
beam waist is 3A. The results of the computation of the acous-
tic radiation force function with different acoustic reflecting
coefficients are shown in Figs. 6(a) and 6(b).

Figure 6(a) presents the results for a sphere between two
impedance boundaries with different reflecting coefficients.
Compared with the curves in Fig. 3(a), we can find that adding
another boundary can cause much difference to the acoustic
radiation function. It is surprising that the amplitude of Y,
at middle and high frequency is much larger than that at low
frequency. When ka is around 8, we can even obtain such a
large negative force that the value of ¥, reaches 50. In ad-
dition, the positions of the peaks and dips also change a lot.
All of these phenomena reflect the huge influence of adding
one more boundary to the original model, as we need to con-
sider the interaction between six kinds of waves existing in the
whole space now. Figure 6(b) shows the results for an oleic
acid sphere. It reveals that the peaks and dips are much denser
compared with that in Fig. 3(b), and the amplitude is much
larger whether the frequency is low or high. These peaks and
dips arise from the more complex resonant vibration within
the sphere near two boundaries. It can also be concluded from
Fig. 6 that increasing the reflecting coefficient still leads to
more turbulent oscillation about Y,,. If the boundary is abso-
lutely rigid, we can obtain large radiation force more easily
regardless of the property of sphere.

10
(a)
5t
0 7 7 X N7
_5}
Lo
—10}
— no boundary
—15¢ — R,=0.2
R;=0.4
—20r —R,=0.6
— Ry=0.8
—25 . . . .
0 2 4 6 8 10
ka
2 — no boundary (b)
— Rs=0.2
Ry=0.4
1t — R;=0.6
S a
—1Ft
20 1 2 3 4

Fig. 6. The Y, curves versus ka for a sphere between two impedance
boundaries with different reflecting coefficients. (a) Rigid sphere; (b)
oleic acid.

Now we turn to study the effects of the distance between
two boundaries on the acoustic radiation force function. At
this time, the distance between the center of sphere and the

034301-6



Chin. Phys. B Vol. 28, No. 3 (2019) 034301

first boundary is set as d; = 2a. Other parameters are exactly
the same as the last simulation. The acoustic radiation force
functions of a rigid sphere when d;/a ranges from 2 to 20
are shown in Fig. 7. Tt is revealed that as the value of dy/a
increases, Y, also fluctuates periodically with the period of
around 6. However, it is interesting to find that the amplitudes
of the positive and negative radiation force functions are no
longer the same, or rather, it is more likely to obtain large neg-
ative than positive acoustic radiation force in this case. This
kind of asymmetry is typically different from that when only
one boundary exists.

R T
“f274 6 8 10 12 14 16 18 20
dz/a

Fig. 7. The Y, curves versus dp/a for a rigid sphere between two
impedance boundaries when ka = 0.5.

To further study the effect of two impedance boundaries
on the acoustic radiation force of a particle placed in the sound
field, we have simulated the radiation force function on a rigid
sphere in the range of 0 < ka < 7 and 2 < d/a < 10. The re-
flecting coefficients of two boundaries are the same as above.
The results are presented in Fig. 8. It is easy to find that the
peaks and dips of the radiation force function are more densely
packed with the increase of d/a. Negative radiation force can
be acquired if ka is properly selected.

Fig. 8. The acoustic radiation force function versus ka for a rigid sphere
between two boundaries at different values of d/a.

Similarly, now we study the acoustic radiation force func-
tions in Gaussian beams with different beam waists. Other

parameters are not changed compared with the corresponding
simulations in Section 3.2. The results are presented in Fig. 8.
It is not hard to find that the values of beam waists only evi-
dently affect the curves at middle and high frequency, which is
similar to that near one boundary. When ka is relatively small,
all the curves nearly coincide with each other. When the beam
waist increases to a certain extent, the curve is very close to
that in the field of plane wave.
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Fig. 9. The Y, curves versus ka for a rigid sphere between two
impedance boundaries.

4. Conclusion and perspective

Based on the study of acoustic radiation force in free
space and near one boundary, the acoustic radiation force act-
ing on the sphere between two impedance boundaries is de-
rived in this work. Applying the translation addition theorem
for bispherical coordinates and finite series method, we suc-
cessfully compute the acoustic radiation force function with
different reflecting coefficients in this case. We analyze the
characteristic of acoustic radiation force for both rigid and
fluid spheres between two boundaries in detail and verify the
possibility to obtain large negative acoustic radiation force at
a relatively higher frequency. Besides, the influences of the
distances between sphere and boundaries are also discussed
here according to the simulation results. Furthermore, as the
most important parameter of a Gaussian beam, the value of the
beam waist also plays a critical role in the acoustic radiation
force, which mainly affects the curves at high frequency. As
the beam waist increases, the acoustic radiation force gradu-
ally approaches that in the field of plane incident wave. In
conclusion, our study provides a theoretical guidance for the
acoustic manipulation and drug delivery in biomedical ultra-
sound and other fields. However, if further progress can be
made in the radiation force, such as taking the viscosity of
fluid medium into account, more valuable and meaningful re-
sults can be obtained based on the present paper.
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