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Shell structures have increasingly widespread applications in biomedical ultrasound fields such as contrast agents and
drug delivery, which requires the precise prediction of the acoustic radiation force under various circumstances to improve
the system efficiency. The acoustic radiation force exerted by a zero-order quasi-Bessel-Gauss beam on an elastic spherical
shell near an impedance boundary is theoretically and numerically studied in this study. By means of the finite series
method and the image theory, a zero-order quasi-Bessel-Gauss beam is expanded in terms of spherical harmonic functions,
and the exact solution of the acoustic radiation force is derived based on the acoustic scattering theory. The acoustic
radiation force function, which represents the radiation force per unit energy density and per unit cross-sectional surface,
is especially investigated. Some simulated results for a polymethyl methacrylate shell and an aluminum shell are provided
to illustrate the behavior of acoustic radiation force in this case. The simulated results show the oscillatory property and
the negative radiation force caused by the impedance boundary. An appropriate relative thickness of the shell can generate
sharp peaks for a polymethyl methacrylate shell. Strong radiation force can be obtained at small half-cone angles and
the beam waist only affects the results at high frequencies. Considering that the quasi-Bessel-Gauss beam possesses both
the energy focusing property and the non-diffracting advantage, this study is expected to be useful in the development of
acoustic tweezers, contrast agent micro-shells, and drug delivery applications.

Keywords: acoustic radiation force, zero-order quasi-Bessel-Gauss beam, impedance boundary, elastic spher-

ical shell
PACS: 43.25.Qp, 43.35.Wa, 43.80.Gx

1. Introduction

The acoustic radiation force, arising from the momen-
tum transfer between sound waves and scattering objects,
has been a hot topic due to its potential applications in

acoustic tweezers,[l‘sl acoustic levitation,[67]

and particle
manipulation. 819 Since King!!'!! first set forth the concept of
acoustic radiation force on particles and calculated the force
experienced by a rigid sphere in travelling and standing wave
field, there have been many relevant theoretical and experi-
mental studies till now. A large number of these studies are
concerned with the radiation force acting on spherical objects
as well as the determination of the acoustic intensity through
measuring the radiation force. Yosioka er al.l'?! first devel-
oped a theory for the acoustic radiation force acting on a com-
pressible sphere. Hasegawa et al.!'3 successfully calculated
the radiation force on an elastic sphere, showing that both
the compressive and shear wave velocities play critical roles
in determining the radiation force. Shortly after, they pre-
sented an analytical expression of acoustic radiation force on
a sphere in a quasi-stationary field.!'"*! With the development
of beamforming and ultrasonic transducer technology, Wu &
Dul3! first considered the radiation force in a focused Gauss

beam field, laying the foundation of developing single beam

DOI: 10.1088/1674-1056/abca27

acoustic tweezers. A single beam acoustic tweezer for three-
dimensional (3D) trapping in a vortex beam was also presented
by Baresch et al.,l'® which can selectively pick and control
the position of a particle in three dimensions as well as achieve
the controlled rotation of absorbing particles. Marston!!7-20]
and Mitri?!-28] systematically investigated the acoustic radi-
ation force acting on a sphere exerted by both zero-order and
high order Bessel beams. In recent years, considering the com-
monness of the spheroidal objects in actual practices such as
the suspended droplets in air, some researchers have extended
their scope of study to the spheroids in Bessel beams. [2%-3%]
Based on all of these results, there is a growing inter-
est among researchers to consider the acoustic radiation force
on small particles near an impedance boundary instead of an
unbounded field. Actually, the particle manipulation in prac-
tice are often performed in a bounded field especially in many
biomedical applications. Miri et al.[*3 added a vessel porous
wall to the single spherical contrast agent shell and analyzed
the effect of the impedance boundary on acoustic radiation
force in detail. Wang et al.3*! theoretically and numerically
studied the acoustic radiation force exerted by a standing wave

33361 developed

on a rigid cylinder near a flat wall. Qiao et al.!
a model to work out the acoustic radiation force acting on a

fluid cylinder near an impedance boundary using the image
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theory. More recently, the same authors extended the research
to the elastic cylinder case.3”) Analyses of the acoustic radia-
tion force on a fluid sphere between two impedance boundaries
were also performed by our group. 38!

It is well known that micro-shells have been utilized by
many researchers for drug and gene delivery systems.[39#11
Due to its non-immunogenity and noninvasiveness, the
ultrasound-mediated microbubble system has drawn wide at-
tention from researchers in both the diagnostic and therapeu-
tic applications of ultrasound contrast agents. To safely and
accurately guide the contrast agent micro-shells towards the
desired targeted positions, it is important to make clear of the
mechanism of acoustic radiation force acting on this kind of
structure. Hasegawa et al.'*?! solved the acoustic radiation
force exerted on both cylindrical and spherical shells in plane
progressive waves. Later, Mitri*3#4! extended this theory to
the case of elastic and viscoelastic spherical shells in plane
standing waves, in which the sound absorption effect inside
the elastic material was systematically studied. Based on the
results in earlier works, our group also presented a theoretical
model to compute the radiation force on a multilayered elastic
shell in standing Bessel beams. [+°]

As a typical type of non-diffracting beams, Bessel beams
have both the property of narrow beam-width and large depth
of field, thus they have many potential applications in ul-
trasonic imaging and other fields. Given an infinite aper-
ture, a zero-order Bessel beam can travel to infinity without
changing its profile and amplitude. However, the aperture
sizes of the beams are always finite, therefore only within
the depth of field is the fundamental Bessel beam viewed as
non-diffracting. With the radial profile given by Bessel-Gauss
function, Bessel-Gauss beams can be seen as the simplest
case of the physically realizable finite aperture Bessel beams.
In 2003, the axicon-based Bessel-Gauss resonator with con-
cave output coupler was firstly developed in optics.!*®! Later,
a simple and compact source was created by researchers to di-
rectly produce a Bessel-Gauss beam.!*”! Since then, the non-
diffracting property of Bessel-Gauss beams has been used to
generate low-order harmonics in gas.[*8! As for its applica-
tions in acoustics, the properties of the fundamental and sec-
ond harmonic components were studied by Ding et al.[*
Some approximate analytical descriptions were also investi-
gated with a finite aperture.[3%>!1 In 2017, Chen et al.b?! first
combined the study of acoustic radiation force with quasi-
Bessel-Gauss beams, theoretically figuring out the radiation
force on a sphere in a progressive and standing zero-order
quasi-Bessel-Gauss beam. They found that the energy con-
centration of Gauss component can make up for the shortfall
of the relatively small amplitude of acoustic radiation force in
Bessel beams. However, to the best of our knowledge, no work
has been done dealing with the acoustic radiation force near a

boundary in this case. This study aims to extend Chen’s results
to a bounded space, providing a closed-form expression of the
acoustic radiation force on an elastic spherical shell near an
impedance interface for zero-order quasi-Bessel-Gauss beam.
This model can be taken as the simulation of a contrast agent
besides the human blood vessel wall. Admittedly, a cluster
of micro-shells are more likely to be used in drug-loaded ul-
trasound applications. However, the study on a single shell
serves as a necessary interim step to deepen our understand-
ing of the radiation force effect. Also, a proper estimation of
the radiation force is of great significance to avoid the shell’s
fragmentation and attachment to the blood vessel wall. Some
numerical simulations are also carried out with particular em-
phasis on: (i) the effects of the impedance boundary; (ii) the
effects of the shell’s thickness; (iii) the half-cone angle and
beam waist of the incident beam; (iv) the fluid medium filling
the hollow space; (v) the viscosity of the coated elastic layer.
For purposes of this study, it is assumed that the amplitudes of
both the sound pressure and particle velocity are so small that

the nonlinear wave propagation effects can be neglected.

2. Theory

The geometry of this problem is shown in Fig. 1. A spher-
ical shell of outer radius a and inner radius b is positioned in a
non-viscous fluid and at distance d from the impedance bound-
ary. The center of the shell coincides with the origin of both
the Cartesian coordinate system (x, y, z) and the spherical co-
ordinate system (r, 6, ¢). From the geometric relationship
between two systems, we can conclude that x = rsin 6 cos ¢,
y=rsinOsin@, z = rcosO. Let a zero-order quasi-Bessel—
Gauss beam be incident upon the shell along the +z direction,
which is perpendicular to the impedance boundary. As a com-
plex solution of the paraxial equation, the standard Bessel—
Gauss beam has been studied by previous researchers in detail,
which features the non-diffracting advantage of Bessel beams
and the energy focusing property of Gauss beams. 334

The image theory can be applied here as an equivalent
model of the problem. An image spherical shell is positioned
above the half-space boundary line, which has exactly the
same size and structure as the real shell. The outer and inner
radii of the image shell are also a and b, respectively, and the
distance between the image shell and boundary is also d. An
image coordinate system (7, é,d_)) is introduced here, whose
origin O is positioned at the center of the image shell. There-
fore, the reflection wave of the interface can be considered as
an image incident wave with the same magnitude but the oppo-
site propagating direction. Also, the reflection of the scattering

wave is equivalent to a scattering wave from the image shell.

044301-2



Chin. Phys. B Vol. 30,

No. 4 (2021) 044301

e

quasi-Bessel—Gauss
beam

Fig. 1. The geometry of the problem, in which an elastic spherical shell with
outer radius ¢ and inner radius b is placed at distance d from the impedance
boundary in the zero-order quasi-Bessel-Gauss beam field.

2.1. Expansion of incident beam in terms of spherical
functions

Assume that the field distribution at the waist of a zero-

order quasi-Bessel-Gauss beam is given by
ey

Uo (ro, o) =Jo (or ) el =L/ m0)leior

where o is the angular frequency of the incident beam, & and

the axis of the beam, and Jy denotes the zero-order cylindrical
Bessel function. We can imagine it as a Gauss beam “mod-
ulated” in amplitude by the Bessel function, or a zero-order
Bessel function weighted by the Gaussian aperture. The two
parameters o and wg determine the effective width and aper-
ture of a zero-order quasi-Bessel-Gauss beam, respectively.
Obviously, the zero-order Bessel beam and the Gauss beam
are special cases of the zero-order quasi-Bessel-Gauss beam.
It will degenerate into a basic Gauss beam when ¢ approaches
zero and will degenerate into a basic zero-order Bessel beam
when wg approaches infinity. Substituting Eq. (1) into the
Fresnel propagation formula, we can obtain the mathematical

expression of the beam field at distance z as follows: 7]
1+iz/zr

2

2R (z)

U(rJsz (D)

wo ar |

i‘P(Z)J
w(z) °<
1

x exp{— {wz B ] (r + 32Z2)}

where k = /¢ is the wave number in the fluid medium, ¢

—iot
e

» @

is the compressional wave speed in the surrounding fluid, zg
is the Rayleigh range, ®(z) = kz — a®z/2k — arctan(z/zR), is
the axial phase of the beam. Moreover, the spot size w(z) and

the wave front curvature R(z) are the same as those for a basic

wp are two constants, | = rsin @ is the radial distance from Gauss beam.
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Fig. 2. The radial intensity profiles at z = 0 with different half-cone angles and beam waists: (a) B = 7/6, Wy = 4; (b) B = /6, Wy =31, (¢c) B = 7/3,

Wo=24;d)B=nr/3,Wo=3A:(e) B=7/2, Wy =A; () B =7/2, Wp = 3.

Strictly speaking, a quasi-Bessel-Gauss beam does not
possess the non-diffracting property. In other words, the radial

distribution depends on the propagation distance, which can

be easily seen from Eq. (2). However, it can be approximated
to be non-diffracting in the region near the focal plane. Based

on this premise, we express the local approximation for the ve-
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locity potential of a quasi-Bessel-Gauss beam near the focal

region at 7 = 0 as"?!

Bine = 0o Jo (kyr )&~ (rr /W) gilkez-on), 3)

where ¢y is the amplitude of the velocity potential, k, = kcos 8
and k, = ksin 3 are the axial and radial wave numbers, f3 is the
half-cone angle of the Bessel beam component and Wj is the
beam waist of the Gauss beam component.

It is important to note that the constraint 2kz < (kW¢)?
must be respected in the approximation of Eq. (3) to make
the phase error negligible. From this view point, the beam
width parameter kW should greatly exceed 1 to extend the
non-diffracting range, which is always satisfied in the follow-
ing discussion.

In order to enhance the intuitive understanding of the
zero-order quasi-Bessel-Gauss beam, the radial distribution of
velocity potential at z = 0 with different half-cone angles and
beam waists are shown in Fig. 2 based on Eq. (3). As can be

/ .
(1) Y 27T (; +21 —j)

j=0
C, =

Jj=0

/ .
(_l)l Z 221—2]+l F(;-’-Zl—

where s = 1/kW, I denotes the gamma function, P,;(0) de-
notes the Legendre function of order 2/ at zero, and P, , (0)
denotes the Legendre function’s differential of order 2/ + 1 at
zero. Their values are given in Appendix A at length. The

specific expression of the simplified parameter B is!>*!

i (_1)1S2[72j

Byy1=By=) 57
;)1!241 (I—j)!

(6)

2.2. Scattering of the incident beam by a spherical shell
near the boundary

The reflection wave of the incident beam from the
impedance boundary can be expressed in the spherical coor-
dinate system as

(Pref = ¢0 eiiwt Z Rs ei2kd (_ 1 )n (21’1 + 1>1an (kr)
n=0

x P, (cos 0)C, Py (cosfB), @)

where Ry = (Z — poco)/(Z+ poco) is the reflecting coefficient
of the impedance boundary, in which Z is the surface normal
acoustic impedance of the medium where the image spher-
ical shell is immersed, po is the mass density of the fluid
medium. It is noted that Ry = 1 corresponds to the absolutely
rigid boundary condition, while Ry = 0 corresponds to the un-
bounded condition.

j> (P2, (07

seen from the plots, increasing the half-cone angle 8 leads to
the decrease of the main lobe width. Moreover, the beam waist
Wp mainly determines how fast the acoustic energy attenuates
in the radial direction. In other words, a smaller beam waist
corresponds to a quasi-Bessel-Gauss beam with a stronger fo-
cusing characteristic.

According to the finite series expansion theory, the inci-
dent wave can be expanded in spherical coordinates with or-
thogonal properties and finite series properties as!*7]

Pinc = Poe ' Z (2n+1)1"j, (kr) Py (cos0)C,P, (cos B), (4)
n=0

where j, is the n-th-order spherical Bessel function of the first

kind, and P, is the n-th-order Legendre function. The expand-

ing coefficients C, can be calculated by using the special value

method ! involving expansion with spherical harmonic func-

tions. Substituting n by 2/ and 2/ + 1 for even and odd n,

respectively, the coefficients C, can be expressed as>?!

By _»;
— n=2I,
B Y
20-2j+1 n=20+1,

The scattering wave velocity potential of the real and im-
age shell can be respectively expressed as

Osca = G0 Y (2n+1)i"a, bV (kr)
n=0

x P, (cos 0) C,P, (cos B), 8)
Oscarer = Ppe 1 i Ry(—1)" (2n+1)i"a, h" (k7)
n=0
X P, (cos @) C,P, (cos ), ©)

where hﬁll)

denotes the n-th-order spherical Hankel function of
the first kind, and a, are the acoustic scattering coefficients
identified by certain boundary conditions at the surface of the
spherical shell. Hence, the total velocity potential can be ex-
pressed as the sum of Egs. (4) and (7)—(9).

According to the theory of vector analysis, the particle
displacement in the coated elastic material can be expressed
as the sum of the gradient of a scalar potential and the curl of

a vector potential as

U=Vp+Vxy, (10)

where ¢, and W satisfy the wave equations for the compres-
sional and shear waves filling the elastic material, respectively
as

Vi + k2 =0, Viy+ily=0, (11)
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where V2 denotes the Laplacian operator, k. = @/c. and
ks = @/ cs represent the compressional and shear wave num-
bers, respectively. Their wave velocities can be calculated by

= A2 csz\/ﬁ, (12)
p p

where A and p denote the Lame coefficients, p is the mass

density of the coated elastic layer. Hence, ¢» and W can be
expressed as

6 = o Y (204 1) (b, (ker) +n v, ()]
« P, (cosn Z()) CuPy (cos ),
Vr = Yo =0
Vo = doe Y @nt 1)1 [da, (ko) +en v, (s7)
X P (cosn ;()) C,P, (cosB), (13)

where y,, denotes the n-th-order spherical Bessel function of
the second kind, b,, c,, d,, e, are the coefficients determined
by certain boundary conditions.

As for the sound wave in the ideal fluid filling the hollow
space, its velocity potential can be written as

03 = doe Y nt 1) fyj, (k)
n=0

X P, (cos0)C,P, (cos ), (14)

where k3 is the wave number in the inner fluid medium.

Obviously, the boundary conditions in this problem are
set at both » = a and r = b: (i) The acoustic pressure in the
fluid must be equal to the normal component stress in the solid;
(i) The normal component of the displacement must be con-
tinuous in the interfaces; (iii) The tangential component of the
stress must be equal to zero in the interfaces.

It seems that we can directly work out the problem of
acoustic scattering through the boundary conditions above.
However, the velocity potentials are expressed in different co-
ordinate systems, presenting a challenge to our computing pro-
cess. Using the classical form of the translational addition the-
orem for bi-spherical coordinates, we can express the scatter-
ing velocity potential from the image shell in spherical coor-
dinate system (r, 0, ¢) as follows:

Poal = Poe '@ {i 2n+1)i"j, (kr) P, (cos 0)C,P, (cos B) {I—I—RS(—l)” eide]

oo

+ Y (2n+1)i%ay b (kr) P, (cos 8) C,P, (cos B)

n=0

o oo

R Y Y 2m+1)i" (-
n=0m=0

)" @, Qmnj,, (kr) Py (cos 0) CpPry (cosﬁ)}7 (15)

where the detailed expression of the parameter Q,,, is given in Appendix B, which can also be found in Ref. [56].

Equation (15) can also be rewritten in another form as

Proal = o eiﬂ"{ i An 20+ 1)i"], (kr)P, (cos 8)C,P, (cos B) + i an (2n+1)i" b (kr) P, (cos ) C,P, (cos ﬁ)}, (16)
n=0

n=0

where
. R,
Ay =1+Rge'?d (—1)"+

imamCum (COS [3) OQumn-

(2n+1)i"C,Py (cos B) /=

i 2m+1)(

Therefore, the normal velocity and the total sound pressure can be expressed as

Vit = o eiwf{ Y Ay (204 1)1k, (kr) Py (cos 0)CuPy (cos B) + Y an (2n+1)i"k b (kr) P, (cos ) C, P, (cos [3)}7 (17)
n=0 n=0

Protal = —i®PoPo ei“”{ Z An(2n+1)i"j, (kr) P, (cos 0)C,P, (cos B) + Z an (2n+1)i" h (kr)P, (cos 0) C,P, (cos ) }
n=0 n=0

(18)

Incorporating Egs. (13), (14), (17), and (18) into the boundary conditions mentioned above, we can obtain a linear system of

equations. The detailed expressions of these equations are presented in Appendix C, thus only a simplified matrix form of them

is given here as follows:

AX =B, 19)

where X = [ao,al,...,an; bg,b],...,bn; C0,C1y---

can be solved after laborious but straightforward calculations.

,Cns d07d]a"'

7671; anfla"'?fVl]T'

,dn; eg,eq,. .. The scattering coefficients
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2.3. Acoustic radiation force on a sphere near the bound-

ary

An object will experience a nonzero mean force, known
as the time-averaged acoustic radiation force, when subjected
to a harmonic-continuous sound field. The most widely used
method to calculate the acoustic radiation force is to inte-
grate the excess of pressure (p — pg) generated by the acoustic
wave field over the surface area of the spherical shell, the final
expression of which has already been given by Yosioka and

Kawasima as!!?!

(F) = _<#50 Po (v + i) vrdS>

+ < B |v|2rdS> - <ﬁ§ p°2¢2rdS>, (20)
So 2 So 200

where v, and v, are the radial and tangential components of
the particle velocity, respectively, Sy is the outer surface of the
target at its equilibrium position, and the symbol ( ) represents
time averaging.

Considering the symmetrical property of this problem,
only the axial component of the radiation force acting on the
spherical shell needs to be computed. Projecting Eq. (20) in

the direction of z axis, we can obtain

2 LTI
— <# povr'rdS> = —27a po/ ( ) sinfcos 6d0,
So 0 ar r=a
b/
- <ﬂ PoV: - VttdS> = 27rapo/ <a(gt°ml) (8?‘””) sin® 0d0,
J So 0 r r=a 9 r=a

2 2 T(d (Ptotal : . T(d ¢total 2 .
pov'rdS ) =ma po/ 5 sin 6 cos 0d9+7rp0/ TR sin 6 cos 6d0,
So 0 r r=a 0 0 r=a

_<#‘ IPO <a¢total>2rds> _ _ﬂa2p0 /x <a¢total)2 sinzecosede,
SO 2 C ar C 0 at r=a

_ <ﬁ{ Lpo <8¢‘°‘a‘>2rds> __mep /” (a%““)z sin® 6 cos 0d6.
So 22 or ¢ 0 ot r=a

Therefore, the axial radiation force can be expressed by

(F.) = (F) + (Fo) + (Fp) + (Fy) (22)

where

p 2
(F) = —ma*py </ <8¢mtal> sin 6 cos 6d6> ,
0 or r=a

4 a‘Ptotal > .

(Fo) = mpo / <> sin@cos0do ),
0 a6 r=a
— 7 (9o I Protal .2

(Frg) = 2mapo </0 ( 3, >ra ( 56 )rasm 6de ),

2 b2 2
(Fy =220 </ (%) sin290059d9>. 23)
e 0 it ),

After some mathematical calculations, the radiation force

can finally be written in a simplified form as

(F2) = YpSc (),

pok? ¢§ /2 denotes the energy density of incident

(24)

where (E) =
wave and S, = ma? is the cross-sectional area. The dimension-
less factor ¥}, is known as the radiation force function, which
represents the radiation force per unit energy density and unit
cross-sectional surface. According to the computed results, Y},
is given as

=

(n+1) {Re (AA7) (EV, &P +£VE)

n:

2D
\
N (2 (2 2) £(2 2) (2
+n i +nin ) +28%, 6% +on) )n,iﬁl)
— Im (A An+l) (énJrlnn +§n+1nn én n+l
_én nn+1 +2§ n,,H - 2§n+1nn )}7 (25)
where
5,51) =RelA,], n,i” =1ImlA,],
&Y =Refa,], 0¥ =Im[a,],
Ap = CyP, (cosf), (26)

in which Re and Im represent the real and imaginary parts of
a complex function, respectively.

3. Numerical simulations and analyses

In order to more clearly illustrate the general behavior of
the acoustic radiation force on an elastic spherical shell near an
impedance boundary, several numerical simulations are pro-
vided in this section. The physical constants of all the mate-
rials used in the following simulations are listed in Table 1.
Hereafter, the surrounding ideal fluid is assumed to be water.
In all of our calculations, the infinite series in Eq. (25) are trun-
cated at |a, /ag| ~ 107, which can well balance the accuracy
and calculation efficiency.

To validate our theory, the radiation force functions for
a rigid sphere in an unbounded field (Rs = 0) by zero-order
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quasi-Bessel-Gauss beams with different beam waists at § =
7 /3 are computed in Fig. 3. When a liquid drop is levitated by
acoustic waves in air in a reduced gravity environment, it can
be approximately treated as a rigid object considering its much
greater density than air. It is worth mentioning that the value
of kW is 6 at Wy = 37, thus the condition kW, > 1 is well sat-
isfied in our simulation. In this case, the scattering coefficients
are determined by the continuity of the normal velocity at the
' (ka) /i (ka).

It is easy to find that all the curves are characterized by a res-

surface of the sphere, which leads to a,, = —j

onant peak at around ka = 2 and then decrease obviously in
the range ka > 3. The significant difference of the curves with
different beam waists is mainly exhibited in the range ka > 5,
as the increase of beam waist leads to a much stronger force. It
is also shown that the Gauss component only significantly in-
fluences the radiation force at high frequencies. Our simulated
results are in good agreement with Fig. 3(b) in Ref. [52] under
the same circumstance, proving the accuracy of the radiation
force theory developed in this work.

Table 1. The physical constants of the materials used in the simulations.

Material Density  Compressible Shear
! (kg/m3) velocity (m/s)  velocity (m/s)
Water 1000 1480
Air 1.23 344 ..
Aluminum 2700 6420 3040
Polymethyl methacrylate 1190 2690 1340
0.20
I Wo B 3)\
- Wo =5\
0.15¢ — Wo="T7A
55 0.10+
0.05F
%9 2 4 6 8§ 10
ka

Fig. 3. Y, versus ka on a rigid sphere in free space for zero-order quasi-
Bessel-Gauss beams (f = 7/3).

3.1. Effects of the impedance boundary on the radiation
force

The effect of the impedance boundary on the radiation
force function curves for a single elastic spherical shell is dis-
cussed in this section. Figure 4 plots the radiation force func-
tions on an elastic shell with b/a = 0.75 and d/a = 2 for
a zero-order quasi-Bessel-Gauss beam in the case Wy = 34,
B = m/3. The fluid medium within the hollow space is as-
sumed to be water. In Figs. 4(a) and 4(b), the elastic shell
is supposed to be made of polymethyl methacrylate (PMMA)

and aluminum, respectively, which are two common materi-
als in biomedical ultrasound. The reflecting coefficient of the
impedance boundary is set as Ry = 0.1, 0.4, 0.7, and 1.0. For a
blood vessel, the reflecting coefficient is estimated to be in the
range 0.05~0.15 according to the measurement for the acous-
tic impedance of blood vessel walls.!>’! However, a variable
reflecting coefficient ranging from O to 1 is considered in the
following calculations to better visualize the effect of chang-
ing R on the radiation force. Also, the case when Ry = 0.1 is
especially studied. The results for the radiation force function
in free space are also provided in the same figure for ease of
comparison. In our simulation, the increment step of ka is se-
lected as 0.01 so as to avoid missing the very narrow resonant
peaks. Inspection of the results reflects the huge influence of
the interface added to the problem. Compared with the results
in free space, the radiation force function curves exhibit an
obvious oscillatory property. For the case of a PMMA shell, a
series of sharp peaks appear in the curves, which may corre-
spond to the resonant frequencies of the elastic vibration in
the shell. At these peaks, nearly all the acoustic energy is
stored within the shell without leaking into the fluid. How-
ever, for an aluminum shell, the high-amplitude peaks dis-
appear. This is mainly due to the larger discontinuity of the
acoustic impedance at the water-aluminum interface than the
water-PMMA interface, thus less acoustic energy can be trans-
mitted into the elastic material. As the reflecting coefficient
R, increases, the amplitudes of the peaks will be significantly
enhanced. However, the variation of Ry does not shift the po-
sitions of maxima and minima in the curves. In addition, it
is interesting to observe that for both spherical shells, the ra-
diation force can be negative at selected ka values, which is
another distinctive property compared with the results in an
unbounded fluid medium. This phenomenon means that the
shell can be driven towards the sound source, resulting from
the reflection wave by the impedance boundary. An explicit
explanation of the physical mechanism for the negative radi-
ation force is that the scattering in the forward hemisphere is
relatively stronger than in the backward hemisphere, which
has been proved in earlier studies on Bessel beams.[!7-38]

To better understand the features of the acoustic radiation
force on an elastic spherical shell for zero-order Bessel-Gauss
beams, the total scattering velocity potential in the far-field re-
gion can be expressed in the term of form function as

a i
Ouca = 905 f " (kb, 6, B, Wo) &, 27)
where f1°@(kb, 6, B, Wy) is the total far-field form function
expressed by

flotal (kb 0 ﬁ WO)

) =

2 2n41) s, P, @
lkanzz:o n+1)s,P, (cos0)C,P, (cosB).  (28)
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For an absolutely rigid sphere, the form function can be ex-
pressed as:

1€ (kb, 6, B, Wo)

2 = .
= Y (2n+1)57€9P, (cos ) C,P, (cos B),  (29)
n=0

where the scattering coefficients s78¢ = —ji’ (ka) /h{" (ka)
can be easily obtained by applying the rigid boundary con-
dition at the surface of the sphere. According to Ref. [59],
the resonance form function can be obtained by subtracting
the rigid background linearly from the total scattering field as
follows:

fres (kb797ﬁ7WO)

= % i (2n+1) (s,, - s,figid) P, (cos0)C,P, (cosB). (30)
n=0

2.5
—no boundary (a)
2.0 —Rs=0.1
R,=0.4
1.5t — Rs=0.7
— R,=1.0
55 1.0f
0.5+ A E
ok AV‘ A %}4{_ ]
—-0.5 .
0 1 2 3 4 5 6 7
ka
0.3 - : -
—no boundary
— R,=0.1 (b) ]
0.2 R,=0.4 1
— R,=0.7
>.‘D-<
ok
—0.1}
—0.2

o 1 2 3 4 5 6 7
ka
Fig. 4. Y}, versus ka on a water-filled spherical shell near an impedance
boundary for zero-order quasi-Bessel-Gauss beams with different R
(a) PMMA, (b) aluminum.

The theoretical discussion above is applied to the PMMA
spherical shell in Fig. 4(a). The form function moduli of the
total, rigid background, and pure resonance back scattering
are depicted in Figs. 5(a), 5(b), and 5(c), respectively. It
is shown that the rigid background scattering plots oscillate
around |f| = 1 when ka > 2 but do not have any sharp peaks.
The oscillations in Fig. 5(b) are caused by the interferences
between the specular contribution and Franz wave. The differ-
ence between the total and rigid background scattering form

functions is due to the resonance of different vibration modes,
as is clearly shown in the pure resonance backscattering form
function plots. It is easy to find that the resonance scattering
peaks in Fig. 5(c) coincide well with the radiation force func-
tion peaks in Fig. 4(a), which proves that all of these sharp
peaks result from the resonant vibration modes. These reso-
nant vibrations are closely related to the acoustic property of
the shell and the surrounding fluid medium (water).

3.0
—no boundary (a)
2.5¢ — R,=0.1
R;=04
2.0t — R;=0.7
_ — R,=1.0
@
3 1.5}
i
1.0+ ]
0.5+ k
0 "
0 1 2 3 4 5 6 7
ka
2.5 . : : :
— no boundary (b)
— R;=0.1
2.0t R.=0.4
— Ry=0.7
__ 15 —Rs=1.0
Z
By
b
1.0t
0.5}
0 "
0 1 2 3 4 5 6 7
ka
4 - - - -
—no boundary (c)
— R;=0.1
3t R,=0.4
— R,=0.7
— R;=1.0
&

Fig. 5. The backscattering form function versus ka for a water-filled PMMA
shell near an impedance boundary for zero-order quasi-Bessel-Gauss beams
with different R;: (a) total backscattering form function, (b) rigid backscat-
tering form function, (c) pure resonance backscattering form function.

In real applications, the spherical shells are often at var-
ious distances from the reflecting interface. Therefore, it is
necessary to consider the radiation force functions with differ-
ent distance-to-radius ratios. With Ry = 0.5 and b/a = 0.75,
the radiation force functions on a water-filled PMMA shell at
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different d/a values are depicted in Fig. 6. Other parameters
about the incident beam are set as B = /3 and Wy =3 A. Itis
noticeable that the extrema in the figures, corresponding to the
resonance vibration modes of the shell, can appear as not only
the maxima but also the minima. This phenomenon can also
be found in the simulated results for a spherical shell in free
space in Ref. [44]. As the spherical shell moves away from the
boundary, which corresponds to the increase of d/a, the am-
plitudes of the resonant peaks will decrease obviously at high
frequencies. These phenomena prove that the shell-boundary

distance is an important factor influencing the radiation force

peaks.
0.6 T T
0.5 —d/a=2
' —d/a=4
0.4+ d/a:ﬁ
0.3l —d/a=38
0.2t
0.1
0
—0.1}
—0.2 . . . . . .
0 1 2 3 4 5 6 7

ka

Fig. 6. Y, versus ka on a water-filled PMMA shell near an impedance bound-
ary for zero-order quasi-Bessel-Gauss beams with different d/a.

0.08 : :

—R,=0.1
0.06} — R—04
0.04} R,=0.7

—Rs=1.0
0.02¢

2 4 6 8 10 12 14 16
d/a

Fig. 7. Y, versus d/a on a water-filled PMMA shell near an impedance

boundary for zero-order quasi-Bessel-Gauss beams with different R;.

To more accurately evaluate the effects of distance-to-
radius ratio on the radiation force, the Y}, versus d /a curves for
a water-filled PMMA shell at ka = 0.42 in the case of different
R are shown in Fig. 7, which can be regarded as the incidence
of a 10-MHz beam upon a micro-shell of outer radius 10 pm.
All of the other parameters are set exactly the same as in Fig. 6.
It is easy to find that the peaks and dips are periodically dis-
tributed along the d/a axis. As has been found in Ref. [35],
when the boundary is absolutely rigid (R; = 1), the radiation
force vanishes at pressure nodes (kd = 7/2, 3n/2, 57/2,...)

or antinodes (kd =0, &, 27, .. .) and gets its maximum value at
the intermediate locations (kd = /4,37 /4,57 /4, ...). There-
fore, the period of the ¥, curves along the d/a axis can be
calculated as 7/ka = 7.48 given that ka = 0.42, which con-
sists well with the simulated plots. With the growth of Ry, the
amplitude of Y}, increases, consisting well with the conclusion
from Fig. 4.

3.2. Effects of the shell’s thickness on the radiation force

In biomedical ultrasound applications, the drug-loaded
micro-shells are often developed with various thicknesses
to meet different demands in practice. To evaluate the ef-
fect of changing the spherical shell’s relative thickness, the
computed results for the radiation force functions on a water-
filled PMMA shell with different relative thicknesses are de-
picted in Fig. 8. With Ry = 0.5, d/a =2, B = ©/3, and
Wy = 3A, the two subgraphs (a) and (b) plot the results
in the case 0.6 < b/a < 0.9 with increment A(b/a) = 0.1
and 0.92 < b/a < 0.98 with increment A(b/a) = 0.02, re-
spectively. It is interesting to find in Fig. 8(a) that when
the coated elastic layer is relatively thick (b/a < 0.9), high-
amplitude peaks emerge at resonant frequencies, which cor-
respond to different ka values with the variation of b/a.
However, the resonant peaks disappear in the simulated ka
In fact, with
the increase of b/a, the resonant vibration modes shift to

range when the value of b/a reaches 0.9.

1.0 . . . . .
—b/a=0.6 (a)
0.8} —b/a=0.7
b/a=0.8
0.61 —b/a=0.9
55 0.4¢
0.2}
O_ .
—0.2

Fig. 8. Y, versus d/a on a water-filled PMMA shell near an impedance
boundary for zero-order quasi-Bessel-Gauss beams with different Rg:
(2)0.6<b/a<0.9,(b)0.92<b/a<0.98.
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high frequencies that are beyond our simulated range. Never-
theless, we are not going to study these peaks considering the
severe attenuation of sound energy at high frequencies. The
results for thinner shells in Fig. 8(b) also exhibit no sharp res-
onant peaks, while a series of maxima and minima still exist.
The increase of b/a leads to the decrease of ¥, but does not
influence the positions of peaks and dips. It is also noteworthy
that the attractive force can be obtained at appropriate ka and
b/a values.

3.3. Effects of the incident beam on the radiation force

As has been mentioned above, a zero-order quasi-Bessel—
Gauss beam is characterized by the half-cone angle 3 and the
beam waist Wy. Y, is simulated in the half-cone angle range
of 0 < B < m/2 with increment 0.017, as well as in the ka
range of 0 < ka < 7 with increment 0.01. The simulated re-
sults for a PMMA shell and an aluminum shell are shown in
Figs. 9(a) and 9(b), respectively. The case is modelled by set-
ting Wo = 34, Ry = 0.5, b/a = 0.75, and d/a = 2. Inspection
of Fig. 9 shows that the radiation force function has a series of
prominent peaks and dips, the magnitudes of which decrease
obviously along with the growth of half-cone angle.

(a)

80
100
60
50
>::.
0 40
—50 20
ka 2 /4 0
070
(b)
1.2
1.5
10 0.8
>~
0.5

0 -“"-_

0.4
6
4 0
ka 2

Fig. 9. Y, versus ka and B on a water-filled spherical shell near an impedance
boundary for zero-order quasi-Bessel-Gauss beams: (a) PMMA, (b) alu-
minum.

It is also noteworthy that taking § = O for the zero-order
Bessel-Gauss beam yields to the results in the basic Gauss
beam field. For the case of a PMMA shell, the value of ¥}, is

likely to exceed 70 at selected ka values when f is relatively
small. Admittedly, the high peaks in the simulated plots will
definitely be damped once the viscosity is considered. How-
ever, a theoretical guide can still be provided for acoustic ma-
nipulation applications based on these peaks when a strong
force is required to push or pull the target particles more eas-
ily. As f increases from 0 to 7/2, the amplitude of ¥} de-
creases rapidly at most ka values. It can be expected that the
force vanishes at § = /2 based on the property of Legendre
function that P, (0)P,(0)
by our simulated results.

= 0, which is perfectly confirmed

(b)
0.2 0.15
0.1 0.10
a
s 0.05
01 o
—0.1 0
6
4 —0.05
ka 2\\/ 4

073 Wo//\

Fig. 10. Y, versus ka and Wy/A on a water-filled spherical shell near an
impedance boundary for zero-order quasi-Bessel-Gauss beams: (a) PMMA,
(b) aluminum.

Next, we turn to evaluate how the variation of beam waist
affects the radiation force. Unlike the half-cone angle f3, the
beam waist Wy determines the Gauss component of a zero-
order quasi-Bessel-Gauss beam. Figure 10 shows the com-
puted results for a PMMA shell and an aluminum shell in the
range of 34 < Wy < 7A with increment 0.01, as well as in the
ka range of 0 < ka < 7 with increment 0.01. Other parameters
are set the same as those in Fig. 9 except that the half-cone
angle f is fixed as 7r/3 at this time. The results reflect that for
both spherical shells, all the curves are nearly identical to each
other in the range ka < 4. This can be interpreted as reveal-
ing that ka is much smaller than kW, therefore the effects of
Gauss component can be neglected at low frequencies. When
ka exceeds 4, clear differences begin to emerge between dif-
ferent curves. Due to the weakening of the energy focusing
property of Gauss component, the amplitude of ¥, decreases
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obviously along with the increase of Wy, which consists well
with the results in Ref. [52]. This phenomenon is especially
pronounced at the resonant peaks for a PMMA shell. When
Wo becomes infinitely large, the results will degenerate into
the case of the common zero-order Bessel beam. Therefore, it
can be expected that adding a Gauss modulation to the Bessel
beam is conducive to enhancing the radiation force at large ka
values.

3.4. Effects of the material within hollow space on the ra-
diation force

Gas-filled micro-shells are also very common in the ap-
plications of contrast agents, which play an important role in
modern drug delivery and imaging systems. Assuming that
the shell is filled with air instead of water, the simulated re-
sults for a PMMA shell and an aluminum shell with different
reflecting coefficients are presented in Figs. 11(a) and 11(b),
respectively. The parameters are set as b/a = 0.75, Wy = 34,
B = m/3, d = 2a, which are exactly the same as those in
For the case of a PMMA
shell, the number of sharp resonant peaks is reduced, but

Fig. 4 for ease of comparison.

their amplitudes see a pronounced increase. This phenomenon
reflects that the change of the interior core material can signif-
icantly affect the resonant frequencies. From the view point
of manipulating target particles, an air-filled PMMA shell is a
preferable choice compared with a water-filled PMMA shell.

14
" (a)
| —no boundary
10t — Rs=0.1
B Rs=0.4
— R,=0.7
6 — Re=1.0
4.
2.
0.3_4—4*__4.;—J
-2
0 1 2 3 4 5 6 7
ka
0.3 T - - :
(b) — no boundary
I — Rs=0.1 |
0.2 R,=0.4
— R;=0.7
0.1 — Rs=1.0
> >
O.
—0.1¢
—0.2 .
0 1 2 3 4 5 6 7

Fig. 11. Y, versus ka on an air-filled spherical shell near an impedance
boundary for zero-order quasi-Bessel-Gauss beams: (a) PMMA, (b) alu-
minum.

However, for an aluminum shell, there exists no obvious dif-
ference between the radiation force function curves for an air-
filled shell and a water-filled shell. This is mainly because that
only little energy can enter the interior core due to the serious
mismatching of acoustic impedance between the adjacent lay-
ers. Therefore, the variation of the material filling the hollow
space does not obviously affect the property of radiation force.

3.5. Effects of the viscosity on the radiation force

It is worth mentioning that the viscosity of the elastic
material is neglected in all the theoretical computations above.
However, for the elastic shells placed in the blood vessel, the
corrections of the radiation force due to the sound absorption
effect of the elastic layer may be imperative under certain
circumstances. An imaginary part is added into the wave
number of the elastic material such that k. = k. (1 —i%),ks =
ks (1 —1i%), where ¥, and ¥ denote the normalized longitu-
dinal and shear absorption coefficients, respectively.®”] The
acoustic radiation force function plots for both the water-filled
and the air-filled PMMS shell are shown in Fig. 12, with
e = 0.0035 and % = 0.0053, b/a = 0.75, Ry = 0.5, Wy = 34,
and B = n/3. The simulated results without considering the
sound absorption effect are also plotted for a comparison. It
is shown in the figure that the sound absorption affects the
radiation force at high frequencies more significantly than at
low frequencies. Due to the attenuation of sound energy, the
resonant peaks of the radiation force are largely weakened for

0.6

— without absorption (a)
0.5t — with absorption

0.4

0.3
o

>~
0.2

p L

—-0.1

0 1 2 3 4 5 6 7

3.0

—without absorption (b)
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2.0
1.5

>5.
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Fig. 12. Y, versus ka on a PMMA spherical shell near an impedance
boundary for zero-order quasi-Bessel-Gauss beams: (a) water-filled,
(b) air-filled.
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either the water-filled or the air-filled PMMA shell. Note that
in most practical uses of contrast agents, the outer radius of
micro-shells is often at the order of micrometers and the beam
frequency range of 0 MHz~40 MHz is wide enough to cover
most applications, therefore it is feasible to neglect the sound
absorption effect in the low ka range. However, when ex-
ploiting the strong radiation force peaks at middle and high
frequencies to manipulate drugs and cells, the corrections of
theoretical results is necessary once we take the sound absorp-
tion effect into account. In addition, the viscosity of the sur-
rounding fluid medium will also possibly influence the acous-
tic scattering response. To conduct an in-depth investigation
of the problem, Navier-Stokes equations are required to be
solved for the spherical shell near the interface, which is be-
yond the scope of this study. Nevertheless, it can be expected
that existence of fluid viscosity will lead to the propagation of
shear wave in the surrounding fluid, which may influence the
radiation force to some extent.

4. Conclusions

Based on the image theory and the finite series method,
a zero-order quasi-Bessel-Gauss beam has been expanded in
terms of harmonic spherical functions. A closed-form ex-
pression of the acoustic radiation force on an elastic spher-
ical shell near an impedance boundary for zero-order quasi-
Bessel-Gauss beam is derived. On the basis of theoretical
results, several corresponding simulated results are also pro-
vided. The oscillatory property and the negative radiation
force at selected ka values are two main influences of the
impedance boundary added to this problem. Some sharp reso-
nant peaks appear in the results for a PMMA shell but not an
aluminum shell. With the increase of R, high-amplitude radi-
ation force can be obtained, while the positions of maxima and
minima remain unchanged. When the shell moves along the
beam axis, the radiation force function will vanish at pressure
nodes and antinodes and increase to maximum at the interme-
diate locations. For a PMMA shell, a relatively thick coated

layer is conducive to pushing or pulling particles through the
strong radiation force. As the two parameters characterizing a
zero-order quasi-Bessel-Gauss beam, the half-cone angle and
the beam waist can both significantly influence the radiation
force. Resulting from the energy focusing effect of the Gauss
component, the radiation force function exhibits an obvious
increase at small beam waists in the range ka > 4. The viscos-
ity of the elastic coated layer leads to the attenuation of sound
energy and then the reduction of radiation force peaks at high
ka values. In summary, the present work systematically inves-
tigated the acoustic radiation force on an elastic spherical shell
near the boundary, which can be extended to the drug delivery
and imaging in biomedical ultrasound.

Appendix A: Expressions of P,(0) and P,(0)

The detailed expression of P,(0) and P},(0) are given as
follows:

0, when 7 is odd,
P, (0 r (n; l) Al
n(0) = (=1)*——=_Z whennis even, (AD)
r n+2
(")
(")
[(n—=1)/2] ;
P (0) = (-1) PEREN when 7 is odd,
vVl >
0, when n is even.
(A2)
Appendix B: Expression of Q,,,
The paprameter Q,,, is given by
Omn =+ (2n+1)2m+1)i" ™"
m+n 1
x Y (=1)%i°bhl) (k) (B1)
o=|m—n|

where b = (mn00|60)?, in which

(=)™ ¢g!
éq n)l(g—m)!(q—o)!

)

|
20+1
(mn00|G0) = % \/ (2g+1)!

Appendix C: Expressions of Eq. (19)

The detailed expressions of Eq. (19) are given as follows:
iwpo (2n+1)i"CyP, (cos B) ay b (ka) + iwpoRsj, (ka)

+ (21/a?) CiPy (cos B) [ (m(n = 1) = (kea)” -

(2g —2n)! (2qg—2m)! (2q —20)!, when g(=

(6 +m+n)/2) is even,

when ¢ is odd.
(B2)

Mz

2m+ 1 ( l)m Cum (COSﬁ)aQOn>

0

(&
)

(kea)?A/211) j, (kea) +2kcajn+1(kca)]b

+ (2u/a*) C4Py (cos B) {(n (n—1) — (kea)* — (kea) l/2u> Yy (kea) +2kea y,. (kca)} Cn
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+ (21 /a*) CyPy (cos B)n(n+1) [(n— ]n (ksa) — ksaj,,y (ksa)] dy
+ (21/a?) CuP, (cos B) n [ keat) — kahfljl(ksa)} en =0, 1)
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+[(1- 4 (k@) 12) y, (k@) ~ ks Y, (ksa)} CuPy (cosB)en =0, (C2)
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m=0

— (iw/a) C,Py (cos B) [nj, (kea) — keaj,y (kea)] by — (i®/a) CyP, (cos B) [ny, (kea) — keaj,,y (kea)] cn
—(io/a)n(n+1)j, (ksa) CaPy (cos B) dy — (iw/a)n (n+ 1) b\ (ksa) C,P, (cos B) en, (C3)
10p3C,Py (cos B) fijy (ksb) + (201 /B*) CyP, (cos B) [(n (n—1) — (keb)* — (keb)* A /m)  (keb) + 2kebi, (ke b)} by
+ (2u/b%) C,P, (cos B) [( (nfl)f(kcb)zf(kcb)z/l/2u> v (keb) +2keb y, (kcb)} cn
+ (2;1/]92) CuPy (cosP)n(n+1) [(n — 1) j, (ksb) —ksbj, 1 (ksb)] dy
+ (21/b?) CyPy (cos B n(n+1) [(n —1) b (k) — kb b, (ksb)} en =0, (C4)
[(1=n) j, (keb) + kb1 (keb)] CuPy (cos B) by + [(1 —n) b (ke) + ke Y| (kcb)} C,P, (cos B)cy

[(l—n + (ksb) /2) i, (ksb) — ksbjm(ksb)} C,Py (cos B) d,

[(1 — 1 + (ksb)? /2) y, (ksb) —ksb ¥, (ksb)] CoPy (cos B) e, =0, (C5)

Jn [k3an+l k3b) njp, (ka)} C.P, (COSﬁ) /b - (i(x)/b) [”]n (kcb) - kcbjn+1 (kcb)] G.P, (Cosﬁ) b,
—(io/b) [ny, (keb) —keb y, 11 (keb)] CiPy (cos B) cu — (i@ /b) n (n+ 1) j, (ksb) CuPy (cos B) dy
—(

iw/b)n(n+1) hY" (ksb) C,P, (cos B) en = 0. (C6)
References [25] Mitri F G 2008 Ann. Phys. 323 2840
[1] Wu TR 1991 J. Acoust. Soc. Am. 89 2140 [26] Mitri F G 2009 J. Phys. A-Math. Theor. 42 245202
[2] LeeJ W, Ha K L and Shung K K 2005 J. Acoust. Soc. Am. 117 3273 [27] Mitri F G 2009 Euro. Phys. J. E 28 469
[3] Lee J W, Teh S Y, Lee A, Kim H H, Lee C Y and Shung K K 2009 [28] Mitri F G 2010 J. Sound Vib. 329 3319
Appl. Phys. Lett. 95 073701 [29] Li W, LiJ and Gong Z X 2015 Acta Phys. Sin. 64 154305 (in Chinese)
[4] Ozcelik A, Rufo J and Guo F 2018 Nat. Methods 15 1021 [30] Mitri F G 2015 Wave Motion 57 231
[5] Baudoin M and Thomas J L 2020 Ann. Rev. Fluid Mech. 52 205 [31] Mitri F G 2015 Europhys. Lett. 112 34002
[6] Lierke E G 1996 Acustica 82 220 [32] Mitri F G 2017 Ultrasonics 74 62
[7]1 Yarin A L, Pfaffenlehner M and Tropea C 1998 J. Fluid Mech. 356 65 [33] Miri A K and Mitri F G 2011 Ultrasound Med. Biol. 37 301
[8] Laurell T, Petersson F and Nilsson A 2007 Chem. Soc. Rev. 36 492 [34] Wang J and Dual J 2012 Ultrasonics 52 325
[9]1 Manneberg O, Hagsater S M, Svennebring J, Hertz H M, Kutter J P, [35] Qiao Y P, Zhang X F and Zhang G B 2017 J. Acoust. Soc. Am. 141
Bruus H and Wiklund M 2009 Ultrasonics 49 112 4633
[10] Rajabi M and Mojahed A 2016 J. Sound Vib. 383 265 [36] Qiao Y P, Zhang X F and Zhang G B 2017 Wave Motion 74 182
(11] King L V 1934 Proc. Roya. Soc. London, Ser. 147 212 [37] Qiao Y P, Wang H B, Liu X Z and Zhang X F 2020 Wave Motion 93
[12] Yosioka K and Kawasima Y 1955 Acta Acust. United Ac. 5 167 102478
[13] Hasegawa T and Yosioka K 1969 J. Acoust. Soc. Am. 46 1139 [38] Zang Y C, Qiao Y P, Liu J H and Liu X Z 2019 Chin. Phys. B 28
[14] Hasegawa T 1979 J. Acoust. Soc. Am. 65 32 034301
[15] WuJR and Du G H 1990 J. Acoust. Soc. Am. 87 997 [39] Wei K and Kaul S 1997 Curr. Opin. Cardiol. 12 539
[16] Baresch D, Thomas J L and Marchiano R 2016 Phys. Rev. Lett. 116 [40] Kheir J N, Zurakowski D, McGowan F X and Bordan M A 2007 Crit.
024301 Care Med. 35 A16
[17] Marston P L 2006 J. Acoust. Soc. Am. 120 3518 [41] WuJ R and Nyborg W L 2008 Adv. Drug. Deliv. Rev. 60 1103
[18] Marston P L, Wei W and Thiessen D B 2006 AIP Conf. Proc. 838 495 [42] Hasegawa T, Hino Y, Annou A, Noda H, Kato M and Inoue N 1993 J.
[19] Marston P L 2007 J. Acoust. Soc. Am. 122 3162 Acoust. Soc. Am. 93 154
[20] Marston P L 2009 J. Acoust. Soc. Am. 125 3539 [43] Mitri F G 2005 Ultrasonics 43 681
[21] Mitri F G 2008 Ann. Phys. 323 1604 [44] Mitri F G 2006 Ultrasonics 44 244
[22] Mitri F G 2009 Ultrasonics 49 794 [45] Zang Y C and Lin W J 2020 Results Phys. 16 102847
[23] Mitri F G 2009 IEEE Trans. UFFC. 56 1100 [46] Gutierrez-Vega J C, Rodriguez-Masegosa R and Chavez-Cerda S 2003
[24] Mitri F G 2009 IEEE Trans. UFFC. 56 1059 J. Opt. Soc. Am. A 202113

044301-13


http://dx.doi.org/10.1121/1.400907
http://dx.doi.org/10.1121/1.1886387
https://doi.org/10.1063/1.3206910
https://doi.org/10.1063/1.3206910
http://dx.doi.org/10.1038/s41592-018-0222-9
http://dx.doi.org/10.1146/annurev-fluid-010719-060154
http://dx.doi.org/10.1017/S0022112097007829
http://dx.doi.org/10.1039/B601326K
https://doi.org/10.1016/j.ultras.2008.06.012
http://dx.doi.org/10.1016/j.jsv.2016.06.042
http://dx.doi.org/10.1121/1.1911832
http://dx.doi.org/10.1121/1.382263
http://dx.doi.org/10.1121/1.399435
http://dx.doi.org/10.1103/PhysRevLett.116.024301
http://dx.doi.org/10.1103/PhysRevLett.116.024301
http://dx.doi.org/10.1121/1.2361185
http://dx.doi.org/10.1121/1.2799501
http://dx.doi.org/10.1121/1.3119625
http://dx.doi.org/10.1016/j.aop.2008.01.011
http://dx.doi.org/10.1016/j.ultras.2009.07.006
http://dx.doi.org/10.1109/TUFFC.2009.1143
http://dx.doi.org/10.1109/TUFFC.2009.1139
http://dx.doi.org/10.1016/j.aop.2008.06.008
https://doi.org/10.1088/1751-8113/42/24/245202
http://dx.doi.org/10.1140/epje/i2009-10449-y
http://dx.doi.org/10.1016/j.jsv.2010.02.025
http://dx.doi.org/10.7498/aps.64.154305
http://dx.doi.org/10.1016/j.wavemoti.2015.04.006
http://dx.doi.org/10.1209/0295-5075/112/34002
http://dx.doi.org/10.1016/j.ultras.2016.09.022
http://dx.doi.org/10.1016/j.ultrasmedbio.2010.11.006
http://dx.doi.org/10.1016/j.ultras.2011.09.002
http://dx.doi.org/10.1121/1.4986624
http://dx.doi.org/10.1121/1.4986624
http://dx.doi.org/10.1016/j.wavemoti.2017.07.001
http://dx.doi.org/10.1016/j.wavemoti.2019.102478
http://dx.doi.org/10.1016/j.wavemoti.2019.102478
http://dx.doi.org/10.1088/1674-1056/28/3/034301
http://dx.doi.org/10.1088/1674-1056/28/3/034301
http://dx.doi.org/10.1097/00001573-199711000-00007
http://dx.doi.org/10.1016/j.addr.2008.03.009
http://dx.doi.org/10.1121/1.405653
http://dx.doi.org/10.1121/1.405653
http://dx.doi.org/10.1016/j.ultras.2005.03.002
http://dx.doi.org/10.1016/j.ultras.2006.02.002
http://dx.doi.org/10.1016/j.rinp.2019.102847
https://doi.org/10.1364/JOSAA.20.002113
https://doi.org/10.1364/JOSAA.20.002113

Chin. Phys. B Vol. 30, No. 4 (2021) 044301

[47]

[48]

[49]
[50]
[51]
[52]

Hakola A, Buchter S C, Kajava T and Turunen J 2004 Opt. Commun.
238 335

Altucci C, Bruzzese R, D’ Antuoni D, de Lisio C and Solimeno S 2000
J. Opt. Soc. Am. B 17 34

Ding D, Wang S and Wang Y 1999 J. Appl. Phys. 86 1716
Wang S J 1998 J. Northwest Nat. Univ. 34 22
Overfelt P L and Kenney C S 1991 J. Opt. Soc. Am. A 8 732

Chen J, Liu X Z, Liu J H, Mao Y W and Marston P L 2017 Ultrasonics
76 1

(53]
[54]
[55]
[56]
(571
(58]
[59]
[60]

044301-14

Bouchal Z 2003 Czech J. Phys. 53 537

Gori F, Guattari G and Padovani C 1987 Opt. Comm. 64 491
Gouesbet G, Grehan G and Maheu B 1988 Appl. Opt. 27 4874
Huang H and Gaunaurd G C 1997 Int. J. Solids Struct. 34 591
Geleskie J V and Shung K K 1982 J. Acoust. Soc. Am. 71 467
Gong Z X, Marston P L and Li W 2019 Phys. Rev. E 99 063004
Li W, Gui Q and Gong Z X 2019 IEEE Trans. UFFC. 66 1364

Vogt R H, Flax L, Dragonette L R and Neubauer W G 1975 J. Acoust.
Soc. Am. 57 558


http://dx.doi.org/10.1016/j.optcom.2004.05.012
http://dx.doi.org/10.1016/j.optcom.2004.05.012
http://dx.doi.org/10.1364/JOSAB.17.000034
http://dx.doi.org/10.1364/JOSAB.17.000034
http://dx.doi.org/10.1063/1.370952
http://dx.doi.org/10.1364/JOSAA.8.000732
http://dx.doi.org/10.1016/j.ultras.2016.12.011
http://dx.doi.org/10.1016/j.ultras.2016.12.011
http://dx.doi.org/10.1023/A:1024802801048
http://dx.doi.org/10.1016/0030-4018(87)90276-8
https://doi.org/10.1364/AO.27.004874
http://dx.doi.org/10.1016/S0020-7683(96)00033-9
http://dx.doi.org/10.1121/1.387417
http://dx.doi.org/10.1103/PhysRevE.99.063004
http://dx.doi.org/10.1109/TUFFC.58
http://dx.doi.org/10.1121/1.380483
http://dx.doi.org/10.1121/1.380483

	1. Introduction
	2. Theory
	2.1. Expansion of incident beam in terms of spherical functions
	2.2. Scattering of the incident beam by a spherical shell near the boundary
	2.3. Acoustic radiation force on a sphere near the boundary

	3. Numerical simulations and analyses
	3.1. Effects of the impedance boundary on the radiation force 
	3.2. Effects of the shell's thickness on the radiation force
	3.3. Effects of the incident beam on the radiation force
	3.4. Effects of the material within hollow space on the radiation force
	3.5. Effects of the viscosity on the radiation force

	4. Conclusions
	References

