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Acoustic radiation force (ARF), as an important particle manipulation method, has been extensively studied in recent
years. With the introduction of the concept of “acoustic tweezers”, negative acoustic radiation has become a research
hotspot. In this paper, a scheme of realizing negative ARF based on the multiple-layered spherical structure design is
proposed. The specific structure and design idea are presented. Detailed theoretical calculation analysis is carried out.
Numerical simulations have been performed to verify the correctness of this prediction. The conjecture that the suppression
of backscattering can achieve negative ARF is verified concretely, which greatly expands the application prospect and
design ideas of the ARF. This work has laid a theoretical foundation for realizing precise control of the structure.

Keywords: acoustic tweezers, negative acoustic radiation force, particle manipulation

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

1. Introduction

Ashkin proposed the concept of “optical tweezers” to
achieve precise manipulation of microscopic particles, and
therefore won the Nobel Prize in 2018. To overcome the short-
comings of optical tweezers in terms of scale and thermal
effect,/'! Wu proposed “acoustic tweezers” based on acous-
tic radiation force (ARF).[?! Some ideas for building acoustic
tweezers have gradually been proposed.*>! The generation
of ARF is based on the nonlinear effect of the sound field.
Through this effect, the momentum and angular momentum
transfer can be realized between the sound field and the par-
ticles. Compared with the traditional particle manipulation
method, ARF has a very significant advantage: The manipula-
tion process is non-contact. Therefore, the ARF has gained ex-
tensive attention and wide application in ultrasound medicine
and particle control. The research and investigation of the law
of ARF are of great important significance. The ARF of stan-
dard particles such as cylindrical particles and spherical par-
ticles in the plane wave field or Bessel beams has been stud-
ied in detail.!!>6-16] The effects of ARF on particles in vis-
cous media have also been included in the investigations.!!”]
ARFs with normal closed boundaries have been studied.!'%1%1
The ARF of standard particles in non-diffracted waves has
also been investigated.’”) Resonant adhesion structure has

been studied to make negative ARF.[>! Based on the angu-

"These authors contributed equally to this work.
fCorresponding author. E-mail: xzliu@nju.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acfa80

lar spectrum and multipole expansion, the calculation meth-
ods of acoustic radiation force and moment have been fur-
ther developed.!*>23] The sound field of the spherical shell
structure has been analyzed and proved to be a meaningful

(24271 Some schemes of manipulating particles are

attempt.
carried out by using acoustic streaming.!?83% In the field of
acoustic manipulations, some of important progress have been
made.'-33] Recently, the influence of cavity and interface on
AREF has been evaluated.34-3%]

The concept of “acoustic tweezers” emphasizes the con-
struction of acoustic potential wells for particle manipulation
and trapping. In actual scenes, the sound source is often con-
fined to a small angle relative to the particles. Therefore, it
is of great significance to realize the negative ARF based on
a unidirectional or small-angle sound beam. However, based
on the definition, the negative ARF represents that the struc-
ture in the sound field is subjected to a force towards the sound
source, which is extraordinary and difficult to achieve by tra-
ditional methods. Gong et al.?”) previously proposed a so-
lution to the negative ARF of a single acoustic beam based
on non-diffracted waves. In the calculation of the Bessel
beam, Marston mentioned that based on the suppression of
backscatter, it is possible to realize the negative ARF.[8] The
first numerical demonstration of the negative ARF by sup-
pressing the backscattering of non-spherical objects was per-

formed by Gong ef al.!*! Therefore, in this work, the design
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of suppressing the backscattering of the controlled structure
is considered to explore the possibility of the negative ARF
of the unidirectional sound beam acting on the structure. The
sound field analysis of core—shell particles has been analyzed

1.1491 In this paper, the structure is designed

by Leibacher et a
to achieve suppression of backscattering. After a lot of param-
eter verifications and numerical simulations, a structure that
exhibits negative ARF effects in a specific frequency spectrum
has been successfully found. This demonstrates the feasibility

of achieving negative ARF by suppressing backscattering.

2. Analysis of multi-layered spherical structure

Due to the limitations of most practical application sce-
narios, the structure design needs to be as independent as pos-
sible from the angle parameter and only related to the radial
coordinates. Majid Rajabi ef al. achieved acoustic radiation
force control by pulsating spherical carriers in 2017,*! which
has been proved as an effective way. Therefore, the use of a
multi-layered spherical structure to design the distribution of

acoustic parameters is considered.

Layer 1
Layer 2

Layer 3
Incident wave
Layer 4

Radius gradient structure

Fig. 1. Discrete multi-layered spherical structure in sound field. The
source is a unidirectional monochromatic wave.

In the design and implementation process, the multiple-
layered structure is generally described in a differential man-
ner. Therefore, in calculations, the multiple-layered structure
is discretized into a multiple-layered spherical shell as shown
in Fig. 1. All kinds of unidirectional sound beams can be
expanded into a linear combination of plane waves. There-
fore, the incident beam considered in the calculation is a plane
wave. Since the multi-layer spherical shell structure subjected
to radiation force is a spherical symmetrical structure, the
plane wave can be expanded in spherical coordinates. Since
AREF calculation will be time-averaged, the frequency domain
expression is used. Incident wave @; can be expressed as fol-

lows:
=) Bro Y (2n+1)(i)"jn(kor)Pu(cos 6), )
kO n=0

where &y, is the incident velocity potential, ko is the
wavenumber of the sound wave in the external environment
medium, j, is the first kind of spherical Bessel function of or-

der n, P, is the Legendre function of order n.

Similarly, the scattered wave @; can also be expanded
into a linear combination of spherical waves

"= ;(Dko ZOAM@H 1)(i)"hS" (kor)P,(cos 8),  (2)
0 n=

where A, ; is the coefficient of scattered sound wave, h,(ql) is

the Hankle function of the first kind of order #.
Therefore, the total sound field sound pressure &y in the
environmental medium can be expressed as

Dy=D+ D =Y Doy, (2n+1)(i)"
ko n=0

% [in(kor) + Anshi" (kor) [Py (cos ). (3)

For the reason that the sound wave needs to propagate
to the interior of the controlled structure, the elastic bound-
ary conditions should be taken between the medium and the
structure, and between the middle and layers of the structure.
There is mode conversion at the boundary, so the medium par-
ticle displacement satisfies the Navier equation
A+ud 1 9%u
0o =2

here A and u are the Lami coefficient, cs = /1t /po.
Because the boundary conditions are described by veloc-

Viu+ V(V-u) 4)

ity continuity, the internal sound field is also described by ve-
locity potential to unify the expression. Since the sound field
will form a stable sound field structure after incident for a pe-
riod of time, it is only necessary to sort out the general form of
velocity potential expression, and obtain the undetermined pa-
rameters by boundary conditions in the form of undetermined
coefficients.

For the first layer of medium, the velocity potential of
longitudinal wave can be expressed as

q’] = Z(Dk() i (2n+ 1)(1)”

k n=0
X [An,lajn(kllr) +An,lbnn(kllr)]Pn(COS 6)7 ©)

here &y is velocity potential constant, n, is Neumann func-
tion, Ay 14 and A, 1, are pending parameters, k1 is the longi-
tudinal wavenumber in the spherical layer 1.

The transverse wave velocity potential

Yo=Y P i(2n+ ()"
k n=0

dP,(cos0)

10 Q)

X [An1cin(kiar) + Ay 140, (k127)]

Similarly, for the velocity potential in the g-th layer, lon-
gitudinal wave velocity potential:

P, =) Pio i)(ZnJrl)(i)”
k n=

X [Angain(kq17) 4+ Ap g0 (kg17)|Pp(cos 0),  (7)
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then transverse wave velocity potential

= Y i ¥ (20 1)(i)"

k n=0
dP,(cos )

0 0 ®

X [A,,’ch,,(kqgr) —&—An,qdnn (qur)]

where Ay ga» Angbr Ange, and A, 4q are pending parameters,
kg1 and kgp are the longitudinal wavenumber and transverse
wavenumber in the g-th spherical shell individually. If the ¢-
th layer is the innermost layer, the Neumann function item re-
turns to zero, and the velocity potential in the g-th spherical
shell is given below.

The longitudinal wave velocity potential can be written as

P = Zk‘,cpko Z‘b(szr 1)(i)"Angajn (kg1 7)Pn(cos 0).

)
The transverse wave velocity potential can be written as

W Zq’koz (2n+1( dP,(cos0)

. (10
10 (10)
For the discretized multi-layered spherical structure of m layer,

Ap, qc]n (qur)

there are 4(m — 1) +3 = 4m — 1 independent boundary condi-
tion equations, and 4m+ 1 —2 = 4m — 1 undetermined coeffi-
cients need to be determined. Therefore, this system of equa-

tions is mathematically solvable. Then, the boundary condi-

om 1oy
U=y T sin® 96
Uy = Uy]. (11

The normal stress continuity:

0%, 0%,
= 2U+A) = 3,2 ”Trae
(D + @) , I*( D+ D)
= (u+d) or? + oro0 ’
o =210 4 A(V-u)
- %P, 1 ¥ 1 *Yy
B (Z‘LH—A)( 97 sinb 90 | rsind 868r>
2 PRL N fcoseﬁ_‘_ 1 9?¥
ara@ rsinze 20 rsin@ 0602 )’
0,0 = Oy, (12)

where @ is the velocity potential of the longitudinal wave and
Y is the velocity potential of the transverse wave.

(i) Boundary conditions between the g-th layer structure
and the (g + 1)-th layer structure

The normal displacement continuity:

Lo, 1 0¥

“ra = "5, T rsin® 96
9Py 1 9%

Uratl = 5 T rsing 96

tions of this structure will be analyzed in detail. trg(Faqr1) = ttrgr1(Fgg+1)- (13
The specific continuity equations and the expansion of the The tangential displacement continuity:
corresponding parameters are given below. o 1 2P, B la(r'}’q)
(i) Boundary conditions between the first layer structure 1 r 90 r odr
and the external medium _ l 9Py _ l 9 (r¥+1)
“0.q+1 00 ror
The normal displacement continuity:
P Y g 4(rg.q+1) = o g+1(rgq+1)- (14)
o — 2P 1 % . 8(d>i+cbs) o
0= T Gne 90 or The normal stress continuity:
|
duy, P, 1 Y, 1 Y% 19°®, 10¥, %Y
=2 44 A(V- 2+ A et 4 _ . p W [t S el
Ora Hor (V-ug) = 21+ )< 97 " rsn60r06 Psn6 a6 ) “\r 302 a0  a6ar)
8u 1
Crgt1 = 2U (;‘H +A(V-ugi1)
— Qu+A) 92 d, [ECES A 1 %4 A laz‘PqH 1% At 79
ar? rsin@ 0rd®  r’sin® 90 002 r 06 200r
Orq(rgq+1) = Orgr1(rgq+1)- (15)
The tangential stress continuity:
10u., Jdugy ugy JTRNCEL: 1 82‘Pq cos® Jd¥, 20d, 2 82'1’4
Ooq = p( - oy D00 M0a) By . e SR L Al
' r 20 ar r r| 0drd® rsin® 060% rsin2 90 r 00 ar?
1 aMr,qqtl 8”9,q+l Uug g+1
G0.g+1 = <r 00 + ar
_u 282¢q+1 N 1 %%, ~ cos6 0¥ 41 _ga¢q+1 —&-%‘I’ 1—ra2%+1
0rd0  rsin@ 062 rsin82 060 r 06 P arr |’
06.4(Tg.q+1) = O0.g+1(Tgq+1); (16)
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where, u,, is the radial component of the particle vibration ve-
locity in layer g, ug 4 is the angular component of the particle
vibration velocity in layer ¢, &, is the longitudinal velocity
potential in layer g, ¥, is the transverse velocity potential in
layer g. To determine the undetermined coefficients, we orga-
nize them into a matrix solution: Ay = Ay /Azy. For m-storey
structure, both matrices are (4m — 1) x (4m— 1) matrices. The
specific expression of the matrix is shown in the appendix.

Thus, the velocity potential field information scattered by
the multi-layered spherical structure is obtained. Based on def-
inition, the expression of the ARF on the multi-layered spher-
ical structure can be expressed as

F = [[(p=ponds
— /Zpo(;ikc()qbo)nds+//;;p0(%gz())znds
A ga o

where z is the propagation direction of the incident sound
beam and s is the surface of the geometrical surface of the
particles.

Based on Egs. (1)—(16), the velocity potential distribution
of the entire sound field can be obtained by means of undeter-
mined coefficients. Then the total velocity potential @, in the
external medium can be obtained by Eq. (3). The integral in
Eq. (17) including the total velocity potential @ in the exter-
nal medium is implemented by accumulating the discretized
velocity potentials. The expression of the total velocity po-
tential Py includes the position coordinates, which could be
further simplified based on symmetry during the accumulation

process.

3. Finite element simulation of multi-layered
spherical structure

In Section 2, the analytical expression of the ARF re-
ceived by the multi-layered spherical structure in a unidirec-
tional sound beam is obtained. After a large number of pa-
rameter verifications, we find that the specific multi-layered
spherical structure can achieve the negative ARF in the uni-
directional sound beam sound field. The following structures
shown in Fig. 2-7 are aluminum—water—aluminum-water al-
ternating multi-layered spherical structures. To further clarify
the physical mechanism, as a control, the structures of copper—
water—copper—water multi-layered spherical structure in Fig. 8
and 9 and PVC (polyvinyl chloride)-water—PVC—-water multi-
layered spherical structure in Figs. 10 and 11 are also verified.
The relevant parameters are shown in Table 1.

To verify the real existence of back suppression in lay-
ered structure design, the finite element simulations based on

COMSOL Multiphysics 6.1 are carried out. In all finite ele-
ment simulations, the radius R of the multiple-layered spheri-
cal structure is set to 0.5 mm. The incident background pres-
sure is set to 1 Pa. The maximum grid size is set to 1/6 of
the wavelength, so the sound field distribution could be accu-
rate enough. By means of finite element simulation, the veloc-
ity potential distribution of the entire sound field is obtained.
Based on the definition formula for the calculation of the ARF
Eq. (17), the ARF on the structure can be obtained by perform-
ing the corresponding integral on the outside of the controlled
structure surface. In the actual calculations, the probe tool of
the finite element simulation is applied, and the velocity poten-
tial containing the position coordinates is uniformly sampled.
With sufficiently dense sampling, the integral is calculated by
accumulation, and the differential is calculated by difference
method. In practice, this process can be further simplified by
symmetry. For example, based on the rotational symmetry
of the structure, only the component integration of the ARF
in the incident direction of the incident acoustic beam is re-
quired. The blue square point in Figs. 2, 3, 4, 8 and 10 is
obtained due to the frequency sweep of finite element analy-
sis, and the black curve is drawn based on the analytical so-
lution in Section 2. The finite element simulations are car-
ried out in three dimensions. Figures 5-7, 9, 11 are sections
through the propagation direction. The innermost hierarchical
structure is the multiple-layered spherical structure shown in
Fig. 1. Due to symmetry, all sound pressure distributions have
been shown. The outer dark blue layer in Figs. 5-7, 9, 11 is
the perfectly-matched layer. The perfectly-matching layer is
far enough from the controlled structure to perfectly absorb
the sound wave without affecting the distribution of the sound
field. It can be seen from the figures that the points obtained by
finite element analysis basically fall on the curve of analytical
solution, which also confirms the correctness of finite element

simulation and analytical solution.

Table 1. Parameters selections.

Parameter Symbols Numerical value
Sound velocity of medium co 1500 m/s
Density of medium Po 1000 kg/m?
Longitudinal sound velocity of aluminum Cal 6320 m/s
Transverse sound velocity of aluminum Cat 2600 m/s
Density of aluminum Pu 2700 kg/m?
Longitudinal sound velocity of copper Cel 4720 m/s
Transverse sound velocity of copper Cet 2350 m/s
Density of copper Pe 8960 kg/m?
Longitudinal Sound velocity of PVC CcpvCl 2388 m/s
Transverse sound velocity of PVC CPVCt 1540 m/s
Density of PVC [%a%e 1760 kg/m3

Firstly, the four-layer structure of 1 : 3: 1 : 5 is analyzed,
and the parameter values are: Riayeri = R/10, Riayer2 = 3R/ 10,
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Riayers = R/10. the schematic diagram of the variation of ARF
with the spectrum is shown in Fig. 2. It could be seen that this
structure can show obvious negative ARF when subjected to a
single sound beam from 0.1 MHz to 3.5 MHz.

For a comparison, as shown in Fig. 3, the four-layer struc-
ture of 1 :1:1:7 is analyzed, and the parameter values are:
Riayert = R/10, Riayer2 = R/10, Riayers = R/ 10, the schematic
diagram of the variation of ARF with the spectrum is shown
in Fig. 3. We can see that this structure shows a narrow range
negative ARF when subjected to a single acoustic beam from
0.1 MHz to 3.5 MHz.

Similarly, as shown in Fig. 4, the four-layer structure
of 1:5:1:3 is analyzed, and the parameter values are:
Riayer1 = R/10, Riayers = R/2, Riayers = R/10, the schematic
diagram of the variation of ARF with the spectrum is shown
in Fig. 4. We can see that this structure does not show negative
ARF when subjected to a single sound beam from 0.1 MHz to
3.5 MHz.

The sound pressure distribution is equivalent to the distri-
bution of the velocity potential. It can be seen from Eq. (17)
that the velocity potential is an important factor that directly
affects the ARF on the structure. In the previous conjecture
proposed by Marston, the negative ARF can be obtained by
suppressing backscattering.!38! In Fig. 2, this conjecture is re-
alized through a multi-layer spherical structure. In order to il-
lustrate the process of backscattering suppression causing the
reversal of ARF more vividly, the sound pressure distribution
images based on several key frequency points are drawn. To
analyze the mechanism of the generation and disappearance of
negative ARF, the multiple-layered spherical structure and its
surrounding sound field in the process of frequency scanning
are drawn. The sound beam enters from left to right. It can be
seen in Fig. 5 that when the structure is subjected to negative
AREF, a strong scattering region is formed between the inner
and outer layers of the structure, and the backscattering is ob-
viously suppressed. Therefore, the structure is subjected to
negative ARF. At low frequencies, the formation of this com-
mon vibration peak is not obvious, mainly manifested in the
positive ARF. At high frequencies, the structure forms multi-
ple scattering peaks, which counteract the effect of producing
a scattering region that suppresses the backscattering peaks,
and thus also exhibits positive ARFs.

In the four-layer structure of 1 : 1: 1:7 as shown in Fig. 6,
the peak region of enhanced backscattering is formed syn-
chronously in the process of forming the peak of inhibiting
backscattering, and the inhibitory effect on backscattering is
not obvious. Therefore, it only shows a narrow negative ARF
range.

Inthe 1:5:1:3 four-layer structure as shown in Fig. 7,
other multiple scattering peaks are generated almost syn-
chronously in the process of forming the peak of restraining

backscattering. Therefore, in this case, the particles are always

subjected to positive ARF.

3.5
3.0
2.5
2.0
1.5
1.0-
0.5

od oo

—0.51

-1.0

= Finite element simulation

Theoretical calculation

Acoustics radiation force (1076 N)

0 05 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (MHz)

Fig. 2. The four-layer structure of 1:3 :1:5. Rjye1 = R/10,
Riayerz = 3R/10, Riayer3 = R/10. The black solid line is the result of
theoretical calculation. The blue point is the result of finite element
simulation. The red dotted line is the reference line for the direction
change of ARF. The structure is subjected to negative ARF in a specific
frequency band.

z 35
© 3.0 = Finite element simulation
S ’ Theoretical calculation
~ 2.5
8 2.0 -
:é .
< 1.5 7
2 ]
3 1.0
E 0.5 1
g 9
+ i
z —0.5
g —1.0 T T T T T - -
< 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (MHz)
Fig. 3. The four-layer structure of 1 :1:1:7. Riye1 = R/10,

Riayerz = R /10, Riayers = R/10. The black solid line is the result of
theoretical calculation. The blue point is the result of finite element
simulation. The red dotted line is the reference line for the direction
change of ARF. The structure shows a narrow range negative ARF.

3.5
3.0 A
2.5 1
2.0 A
1.5 1
1.0 1
0.5 1
0
—0.57
—1.0

= Finite element simulation
Theoretical calculation

Acoustics radiation force (10-6 N)

0 05 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (MHz)

Fig. 4. The four-layer structure of 1:5:1:3. Rpye1 = R/10,
Riayerz = R/2, Riayers = R/10. The black solid line is the result of the-
oretical calculation. The blue point is the result of finite element simu-
lation. The red dotted line is the reference line for the direction change
of ARF. The structure shows no negative ARF.
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Fig. 5. Sound field distribution of multiple-layered spherical structure with four-layer of 1:3: 1 : 5 incident by unidirectional monochromatic
wave. The frequency points are 1.0 MHz, 1.5 MHz, 2.0 MHz, 2.5 MHz, 3.0 MHz, and 3.5 MHz respectively.
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Fig. 6. Sound field distribution of multiple-layered spherical structure with four-layer of 1 :1: 1 : 7 incident by unidirectional monochromatic
wave. The frequency points are 1.0 MHz, 1.5 MHz, 2.0 MHz, 2.5 MHz, 3.0 MHz, and 3.5 MHz respectively.
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Fig. 7. Sound field distribution of multiple-layered spherical structure with four-layer of 1:5: 1 : 3 incident by unidirectional monochromatic
wave. The frequency points are 1.0 MHz, 1.5 MHz, 2.0 MHz, 2.5 MHz, 3.0 MHz, and 3.5 MHz respectively.
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To further clarify the physical mechanism, the struc-
tures of copper—water—copper—water multiple-layered spheri-
cal structure of 1 : 3: 1:5is analyzed in Fig. 8, and the parame-
ter values are: Riayer1 = R/10, Rjayer2 = 3R/ 10, Riayers = R/ 10.
the schematic diagram of the variation of ARF with the spec-
trum is shown in Fig. 8. It could be seen that this structure
shows no negative ARF.

Similarly, the copper—water—copper—water structure and
its surrounding sound field in the process of frequency scan-
ning are drawn in Fig. 9. It can be seen that in the interval
where the suppression of backscattering should have occurred,
the positive peak is generated synchronously. Therefore, only
the minimum value of the positive ARF is generated, and there
is no reversal of the direction of ARF.

1.0 MHz
Absolute pressure (Pa)

1.5 MHz

2.5 MHz
Absolute pressure (Pa)

3.0 MHz

Absolute pressure (Pa)

Absolute pressure (Pa)

3.5
3.0 1
2.5 1
2.0 1
1.5 1
1.0 1

= Finite element simulation
— Theoretical calculation

—0.5 1
—1.0

Acoustics radiation force (1076 N)

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (MHz)

Fig. 8. The four-layer copper—water—copper—water structure of 1: 3 :

1:5. Rlayerl = R/lO, RlayerZ = 3R/10, Rlayer3 = R/l() The black solid

line is the result of theoretical calculation. The blue point is the result

of finite element simulation. The red dotted line is the reference line for

the direction change of ARF. The structure shows no negative ARF.

2.0 MHz
Absolute pressure (Pa)
z axis

3.5 MHz
Absolute pressure (Pa)

Fig. 9. Sound field distribution of copper—water—copper—water multiple-layered spherical structure with four-layer of 1:3: 1: 5 incident by
unidirectional monochromatic wave. The frequency points are 1.0 MHz, 1.5 MHz, 2.0 MHz, 2.5 MHz, 3.0 MHz, and 3.5 MHz respectively.

3.5

3.0 1 = Finite element simulation
— Theoretical calculation

2.5 1

2.0

1.5

1.0

—0.5
—1.0

Acoustics radiation force (10~ N)

0 05 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (MHz)

Fig. 10. The four-layer PVC—water—PVC-water structure of 1:3:1:5.
Riayert = R/10, Riayer2 = 3R/10, Ryayer3 = R/10. The black solid line is
the result of theoretical calculation. The blue point is the result of finite el-
ement simulation. The red dotted line is the reference line for the direction
change of ARF. The structure shows insignificant negative ARF effects in
a specific interval.

In addition to metal materials, the structure of organic ma-
terials has also been verified. The structures of PVC—water—
PVC-water multiple-layered spherical structure of 1:3:1:5

is analyzed in Fig. 10, and the parameter value is: Rjayer] =
R/10, Riayer> = 3R/10, Riayers = R/10. the schematic diagram
of the variation of ARF with the spectrum is shown in Fig. 10.
It could be seen that this structure shows insignificant negative
AREF effects in the range of 1.5 MHz-2.5 MHz.

Further, the PVC—water—PVC—water structure and its sur-
rounding sound field in the process of frequency scanning are
drawn in Fig. 11. Except that the suppression peak and the
forward peak of backscattering are formed synchronously, the
impedance parameters of organic materials and water have lit-
tle difference compared with metal materials, the scattering
effect is weakened, and the ARF is also reduced.

To sum up, it can be known that when the structure is rea-
sonably designed to suppress the backscattering of the struc-
ture, the designed structure could be subjected to negative
AREF, which provides a new idea for particle manipulation and
makes the realization of “acoustic tweezers” possible.
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Fig. 11. Sound field distribution of PVC—water—PVC—water multiple-layered spherical structure with four-layer of 1:3:1:5 incident by
unidirectional monochromatic wave. The frequency points are 1.0 MHz, 1.5 MHz, 2.0 MHz, 2.5 MHz, 3.0 MHz, and 3.5 MHz respectively.

4. Conclusion

This paper proposes a prediction of negative ARF based
The ARF of the
multiple-layered spherical structure is calculated and deduced,

on a multiple-layered spherical structure.

and the analytical solution is obtained. The physical mecha-
nism of the negative acoustic radiation produced by multiple-
layered spherical structure is described. This result is ver-
ified by finite element numerical simulations. This design
concept is of great significance to the design of real “acous-
tic tweezers” based on negative ARF and lays a foundation
for the design of devices producing negative ARF. This work
proves that it is feasible to suppress backscattering to make
the structure subject to negative ARF. In the process of de-
signing a multi-layer structure to achieve negative ARF, we
should try to choose a structural design that can significantly
suppress backscattering, which is also the conjecture pro-
posed by Marston before. 38 In order to better realize this ef-
fect, we think that there should be a multiple-layered struc-
ture. Through numerical verification, the four-layered spheri-

coococoocococococoocoococoococoococog S

ajp a3 aig ai; 0 0 0 0 0 0 0
agp ap3 agy ags O 0 0 0 0 0 0
azp a3z az4 azs O 0 0 0 0 0 0
a2 Q43 A44 Q45 Q46 Q47 @48 Q49 0 0 0
asp @53 G54 G55 as6  As7 A58 459 0 0 0
age ag3 agd4 Gg5 A6e A6T A8 AGY 0 0 0
a3 ar4 ars arg a7 arg a1y 0 0 0

0 0 0 9asg ag7 ass asy ag o ag11 ag12

ags agr ags  agg a9,10 ag11 ag1e

awg a7 ang a9 a10,10 a,n a10,12

ang any ang ang an,io ann an,i2

0

oo
oo

8
coocoococoocococoo0oOo
o

coocoocooo
coococoococoo
coococococoo
cocoocococooo

0
0
0

oo
oo

A4m-84m-10 @4m-84m-9 @4m-84m-8
A4m-74m-10 Am-74m-9 @4m-74m-8
a4m-64m-10 @4m-64m-9 @4m-64m-8
A4m-54m-10 @4m-54m-9 @4m-54m-8

cal structures with specific ratio could have a strong suppres-
sion effect on backscattering, thus exhibiting the anomalous
characteristic of being subjected to negative acoustic radiation
force. The different proportions of the thickness of the four-
layered structure could form different resonant cavities, which
can effectively adjust the scattering sound field of the struc-
ture, thereby achieving the suppression of backscattering. In
the work, these specific scaling parameters are chosen as a
result of extensive numerical calculations. In most of the para-
metric results, the inversion of the ARF does not appear. Fur-
ther, based on the same mechanism, other structural designs
are expected to be proposed. This work has broad application
prospects in the fields of medicine, life science, underwater

manipulation, and so on.

Appendix A

Matrix Ay and matrix Ay are expressed in Figs. Al and
A2.

coocococo o
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@10,13
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AUm-44m-5 AUm-44m-4 Um-44m-3 AUm-44m-2 Am-44m-1
AUm-34m-5 @Adm-34m-4 @m-34m-3 Am-34m-2 @A4m-34m-1
Um-24m-5 AUm-24m-4 @m-24m-3 AUm-24m-2 @A4m-24m-1
A4m-14m-5 QAdm-14dm-4 @Adm-14m-3 Adm-14dm-2 @d4m-1,4m-1]
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Fig. Al. Matrix Ay.
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-a1_1 a2 a3 a4 a5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
a1 agp a3 a4 ass O 0 0 0 0 0 0 0 0 0 0 0 0 0
0 agp a3 azy azs O 0 0 0 0 0 0 0 0 0 0 0 0 0
0 age @43 a4q4 a45 a4 a47 A48 a49 0 0 0 0 0 0 0 0 0 0
0 asp as3 asq ass asg asy Gs8 459 0 0 0 0 0 0 0 0 0 0
0 apo as3 asa aGs agG ae7 A8 69 0 0 0 0 0 0 0 0 0 0
0 ar2 ar3 ar4 ars are  ar7  arg  arg 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 wasg as7 ass asg as 10 as as 12 as13 0 0 0 0 0 0
0 0 0 0 0 ags agr ags agy ag,10 ag11 ag1e ag13 0 0 0 0 0 0
0 0 0 0 0 aps awr ans awyg a1 a1 a2 a10,13 0 0 0 0 0 0
0 0 0 0 0 ang anz ang any an,o ain a2 a3 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 O 0 0 0 Gm-84m-10 Qm-84m-9 Qm-84m-8 Qdm-84m-7 @dm-84m-6 Gdm-84m-5 Qdm-Sdm-4 Qdm-84m-3 0 0
0o 0 0 o0 0 O 0 0 0 @m74m10 Um-T4m-9 Qm-Tdm-8 Qm-Tim-T Qm-Tdm-6 Gim-Tdm-5 GQim-Tdm-4 Qdm-T4m-3 0 0
0o 0 0 0 0 0 0 0 0 @m-64m-10 QUm-64m-9 Qm-64m-8 Qim-64m-7 Qm-64m-6 GQim-64m-5 Qim-64m-4 Qim-64m-3 0 0
0o 0 0 0 0 O 0 0 0 aym54m10 @Um-54m-9 Qm-54m-8 Qim-54m-7 Qm-54m-6 GQim-54m-5 GQim-54m-4 Qim-54m-3 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 m-44m-6 Adm-44m-5 Qdm-4dm-4 Qim-44m-3 @dm-44m-2 Gdm-ddm-1
0 0 0 0 0 0 0 0 0 0 0 0 0 Qm-34m-6 @dm-34m-5 Gdm-3dm-4 Qim-34m-3 @dm-34m-2 Gdm-3dm-1
0 0 0 0 0 0 0 0 0 0 0 0 0 Um-24m-6 dm-24m-5 Gdm-24m-4 Qim-24m-3 @dm-24m-2 Gdm-2dm-1
L 0 0 0 0 0 0 0 0 0 0 0 0 0 WUm-14m-6 Q4m-14m-5 Qdm-1dm-4 @dm-14m-3 Q4m-14m-2 Qdm-1d4m-1]
Fig. A2. Matrix Ay .
Here, for the boundary from the external medium to the ass = —ynn,(y2) —n,(y2),
first layer: ase = —jn(¥31),
by 2)6171,1].:,()61’1’1)7 asy :nn(y31)7
by= Pl (i), ass = y3in(v32) +jn(v32),
P // asg = y3n, (y32) + 0, (y32),
apy = —xi,1,1m,(x1,1,1), . 5.
B y asy = 212y51j, (v21) — A2y21jn(21)5
ar =x12,1ja(x12.1), 2 0/ (520) — Ay (1)
a3 = 2{ys 0, (y21) — A2ys 0 (y21
a3 = x12,10,(x12,1), ) 2(1 " )G )21 " / 7 )
. ae4 = 2an(n+ 1)(Jn(y22) — y22J,(y22
ars = —n(n+1)ju(x122), 2tan(n 1) " o) ",( );
aes = 2hn(n+1)(n,(y22) — y221,(y22
ajs = —n(n+1)n,(x122), . " - " ’
Pia (1) ass = —2H3y31J, (v31) + A3¥314n (v31),
az = —xi o (x1,1,1), 5 )
p2 ag7 = —2U3y3;1, (y31) + A3y310,(y31),
_ 2 N 2 2 .
a0 =201 51 (¥12.1) = (122 = 200 2,1 )jn(¥1.2.0) ags = 2u3n(n+1)(y32d, (v32) —ju(v32)),
"2 " 2 2
azs = 2x1 10, (¥1.2,1) — (X122 = 2675 1) (x12,1), ago = 2u3n(n+1) (vl (v32) —jn(y32)),
az = 2n(n+1)(ja(x122) = x122(x12.2)), a7 = 241 (211, (321) — jn(y21)),s
/
ars = 2n(n+1)(ma(x122) —x1.220(x1,22)); a3 = 22 (y21my, (va1) —nu(y21)),
j— s/ — 1 . .
az = 2(x12,1J,(x12.1) —Jn(*121)), ars = (2 — 1% — n)hajn(y22) — 2y20i! (y22),
_ /
azz = 2(x1 2,10, (x12,1) =N (x12,1)), azs = (2—n® —n) o, (y22) — Moyoon' (y22),
2 : 2 :
asy = (2—n" —n)jn(x122) = X1 225, (¥122), ar6 = 2113 (in(y31) — ya1is (y31)),
_ 2 2 "
azs = (2= n" —n)na(x1.22) = ¥1 220, (41.22)- a7 = 23 (n, (y31) — y311,(y31)),
For the boundary from the first layer to the second layer: azg = (> +n—2)pajn(v32) + HaY3in (v32),
2 2 N
. = -2 . Al
a2 = yauil (v1), arg = (n” +n—2)p3n,(y32) + U35, (v32) (AD)
ag3 = yim, (y21), For the boundary from the g-th to the g+ 1-th layer which
ass = —n(n+ jn(v22), is not the innermost layer
ags = —n(n+1)n,(y2), QA4q.4q—2 = xq,q+1,1j;z(xq,q+171)’
ase = —ynj,(y31); Gagag—1 = Xgqt110(Ygqt1,1),
ag7 = —y31m,(y31), asgaq = —n(n+ jn(xg4+12),
asg =n(n+1)ja(y32), Asgagr1 = —n(n+1)ny(xg4+12),
azg =n(n+1)n,(y32), A4q4q+2 = _xq.,q+2,lj;z(xq7q+2.,l )s
asy = jn(y21), (4qaq+3 = —Xgg+210p (Xgq42,1),
asz =n,(y21), aagaqrs = n(n+1)jn(xgq422),
as4 = —ynjy(22) = jn(v22), dagagrs = n(n+1)na(xg4422),
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Asg149-2 = In(Xgq+1,1)5

A4g+14g—1 = Ny (xq,q+1.1 ) ,

A4g+1,4q = _xq,q+1,2j;(xq,q+1,2)—J'n(xq,q+l,2)a
Adg+1,4g+1 = *xq,q+l72n:/1(xq7q+l-,2)*nn(xq7q+l-,2)v
Adgt1.4q+2 = —jn(Xgq+2.1),

A4g+1,49+3 = nn(xq,q+2.1)7
Aagi14g+4 = Xgq+220n(Xgq+2.2) +in(Xgq+22),
Aaqi14g+5 = Xgq+220(Xg.q+22) + 0 (Xgg122),
Aagi249-2 = g1 g1 130 (Kggi11)
_l2x§,q+1,1jn(xq,q+1,l)a
A4g124g-1 = g1y 441,10 (Xgqt1.1)
- Asz,qul,lnn (Xg,g+1,1)s
ag2,4g = 2Ugr1n(n+1)(jn(Xg,q+1,2)
—Xg,q+120n(Xg.q+12)),
aagr2.4g+1 = 2Ugn(n+1)(0,(xg6+12)
—Xgq+120 (Xg.q+1.2));
A4g+2,4q+2 = —2/~1q+2x$,q+2,1jz(xq,q+2,1)
+13x§’q+2)1jn(xq,q+2,1),
Aagi24g+3 = —2Mgi2%g g0 1 (Xgqr2.1)
+13x§,q+2,1nn(xq,q+2,l),
aagi2,4g+4 = 2pgran(n+1)(xgg12.25n (Xg.g+2.2)
—in(*q.q+22))
)

)

Aagiaagts = 2Mgan(n+1) (1220, (Y g422)

=1y (xXgq+2,2))
(.

Aag+34q-2 = 2Ug(Xgg+1,15n (Xgq+1,1)s —in(Xgq+1,1))

b

)
A4g+3,49-1 = 2Hq(xq,q+1,1nﬁl(xq,q+171),—n,,(xq7q+1’1)),
asgi3aq = (2— n*— 1) Ugin(Xg,q+1.2)

- .uqxrzy,qﬂ,zjg (Xg,g+1.2)5
Aagisagrs = (2—n* —n) gy (X, q412)

- .uqxé,zﬁ 120 (Xg.g41.2),
aagi3agrr = 2Mgr1 (n(Xgq+2,1), —Xgg+2,10n(Xgg+2,1))
agi3aq+3 = 2Ug1 (0 (Xg.q42.1) — Xq.q2.10, (Xg.q12.1)),
A4g+3,4q+4 = (”2 +1n—2)Ugs1jn(Xgq+22)

+ Hy 1% g1220n (Kgg12.2),
Aagiaagrs = (041 =2)lgr1nn(xg.q+2,2)

2 "
+ Ug+1X5 412,20 (Xg.q+22)-

For the boundary from the g-th to the g+ 1-th layer which

is the innermost layer

-/

Aag4g-2 = Xq.q+1,10n(Xgq+1,1),
/

Aagag—1 = Xqq+1,10,(Xgg+1,1),

Qaq4q = —n(n+1)jn (xq,q+l,2)a
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agag+1 = —n(n+ 1)y (xgg+12),
aagagr2 = —Xgg+2,1in(Xg.q+2,1)s
asgag+3 = n(n+1)jn(xgq+22),
A4q114g-2 = jn(Xgq+1.1),
A4g1.4g-1 = N (Xgg41,1),

Aag1,4g = ~Xg.g+120n(Xg.g+1.2) = in(Xgq+12),
Aagi1dgt1 = —Xgqr120(Yggr1.2) = Ma(Xgg11.2),
Aagi14g+2 = —in(Xgq+2,1),

A4g+1,4¢+3 = xq-,q+2,2j;/1(xq,q+2,2) +in(Xg.q+2,2),
agr24q-2 = 2lg 1% g 41 100 (Kgg+1.1)
— 2% g1 1in(Xgqi11)s
Adg+2,49—1 = 2“q+1xc21,q+1,1 N, (Xgq+1.1)
= M2 g1 10 (X g1,1);
Asg12.4g = 2Ugr1n(n+1)(Gn(Xgq+1,2)
—Xgq+120n(Xg.q+12))5
424941 = 2Ugr1n(n+1) (0, (xg,q412)
—Xgq+1.20, (Xg.g+1.2))
aq+2.4q+2 = —2Mq 2% 412,130 (Kg.g+2,1)
+ 435G 42 130 (Xgg121)s
Aag+2.49+3 = 2Ugan(n+ 1)(Xq,q+2.,2j;z(xq,q+2,2)
—in(Xgq+22)),
Aag13,49-2 = 2Uq (Xq.q 11,100 (Kg.qt1,1) —Jn(Xg.q11.1)),
Aag13,49-1 = 2Ug(Xg.q 11,110, (Xgq41,1) — D (Xgq41,1)),
g3 dq = (2= 1" —n)lgin(¥gq+12)
- “qxé-,qu 1 2n (Xg.q+12)5
g3 4g+1 = (2= 1% =) lgin(xg.q+1,2)
- “qle,qﬂ,zj;f (Xg.q+12),
aagi349+2 = 2Ug 11 (n(Xg,q+2,1) = Xg.q+2,1in(Xg.q+2,1));
g3 dq+s = (0 +n—2)lgr1in(Xgq+22)
+ Hg 1% 12200 (Ygg42.2). (A2)
General term parameters:

Tq
Xg,q,1 = —Xl,g,15
r

Tq
Xq,q2 = ~ X1,4,2
r

Tq
Xgq+1,1 = 7x1,q+1,17
1

Tq
Xg.q+12 = 7X1,q+1,27
1

xrer(1+iy1)
Mgl = ——

Cq1
xlcl(lJri’J/q,z)
Xlg2=—""—"—"",
Cq2
xrer(L+1i%41,1)
Xlg+1,1 = S T )
q+1,
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xier(14+1%412)
gyl = ————————,
Cqg+12

where, ¢ 1,1 is the longitudinal wave velocity of the g-th layer
structure, 4412 is the shear wave velocity of the g-th layer
structure. ¥,41,1 is the longitudinal wave absorption coeffi-
cient of the g-th layer medium, ¥, 1> is the longitudinal wave
absorption coefficient of the g-th layer medium. pi 41 and A4
are the density coefficients of the g-th layer.
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