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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
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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,[1] Wu proposed “acoustic tweezers” based on acous-
tic radiation force (ARF).[2] Some ideas for building acoustic
tweezers have gradually been proposed.[3–5] 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.[1,2,6–16] The effects of ARF on particles in vis-
cous media have also been included in the investigations.[17]

ARFs with normal closed boundaries have been studied.[18,19]

The ARF of standard particles in non-diffracted waves has
also been investigated.[20] Resonant adhesion structure has
been studied to make negative ARF.[21] Based on the angu-

lar spectrum and multipole expansion, the calculation meth-
ods of acoustic radiation force and moment have been fur-
ther developed.[22,23] The sound field of the spherical shell
structure has been analyzed and proved to be a meaningful
attempt.[24–27] Some schemes of manipulating particles are
carried out by using acoustic streaming.[28–30] In the field of
acoustic manipulations, some of important progress have been
made.[31–33] Recently, the influence of cavity and interface on
ARF has been evaluated.[34–36]

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.[37] 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.[38] The
first numerical demonstration of the negative ARF by sup-
pressing the backscattering of non-spherical objects was per-
formed by Gong et al.[39] 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
by Leibacher et al.[40] In this paper, the structure is designed
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 et al. achieved acoustic radiation
force control by pulsating spherical carriers in 2017,[41] 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.

Incident wave

Radius gradient structure

Layer 1

Layer 2

Layer 3

Layer 4

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
ARF calculation will be time-averaged, the frequency domain
expression is used. Incident wave Φi can be expressed as fol-
lows:

Φi = ∑
k0

Φk0

∞

∑
n=0

(2n+1)(i)njn(k0r)Pn(cosθ), (1)

where Φk0 is the incident velocity potential, k0 is the
wavenumber of the sound wave in the external environment
medium, jn is the first kind of spherical Bessel function of or-
der n, Pn is the Legendre function of order n.

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

Φs = ∑
k0

Φk0

∞

∑
n=0

An,s(2n+1)(i)nh(1)n (k0r)Pn(cosθ), (2)

where An,s is the coefficient of scattered sound wave, h(1)n is
the Hankle function of the first kind of order n.

Therefore, the total sound field sound pressure Φ0 in the
environmental medium can be expressed as

Φ0 = Φi +Φs = ∑
k0

Φk0

∞

∑
n=0

(2n+1)(i)n

× [jn(k0r)+An,sh
(1)
n (k0r)]Pn(cosθ). (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

∇
2u+

λ +µ

µ

∂

∂ t
∇(∇ ·u) = 1

c2
s

∂ 2u
∂ t2 , (4)

here λ and µ are the Lami coefficient, cs =
√

µ/ρ0.
Because the boundary conditions are described by veloc-

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

Φ1 = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)n

× [An,1ajn(k11r)+An,1bnn(k11r)]Pn(cosθ), (5)

here Φk0 is velocity potential constant, nn is Neumann func-
tion, An,1a and An,1b are pending parameters, k11 is the longi-
tudinal wavenumber in the spherical layer 1.

The transverse wave velocity potential

Ψ1 = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)n

× [An,1cjn(k12r)+An,1dnn(k12r)]
dPn(cosθ)

dθ
. (6)

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

Φq = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)n

× [An,qajn(kq1r)+An,qbnn(kq1r)]Pn(cosθ), (7)
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then transverse wave velocity potential

Ψq = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)n

× [An,qcjn(kq2r)+An,qdnn(kq2r)]
dPn(cosθ)

dθ
, (8)

where An,qa, An,qb, An,qc, and An,qd are pending parameters,
kq1 and kq2 are the longitudinal wavenumber and transverse
wavenumber in the q-th spherical shell individually. If the q-
th layer is the innermost layer, the Neumann function item re-
turns to zero, and the velocity potential in the q-th spherical
shell is given below.

The longitudinal wave velocity potential can be written as

Φ = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)nAn,qajn(kq1r)Pn(cosθ). (9)

The transverse wave velocity potential can be written as

Ψ = ∑
k

Φk0

∞

∑
n=0

(2n+1)(i)nAn,qcjn(kq2r)
dPn(cosθ)

dθ
. (10)

For the discretized multi-layered spherical structure of m layer,
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-
tions of this structure will be analyzed in detail.

The specific continuity equations and the expansion of the
corresponding parameters are given below.

(i) Boundary conditions between the first layer structure
and the external medium

The normal displacement continuity:

ur0 =
∂Φ0

∂ r
+

1
r sinθ

∂Ψ0

∂θ
=

∂ (Φi +Φs)

∂ r
,

ur1 =
∂Φ1

∂ r
+

1
r sinθ

∂Ψ1

∂θ
,

ur0 = ur1. (11)

The normal stress continuity:

σr0 = (2µ +λ )
∂ 2Φ0

∂ r2 +λ
∂ 2Φ0

∂ r∂θ

= (2µ +λ )
∂ 2(Φi +Φs)

∂ r2 +λ
∂ 2(Φi +Φs)

∂ r∂θ
,

σr1 = 2µ
∂ur

∂ r
+λ (∇ ·u)

= (2µ +λ )

(
∂ 2Φ1

∂ r2 −
1

r2 sinθ

∂Ψ1

∂θ
+

1
r sinθ

∂ 2Ψ1

∂θ∂ r

)
+λ

(
∂ 2Φ1

∂ r∂θ
+
−cosθ

r sin2
θ

∂Ψ1

∂θ
+

1
r sinθ

∂ 2Ψ1

∂θ 2

)
,

σr0 = σr1, (12)

where Φ is the velocity potential of the longitudinal wave and
Ψ is the velocity potential of the transverse wave.

(ii) Boundary conditions between the q-th layer structure
and the (q+1)-th layer structure

The normal displacement continuity:

ur,q =
∂Φq

∂ r
+

1
r sinθ

∂Ψq

∂θ
,

ur,q+1 =
∂Φq+1

∂ r
+

1
r sinθ

∂Ψq+1

∂θ
,

ur,q(rq,q+1) = ur,q+1(rq,q+1). (13)

The tangential displacement continuity:

uθ ,q =
1
r

∂Φq

∂θ
− 1

r
∂ (rΨq)

∂ r
,

uθ ,q+1 =
1
r

∂Φq+1

∂θ
− 1

r
∂ (rΨq+1)

∂ r
,

uθ ,q(rq,q+1) = uθ ,q+1(rq,q+1). (14)

The normal stress continuity:

σr,q = 2µ
∂ur,q

∂ r
+λ (∇ ·uq) = (2µ +λ )

(
∂ 2Φq

∂ r2 +
1

r sinθ

∂ 2Ψq

∂ r∂θ
− 1

r2 sinθ

∂Ψq

∂θ

)
+λ

(
1
r

∂ 2Φq

∂θ 2 −
1
r

∂Ψq

∂θ
−

∂ 2Ψq

∂θ∂ r

)
,

σr,q+1 = 2µ
∂ur,q+1

∂ r
+λ (∇ ·uq+1)

= (2µ +λ )

(
∂ 2Φq+1

∂ r2 +
1

r sinθ

∂ 2Ψq+1

∂ r∂θ
− 1

r2 sinθ

∂Ψq+1

∂θ

)
+λ

(
1
r

∂ 2Φq+1

∂θ 2 − 1
r

∂Ψq+1

∂θ
−

∂ 2Ψq+1

∂θ∂ r

)
,

σr,q(rq,q+1) = σr,q+1(rq,q+1). (15)

The tangential stress continuity:

σθ ,q = µ

(
1
r

∂ur,q

∂θ
+

∂uθ ,q

∂ r
−

uθ ,q

r

)
=

µ

r

[
2

∂ 2Φq

∂ r∂θ
+

1
r sinθ

∂ 2Ψq

∂θ 2 −
cosθ

r sinθ 2
∂Ψq

∂θ
− 2

r
∂Φq

∂θ
+

2
r

Ψq− r
∂ 2Ψq

∂ r2

]
,

σθ ,q+1 = µ

(
1
r

∂ur,q+1

∂θ
+

∂uθ ,q+1

∂ r
−

uθ ,q+1

r

)
=

µ

r

[
2

∂ 2Φq+1

∂ r∂θ
+

1
r sinθ

∂ 2Ψq+1

∂θ 2 − cosθ

r sinθ 2
∂Ψq+1

∂θ
− 2

r
∂Φq+1

∂θ
+

2
r

Ψq+1− r
∂ 2Ψq+1

∂ r2

]
,

σθ ,q(rq,q+1) = σθ ,q+1(rq,q+1), (16)
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where, ur,q is the radial component of the particle vibration ve-
locity in layer q, uθ ,q is the angular component of the particle
vibration velocity in layer q, Φq is the longitudinal velocity
potential in layer q, Ψq is the transverse velocity potential in
layer q. To determine the undetermined coefficients, we orga-
nize them into a matrix solution: AN =A1N/A2N . For m-storey
structure, both matrices are (4m−1)×(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 =
∫∫

s
(p− p0)𝑛ds

=
∫∫

s
ρ0(∑

k
ikc0Φ0)𝑛ds+

∫∫
s

1
2

ρ0

(
∂Φ0

∂ z

)2

𝑛ds

−
∫∫

s

1
2

ρ0

c2

(
∑
k

ikc0Φ0

)2
𝑛ds, (17)

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 Eqs. (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 Φ0 in the
external medium can be obtained by Eq. (3). The integral in
Eq. (17) including the total velocity potential Φ0 in the exter-
nal medium is implemented by accumulating the discretized
velocity potentials. The expression of the total velocity po-
tential Φ0 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 c0 1500 m/s
Density of medium ρ0 1000 kg/m3

Longitudinal sound velocity of aluminum cal 6320 m/s
Transverse sound velocity of aluminum cat 2600 m/s
Density of aluminum ρa 2700 kg/m3

Longitudinal sound velocity of copper ccl 4720 m/s
Transverse sound velocity of copper cct 2350 m/s
Density of copper ρc 8960 kg/m3

Longitudinal Sound velocity of PVC cPVCl 2388 m/s
Transverse sound velocity of PVC cPVCt 1540 m/s
Density of PVC ρPVC 1760 kg/m3

Firstly, the four-layer structure of 1 : 3 : 1 : 5 is analyzed,
and the parameter values are: Rlayer1 = R/10, Rlayer2 = 3R/10,
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Rlayer3 = 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:
Rlayer1 = R/10, Rlayer2 = R/10, Rlayer3 = 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:
Rlayer1 = R/10, Rlayer2 = R/2, Rlayer3 = 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
ARF, 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.

In the 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.
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Fig. 2. The four-layer structure of 1 : 3 : 1 : 5. Rlayer1 = R/10,
Rlayer2 = 3R/10, Rlayer3 = 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.
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Fig. 3. The four-layer structure of 1 : 1 : 1 : 7. Rlayer1 = R/10,
Rlayer2 = R/10, Rlayer3 = 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.
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Fig. 4. The four-layer structure of 1 : 5 : 1 : 3. Rlayer1 = R/10,
Rlayer2 = R/2, Rlayer3 = 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 : 5 is analyzed in Fig. 8, and the parame-
ter values are: Rlayer1 =R/10, Rlayer2 = 3R/10, Rlayer3 =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.
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Fig. 8. The four-layer copper–water–copper–water structure of 1 : 3 :
1 : 5. Rlayer1 = R/10, Rlayer2 = 3R/10, Rlayer3 = 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 no negative ARF.
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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.
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Fig. 10. The four-layer PVC–water–PVC–water structure of 1 : 3 : 1 : 5.
Rlayer1 = R/10, Rlayer2 = 3R/10, Rlayer3 = 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: Rlayer1 =

R/10, Rlayer2 = 3R/10, Rlayer3 = 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
ARF 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
ARF, 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

on a multiple-layered spherical structure. The ARF of the
multiple-layered spherical structure is calculated and deduced,
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-

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 A1N and matrix A2N are expressed in Figs. A1 and
A2.

Fig. A1. Matrix A1N .
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Fig. A2. Matrix A2N .

Here, for the boundary from the external medium to the
first layer:

b1 = x1,1,1j′n(x1,1,1),

b2 =−
ρ1

ρ2
x2

1,2,2jn(x1,1,1),

a11 =−x1,1,1n′n(x1,1,1),

a12 = x1,2,1j′n(x1,2,1),

a13 = x1,2,1n′n(x1,2,1),

a14 =−n(n+1)jn(x1,2,2),

a15 =−n(n+1)nn(x1,2,2),

a21 =
ρ1

ρ2
x2

1,2,2h(1)n (x1,1,1),

a22 = 2x2
1,2,1j′′n(x1,2,1)− (x2

1,2,2−2x2
1,2,1)jn(x1,2,1),

a23 = 2x2
1,2,1n′′n(x1,2,1)− (x2

1,2,2−2x2
1,2,1)nn(x1,2,1),

a24 = 2n(n+1)(jn(x1,2,2)− x1,2,2j′n(x1,2,2)),

a25 = 2n(n+1)(nn(x1,2,2)− x1,2,2n′n(x1,2,2)),

a32 = 2(x1,2,1j′n(x1,2,1)− jn(x1,2,1)),

a33 = 2(x1,2,1n′n(x1,2,1)−nn(x1,2,1)),

a34 = (2−n2−n)jn(x1,2,2)− x2
1,2,2j′′n(x1,2,2),

a35 = (2−n2−n)nn(x1,2,2)− x2
1,2,2n′′n(x1,2,2).

For the boundary from the first layer to the second layer:

a42 = y21j′n(y21),

a43 = y21n′n(y21),

a44 =−n(n+1)jn(y22),

a45 =−n(n+1)nn(y22),

a46 =−y31j′n(y31),

a47 =−y31n′n(y31),

a48 = n(n+1)jn(y32),

a49 = n(n+1)nn(y32),

a52 = jn(y21),

a53 = nn(y21),

a54 =−y22j′n(y22)− jn(y22),

a55 =−y22n′n(y22)−nn(y22),

a56 =−jn(y31),

a57 = nn(y31),

a58 = y32j′n(y32)+ jn(y32),

a59 = y32n′n(y32)+nn(y32),

a62 = 2µ2y2
21j′′n(y21)−λ2y2

21jn(y21),

a63 = 2µ2y2
21n′′n(y21)−λ2y2

21nn(y21),

a64 = 2µ2n(n+1)(jn(y22)− y22j′n(y22)),

a65 = 2µ2n(n+1)(nn(y22)− y22n′n(y22)),

a66 =−2µ3y2
31j′′n(y31)+λ3y2

31jn(y31),

a67 =−2µ3y2
31n′′n(y31)+λ3y2

31nn(y31),

a68 = 2µ3n(n+1)(y32j′n(y32)− jn(y32)),

a69 = 2µ3n(n+1)(y32j′n(y32)− jn(y32)),

a72 = 2µ2(y21j′n(y21)− jn(y21)),

a73 = 2µ2(y21n′n(y21)−nn(y21)),

a74 = (2−n2−n)µ2jn(y22)−µ2y2
22j′′n(y22),

a75 = (2−n2−n)µ2nn(y22)−µ2y2
22n′′n(y22),

a76 = 2µ3(jn(y31)− y31j′n(y31)),

a77 = 2µ3(nn(y31)− y31n′n(y31)),

a78 = (n2 +n−2)µ3jn(y32)+µ3y2
32j′′n(y32),

a79 = (n2 +n−2)µ3nn(y32)+µ3y2
32n′′n(y32). (A1)

For the boundary from the q-th to the q+1-th layer which
is not the innermost layer

a4q,4q−2 = xq,q+1,1j′n(xq,q+1,1),

a4q,4q−1 = xq,q+1,1n′n(xq,q+1,1),

a4q,4q = −n(n+1)jn(xq,q+1,2),

a4q,4q+1 = −n(n+1)nn(xq,q+1,2),

a4q,4q+2 = −xq,q+2,1j′n(xq,q+2,1),

a4q,4q+3 = −xq,q+2,1n′n(xq,q+2,1),

a4q,4q+4 = n(n+1)jn(xq,q+2,2),

a4q,4q+5 = n(n+1)nn(xq,q+2,2),
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a4q+1,4q−2 = jn(xq,q+1,1),

a4q+1,4q−1 = nn(xq,q+1,1),

a4q+1,4q = −xq,q+1,2j′n(xq,q+1,2)− jn(xq,q+1,2),

a4q+1,4q+1 = −xq,q+1,2n′n(xq,q+1,2)−nn(xq,q+1,2),

a4q+1,4q+2 = −jn(xq,q+2,1),

a4q+1,4q+3 = nn(xq,q+2,1),

a4q+1,4q+4 = xq,q+2,2j′n(xq,q+2,2)+ jn(xq,q+2,2),

a4q+1,4q+5 = xq,q+2,2n′n(xq,q+2,2)+nn(xq,q+2,2),

a4q+2,4q−2 = 2µq+1x2
q,q+1,1j′′n(xq,q+1,1)

−λ2x2
q,q+1,1jn(xq,q+1,1),

a4q+2,4q−1 = 2µq+1x2
q,q+1,1n′′n(xq,q+1,1)

−λ2x2
q,q+1,1nn(xq,q+1,1),

a4q+2,4q = 2µq+1n(n+1)(jn(xq,q+1,2)

−xq,q+1,2j′n(xq,q+1,2)),

a4q+2,4q+1 = 2µq+1n(n+1)(nn(xq,q+1,2)

−xq,q+1,2n′n(xq,q+1,2)),

a4q+2,4q+2 = −2µq+2x2
q,q+2,1j′′n(xq,q+2,1)

+λ3x2
q,q+2,1jn(xq,q+2,1),

a4q+2,4q+3 = −2µq+2x2
q,q+2,1n′′n(xq,q+2,1)

+λ3x2
q,q+2,1nn(xq,q+2,1),

a4q+2,4q+4 = 2µq+2n(n+1)(xq,q+2,2j′n(xq,q+2,2)

− jn(xq,q+2,2)),

a4q+2,4q+5 = 2µq+2n(n+1)(xq,q+2,2n′n(xq,q+2,2)

−nn(xq,q+2,2)),

a4q+3,4q−2 = 2µq(xq,q+1,1j′n(xq,q+1,1),−jn(xq,q+1,1)),

a4q+3,4q−1 = 2µq(xq,q+1,1n′n(xq,q+1,1),−nn(xq,q+1,1)),

a4q+3,4q = (2−n2−n)µqjn(xq,q+1,2)

−µqx2
q,q+1,2j′′n(xq,q+1,2),

a4q+3,4q+1 = (2−n2−n)µqnn(xq,q+1,2)

− µqx2
q,q+1,2n′′n(xq,q+1,2),

a4q+3,4q+2 = 2µq+1(jn(xq,q+2,1),−xq,q+2,1j′n(xq,q+2,1)),

a4q+3,4q+3 = 2µq+1(nn(xq,q+2,1)− xq,q+2,1n′n(xq,q+2,1)),

a4q+3,4q+4 = (n2 +n−2)µq+1jn(xq,q+2,2)

+µq+1x2
q,q+2,2j′′n(xq,q+2,2),

a4q+3,4q+5 = (n2 +n−2)µq+1nn(xq,q+2,2)

+µq+1x2
q,q+2,2n′′n(xq,q+2,2).

For the boundary from the q-th to the q+1-th layer which
is the innermost layer

a4q,4q−2 = xq,q+1,1j′n(xq,q+1,1),

a4q,4q−1 = xq,q+1,1n′n(xq,q+1,1),

a4q,4q =−n(n+1)jn(xq,q+1,2),

a4q,4q+1 =−n(n+1)nn(xq,q+1,2),

a4q,4q+2 =−xq,q+2,1j′n(xq,q+2,1),

a4q,4q+3 = n(n+1)jn(xq,q+2,2),

a4q+1,4q−2 = jn(xq,q+1,1),

a4q+1,4q−1 = nn(xq,q+1,1),

a4q+1,4q =−xq,q+1,2j′n(xq,q+1,2)− jn(xq,q+1,2),

a4q+1,4q+1 =−xq,q+1,2n′n(xq,q+1,2)−nn(xq,q+1,2),

a4q+1,4q+2 =−jn(xq,q+2,1),

a4q+1,4q+3 = xq,q+2,2j′n(xq,q+2,2)+ jn(xq,q+2,2),

a4q+2,4q−2 = 2µq+1x2
q,q+1,1j′′n(xq,q+1,1)

−λ2x2
q,q+1,1jn(xq,q+1,1),

a4q+2,4q−1 = 2µq+1x2
q,q+1,1n′′n(xq,q+1,1)

−λ2x2
q,q+1,1nn(xq,q+1,1),

a4q+2,4q = 2µq+1n(n+1)(jn(xq,q+1,2)

− xq,q+1,2j′n(xq,q+1,2)),

a4q+2,4q+1 = 2µq+1n(n+1)(nn(xq,q+1,2)

− xq,q+1,2n′n(xq,q+1,2)),

a4q+2,4q+2 =−2µq+2x2
q,q+2,1j′′n(xq,q+2,1)

+λ3x2
q,q+2,1jn(xq,q+2,1),

a4q+2,4q+3 = 2µq+2n(n+1)(xq,q+2,2j′n(xq,q+2,2)

− jn(xq,q+2,2)),

a4q+3,4q−2 = 2µq(xq,q+1,1j′n(xq,q+1,1)− jn(xq,q+1,1)),

a4q+3,4q−1 = 2µq(xq,q+1,1n′n(xq,q+1,1)−nn(xq,q+1,1)),

a4q+3,4q = (2−n2−n)µqjn(xq,q+1,2)

−µqx2
q,q+1,2j′′n(xq,q+1,2),

a4q+3,4q+1 = (2−n2−n)µqjn(xq,q+1,2)

−µqx2
q,q+1,2j′′n(xq,q+1,2),

a4q+3,4q+2 = 2µq+1(jn(xq,q+2,1)− xq,q+2,1j′n(xq,q+2,1)),

a4q+3,4q+3 = (n2 +n−2)µq+1jn(xq,q+2,2)

+µq+1x2
q,q+2,2j′′n(xq,q+2,2). (A2)

General term parameters:

xq,q,1 =
rq

r1
x1,q,1,

xq,q,2 =
rq

r1
x1,q,2,

xq,q+1,1 =
rq

r1
x1,q+1,1,

xq,q+1,2 =
rq

r1
x1,q+1,2,

x1,q,1 =
x1c1(1+ iγq,1)

cq,1
,

x1,q,2 =
x1c1(1+ iγq,2)

cq,2
,

x1,q+1,1 =
x1c1(1+ iγq+1,1)

cq+1,1
,
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x1,q+1,2 =
x1c1(1+ iγq+1,2)

cq+1,2
,

where, cq+1,1 is the longitudinal wave velocity of the q-th layer
structure, cq+1,2 is the shear wave velocity of the q-th layer
structure. γq+1,1 is the longitudinal wave absorption coeffi-
cient of the q-th layer medium, γq+1,2 is the longitudinal wave
absorption coefficient of the q-th layer medium. µq+1 and λq+1

are the density coefficients of the q-th layer.
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